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Summary

The im portance of reducing energy usage in buildings is difficult to overstate. 

Approximately 10% of all energy consum ed in the EU and the US is used on the provision 

of occupant therm al comfort in commercial buildings. The theories and practice of 

occupant comfort have developed over the past 45 years and curren tly  two popular 

guidance m ethods are  employed in m ost of the international s tandards:  hea t balance and 

adaptive. The im plem entation  of these m ethods in the design of a new  building has a 

direct bearing on future energy usage. Post construction and occupation, the energy used 

to operate  the building will be dictated by those design decisions for many years to come.

The practice of using different forms of statistical models to forecast building energy 

usage is well established. Within these models, the m ost com m on form is th a t  of 

regression and the simplest of these  regresses the single pred ic tor of external 

tem p era tu re  against energy usage. Following a l i terature review, two prim ary areas  of 

in terest  have em erged  dem anding  fur ther research. Firstly, the effects on the prediction 

accuracy of a simple regression model before and after an energy efficiency p rogram m e is 

applied to a building and, secondly, an examination of the un ique na tu re  of a building’s 

therm al response  to the regressor  of local external tem p era tu re  and  how this regressor 

might influence the m odel’s accuracy. Almost w ithout exception, the common form of 

external tem p era tu re  index used in these  analyses is a daily average tem peratu re .

The research seeks to be t te r  unders tand  (i) how a regression model can be made more 

predictively accurate  w hen  the operation  of the building is made m ore  efficient, and (ii) if 

there  is a unique external tem p era tu re  index specifically best suited  to each building in 

predicting energy usage.

The project has used data  collected from three  buildings in which energy efficiency 

p rogram m es have been carried out. The analysis includes data  from before and after 

these  program mes. The first of these buildings, referred to as the pilot, is a medium-sized 

single tenan t  prestige office, while the two tes t  buildings, against which the research 

hypothesis is tested, are  a large city mall and a m edium-sized m ulti- tenant office and retail 

facility. The statistical m ethod of cross-validation was used to tra in  and validate the 

models of energy usage in each building. In this method, a certain portion  of the historical 

data is used to ‘t ra in ’ the model and then the model is used to forecast the remaining data. 

Certain statistical tes ts  w ere  applied a t each stage to tes t  for data norm ality  and goodness-

ill



of-fit. For the purpose of com paring the accuracy of the statistical forecasting m odels with 

commonly used practice, a calibrated simulation model of the pilot building has also been 

developed.

Simple regression models, relating local external tem p era tu re  to energy usage, were 

derived for the pilot building before the efficiency p rogram m e commenced. Following the 

year-long efficiency program me, the  model was re-trained, using the w e a th e r  service daily 

average tem p era tu re  index. Finally, during  analysis of the re lationship be tw een  indoor 

comfort tem p era tu res  and outdoor tem pera tu res ,  a m ethod  to derive the building’s 

natura l therm al lag (NTL] w as developed. It was determ ined  tha t  the build ing’s energy 

usage has a s trong  statistical re la tionship with this NTL index. The NTL guided the 

uncovering of the m ost influential local ou tdoor tem p era tu re  period in forecasting energy 

usage. The final forecasting models for heating and cooling have been re ferred  to as the 

building’s energy equations.

For the pilot building, the forecasting m odels for heating and cooling have been show n to 

be accurate  [± 5% of actual) to facilitate a full m o n th ’s forecasting and results  com pare 

very well with the calibrated simulation model results. The forecasting m odel’s residual 

variance has reduced from 133kWh to 27kWh for heating and from 20.9kWh to 6.1kWh 

for cooling over the course of the research  project and the addition of the NTL 

tem p era tu re  index as a regressor has yielded an accurate  regression model.

The m ethod  proposed  arising from the analysis of the pilot building w as  then  applied to 

the two te s t  buildings. Again, the energy  efficiency p rogram m e substantially  reduced 

energy usage. It w as found th a t  an accurate  and simple statistical model could be derived 

for each building with accurate forecasting ability. The NTL w as calculated for both 

buildings and, again, the m ost influential external tem p era tu re  index w as found to match 

the NTL guidance. Both te s t  buildings are  of lighter construction  than  the pilot and, as 

expected, the NTL is sh o r te r  in time for the tes t  buildings than  the pilot.

It has been  show n th a t  simple regression models relating energy usage to local external 

t em p era tu re  can be m ade very  accurate  following an efficiency p rog ram m e and using the 

natura l therm al lag to guide the m ost influential local external tem p era tu re  index. These 

im provem ents  to forecasting accuracy re p resen t  the contribution to knowledge.
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C hapter 1 -  Introduction and objectives

Chapter 1 Introduction and objectives 

1.1 Project context

In Europe, com m ercia l/public  and residential buildings account for alm ost 40 %  of all 

energy  used (EPBD Update, 2010). It has also been estim ated  th a t  global building energy 

usage has increased by 49%  over the period 1984 to 2004, w ith  2% average rises per 

an n u m  (lEA, 2006). A fu r the r  exam ination of the buildings sec tor energy usage reveals 

th a t  the  commercial buildings consum e alm ost as much as the residential sec tor in the US, 

18%  versus  22%  (EIA, 2006). Given the level of energy usage in this building category, it 

is im p o rtan t  to u n d e rs tan d  how  this energy is being used.

Construction techn iques developed during different per iods of the last cen tury  m ay play 

an im p o rtan t  role with  a building's energy consum ption. Research has also shown, as an 

example, th a t  in Finland, as in Brazil, recent newly construc ted  commercial buildings 

ap p e a r  to be less energy  efficient w hen  com pared  with  similar-use buildings constructed  

in the earlier p a r t  of the last cen tury  [UNEP, 2007). Within the commercial building 

sector, energy usage is divided be tw een  various loads such as the provision of occupant 

com fort  by Heating, Ventilation and Air Conditioning [HVAC), lighting. Domestic Hot 

W ate r  (DHW), office equipm ent,  etc. It has been estim ated  tha t  approxim ately  10-11%  of 

total energy  consum ption  in the US and Europe is used in the  provision of occupant 

com fort  in commercial buildings [Perez-Lombard, 2008).

Over the past  forty years, research  w ork  into occupant com fort has led to the 

p a ram ete r isa tion  of the needs of building occupants. In parallel with this research  work, 

the building industry  quickly recognised th a t  the easiest w ay to deliver these  p a ram ete r  

d riven  env ironm en ts  w as th rough  the use of air-conditioning. It is now  possible to locate 

any form of building in any  p ar t  of the world, with all the climatic considerations and 

su b seq u e n t  energy use th a t  m u s t  be addressed. With the possibilities offered by 

env ironm enta l  control, the construc tion  industry  moved aw ay from traditional designs, 

such as natura l  ventilation, for very  good reasons -  efficient use of space and unfe tte red  

layouts. The level of energy use is es tim ated  to be th ree  times higher in m odern  sealed 

buildings w hen  com pared  to natura lly  ventila ted  building [Borgeson and Brager, 2011). 

Recent shifts in oil prices have begun to give the  designers som e pause, while the building
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o p era to rs  and  ow ners  are m ore  focussed on the operational cost of the building than  ever 

before.

W hen buildings are  designed and  commissioned, m any  of the original design in tentions 

can change priority  as the tim e to occupy approaches. Buildings designed to be efficient 

can often lose their  planned energy efficiency during  a critical phase  in the construc tion  

cycle called commissioning. This phase is supposed  to ensu re  th a t  the installed plant is 

capable of delivering the design in ten t and th a t  the env ironm en t is controllable. The plant 

which provides the artificial env ironm en t is sized by designers for the m axim um  num ber 

of occupants and the m ost  severe external env ironm enta l  conditions. In practice, post 

occupancy, this p lant is often poorly controlled resulting  in plant overuse  providing no 

additional benefit to the occupants. Problem s are often found to exist in scheduling of 

plant, conflicts w here  heating and cooling are running  sim ultaneously  in the sam e space, 

and  plant controls which are not optimised for energy efficient opera tion  [Bordass and 

Leaman, 1997(a)) .

A n u m b er  of new  public and private  sec to r guidelines have recently  ap peared  in an effort 

to focus on energy use reduction while complying with the building regulations. These are 

available from m any sources  in the UK, such as the C hartered  Institute of Building Service 

Engineers (CIBSE), Building Research Establishment (BRE) and the Carbon Trust, and in 

the  US from organisations such as the D epartm ent of Energy [DOE), the American Society 

of Heating, Refrigeration and Air Conditioning Engineers [ASHRAE) and  the 

Environm ental Protection Adm inistration (EPA). These guidelines, however, provide 

general guidance for the  m an ag em en t of an energy reduction  p rog ram m e ra th e r  than  

explain how  energy reduction can actually be achieved. This is u n d ers tandab le  given the 

unique na tu re  of commercial buildings.

The reduction of energy consum ption  in commercial buildings rem ains  an im p o rtan t  goal 

of many policy m akers  around  the world, particularly  in the EU and the US. This project 

has been developed to contribu te  to the u n ders tand ing  of sim ple and  accurate  statistical 

forecasting m odels based  on sim ple environm enta l  pa ram ete rs  in commercial buildings.

1.2 Project background

Energy use reduction in commercial buildings forms a large p ar t  of this p roject and, 

therefore , the various types of energy use need to be b e t te r  unders tood . The project

2
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com m enced with research  into the background of occupan t com fort theory. T h roughout 

the  world, b u t  particularly  in developed countries, commercial buildings with  artificial 

env ironm ents  have becom e the norm, even in locations w here  a tem p era te  external 

env ironm en t exists, such as Ireland. Buildings have been construc ted  which are alm ost 

com pletely sealed and the internal env ironm en t is supplied  and regula ted by ventilation 

and  air-conditioning plant. The scale and use of this p lan t is of in te rest  in this project.

Occupant comfort research  has yielded two models: the hea t balance model (Gagge e t  al., 

1967; Fanger, 1970; Schiller and Arens, 1977; ASHRAE S tandard  55-1992, 2009) and  the 

adaptive model (Nicol and Humphreys, 1973; Humphreys, 1974; Baker and Standeven, 

1996; Nicol and  Kessler, 1998; de Dear and Brager, 1998; CIBSE Guide A, 2006; ASHRAE 

S tandard  55-1992, 2009). The heat-balance model is often a t t r ibu ted  to Fanger, w ith  the 

adaptive model to H um phreys and  Nicol, particularly  in Europe. Both models are 

designed to offer the building designer a range of com fort tem p era tu res  which are 

recom m ended  in o rd e r  to m ake the building suitable for hum an w orking conditions. The 

adaptive  model, however, contends th a t  occupants  will find opportun ity  to ensu re  a 

com fortable env ironm en t and, hence, the prescribed  com fort range is often w ider  than 

th a t  prescribed  by the hea t balance model. This has a direct bearing on energy use.

Both models have been  developed from different data  sources. The hea t balance model is 

based  on data  from a highly controlled simulation enclosure called an environm enta l 

chamber, while the adaptive m odel is based on statistical analysis of the resu lts  of 

occupant surveys and env ironm enta l  m easu rem en ts  on a large n u m b er  of existing 

buildings. The research  has fed into the building s tan d a rd s  and virtually all of the 

in terna tional s tan d a rd s  now  incorpora te  both  of these  models, ISO 7730 (2005) being the 

exception, as it incorpora tes  only the hea t balance model. Given the im portance  of 

occupant com fort in building energy  use, the tw o m odels and how  they  evolved, along 

with the four in terna tional s tan d a rd s  now  using them, will be exam ined in som e detail.

The occupant com fort research  has delivered a m ethod  of predic ting  the likely se t  of 

env ironm enta l  pa ram e te rs  which m ost building occupants  will find acceptable. By being 

able to describe occupant com fort with a se t  of equations, it is now  possible for the 

designers to model any building form with  associa ted plant, while ensuring  the 

ap p rop ria te  com fort tem p e ra tu re  is maintained. This modelling process can prove 

complex and time-consuming, bu t  is often required  for buildings in the design phase.

3
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Research has show n various levels of accuracy w hen  using m any of these  energy use 

simulation  tools (Menezes et al. 2012). The sim ulation tools are  prim arily  based  on the 

building physics involved in h ea t  transfers  to and from an enclosed space envelope. These 

models are  very  accurate, given th a t  the  therm al p roperties  of building envelopes are well 

unders tood , bu t it is difficult for the models to cope with  real buildings, w ith  all their 

features and  construction flaws. Predicting energy consum ption  in com m ercial buildings 

has been an active research  topic for the past  30 years.

Research w ork  in the deve lopm ent of the adaptive theo ry  of therm al comfort has 

es tablished a s trong  statistical re la tionship be tw een  occupan ts’ neutra l  o r  comfort 

tem p e ra tu re  and the  single w e a th e r  pa ram e te r  of external tem p era tu re .  This research  

project was developed in an effort to de term ine  if it is possible to pred ic t  energy 

consum ption  in commercial buildings by use of a small n u m b er  of w e a th e r  param ete rs  

alone. In this thesis, this small n u m b er  of w e a th e r  pa ram ete rs  is re ferred  to as the 

reduced  dataset. It w as of in te rest  to explore w h a t  is requ ired  in a commercial building to 

m ake this simple m ethod  of energy prediction possible. As p ar t  of this research, the 

effects of an energy efficiency p rog ram m e on the forecasting models w ere  examined.

The research  project has included th ree  m odern  office and retail buildings and these  have 

had an energy efficiency p rog ram m e applied to them . Once the energy efficiency 

p rog ram m e has been completed, various statistical re la tionships be tw een  w ea th e r  

pa ram ete rs  and  energy consum ption  w ere  explored.

1.3 Project Objectives

It is the p r im ary  aim of the project to show  w h e th e r  it is possible to accurate ly forecast 

energy consum ption  in a commercial building by use of a small n u m b er  of environm enta l 

param eters ,  following an energy efficiency program m e. The reduced  da tase t  is derived 

from the exam ination of th ree  w e a th e r  param eters ,  those  being: external tem pera tu re ,  

external hum idity  and so lar activity. It is p roposed  th a t  this aim can be accomplished by 

completion of the following set of objectives:

• Examine changes in forecasting accuracy of statistical models before and after 

energy  reduction

4



C hapter 1 -  Introduction and objectives

• Examine locally recorded  tem p era tu re  versus th a t  available from the national 

w e a th e r  service (Met Eireann)

• D eterm ine possible changes in forecasting accuracy resulting from use of a 

tem p e ra tu re  index m ore  closely m atched  to the building’s therm al characteristics

The rem a in d e r  of the thesis  is laid ou t in the following sections:

Chapter 2 -  Literature review

The li te ra tu re  review provides a review of the existing research  p e r tinen t  to the project. 

The various topics covered by research  in the building energy a rena  and considered 

im p o rtan t  to this project are  discussed. Finally, the identified knowledge gaps are  briefly 

discussed.

Chapter 3 -  Methodology

It is the intention in this project to de term ine  w h e th e r  accurate  forecasting is possible 

with a small n u m b er  of ex ternal w e a th e r  param ete rs .  Within this project, these  

pa ram ete rs  are  collectively re ferred  to as the reduced dataset. A hypothesis  will be 

formed based  upon the w o rk  carried  ou t on a pilot building and this hypothesis  will be 

applied to the two tes t  buildings. The methodology devised to achieve this objective is 

p resen ted  in this chapter.

Chapter 4 - Prototype building description, energy reduction programme and 
simulation

The p ro to type  or pilot building selected on which to form ulate  the  hypothesis is physically 

described along with a detailed examination of the Building M anagem ent System (BMS) 

and the control s tra teg ies  em ployed to deliver occupant comfort. The pilot building 

energy efficiency p rog ram m e is sum m arised  and the  resu lts  presented . Finally, the 

process by which the pilot building w as sim ulated using both  design and calibrated 

m odels is discussed.
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Chapter 5 - Derivation of reduced dataset and PI energy equations

Follow^ing the energy efficiency programme, the pilot building’s energy equations or 

energy m odels are derived (for heating and cooling). The relationship betw een the 

internal and external tem peratures of the pilot building is explored for its usefulness in 

adding to statistical model prediction accuracy. The final statistical m odels are based on a 

reduced dataset which has been derived using the com mon method of regression. Once 

the m odels have been derived, they are used to forecast a month of actual energy usage. 

The forecast results are compared with the known actual results and the results of the 

simulation models. During the derivation of the energy models, the effects of the three 

selected external environmental parameters are examined.

Chapter 6 - Test buildings description and energy equation derivation

The intention is to apply the hypothesis developed for the pilot building to two very 

different test buildings, both of which have had an energy efficiency programme applied. 

The buildings and the respective efficiency programmes are described briefly, along with 

the results of the programmes. Again, as with the pilot building, the relationships betw een  

internal and external tem peratures for both test buildings are explored to test if a unique 

tem perature index may help with model prediction accuracy. Finally, the energy 

equations are derived for each building and the reduced dataset is determined. The effect 

of the efficiency programme and the use of the unique tem perature index are shown along 

with an analysis of the forecasting accuracy of each model, including that of the pilot 

building.

Chapter 7 -  Summary, conclusions and future research

The final chapter in this thesis is a summary of the research work that has been carried 

out, the principal conclusions reached and a discussion of w hether the objectives laid out 

in Chapter 1, have been met. The final section is a summary of future research which  

might follow from this thesis.
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Chapter 2 Literature Review

2.1 Introduction

The research  project described  in this thesis has been influenced by different facets of the 

building energy  research  spec trum . This spec trum  is w ide and the area  of building energy 

rem ains  a very  active research  topic with  m any contribu tions from a wide range of 

technical experts. The project includes a n u m b er  of these  research  topics and it is the 

in ten tion  in this ch ap te r  to show  how  this research  has progressed, the cu r ren t  s ta te  of 

u n d e rs tan d in g  and the possible gaps in the know ledge which this w o rk  aims to bridge.

2.2 Energy usage in commercial buildings

in Europe, com m ercia l/pub lic  and  residential buildings account for a lm ost 40%  of all 

energy  used  [EPBD Update, 2010). The usage of energy  in these  buildings has been 

show n to be increasing annually  (lEA, 2006). It has also been estim ated  tha t  global 

building energy consum ption  has increased by 49%  over the period 1984 to 2004, with 

2% average rises per annum  [lEA, 2006). In Ireland, it has been show n th a t  electricity use 

in the com m ercia l/pub lic  building sec to r in Ireland has grow n significantly every year 

be tw een  1990 and 2010 and s tan d s  a t  36.5% of Electricity Final Consumption (EEC) at the 

end of 2010 (SEAI, 2011). A fu r ther  exam ination of the building’s sec to r energy usage 

reveals  th a t  commercial buildings consum e alm ost as much as the dom estic sec tor in the 

US, 18% versus  22%  (EIA, 2006). Given the  level of energy  usage in this building 

category, it is im p o rtan t  to u n d e rs tan d  how  this energy is being used.

2.2.1 Breakdown of energy usage in commercial buildings

As explained in Chapter 1, construc tion  techniques developed during different per iods of 

the  last cen tu ry  m ay play an im p o rtan t  role in a building’s energy consum ption. Within 

the com m ercial building sector, the energy  usage is divided be tw een  various loads such as 

the provision of occupant com fort by Heating, Ventilation and Air Conditioning (HVAC), 

lighting. Domestic Hot W ater  (DHW), office equipm ent,  etc. Taking office buildings as an 

example, Perez-Lom bard (2008) has  assem bled  a b reakdow n  of energy  usage within 

office buildings in Europe and the US [see Table 2-1, round ing  of figures may have caused 

the  columns in this table to sum  to 101%). The energy usage within the office building 

sec to r  by HVAC plan t is the highest percentage usage, at approxim ate ly  half of the total.
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The HVAC plant has the p r im ary  function of ensuring  the  in ternal tem p e ra tu re  rem ains  at 

or  close to the recom m ended  levels and tha t  fresh air is available. This implies tha t  

approxim ate ly  10-11%  of total energy consum ption in the US and Europe is used in the 

provision of occupant com fort in commercial buildings. It has been  estim ated  tha t  the 

t ren d  of rising energy use in the commercial building sec to r is p redom inan tly  due to the 

expansion of HVAC system s in new  buildings [Perez-Lombard, 2008].

For these reasons, the origins and deve lopm ent of occupan t com fort theo ry  are explored 

in the  following sections, since the use of this theo ry  has fundam ental effects on the 

energy use  in commercial buildings. The inclusion of these  theories  in the occupant 

com fort s tan d a rd s  is also explored, since it is adherence  to these  s tan d a rd s  which in large 

p ar t  dictates the energy use in buildings.

htKrg> coasumption in ot'tices by end use

LiKrgy end uses U S A  ( % } UK ( % ) Sjxiin (%)

MVAC 48 55 52
Lighting 17 33
Lquipment (appliances) 13 5 10
D H W 4 10 -

J-ood preparation 1 5 -
Refrigeration 3 5 -
Others 10 4 5

Sources: t lA .  13Rt 112J and ID A t.
Table 2-1 Summary statistics of energy usage in office buildings in various parts of the developed 
world in 2004 [Perez-Lombard, 2008)

2.2.2 Introduction to environmental parameters and weather data

In this section, the various internal building and external w e a th e r  environm enta l 

p a ram ete rs  used in occupant com fort analyses are introduced. The following section 

describes the chronological deve lopm ent of occupant com fort th eo ry  and the various 

env ironm enta l  p a ram ete rs  used as the theories  developed.

The early research  into this complex field of therm a l com fort involved the  analysis of 

hum an  subject responses  to various w arm  and cold environm ents .  A n u m b er  of 

im p o rtan t  in ternal environm enta l  p a ram ete rs  w ere  identified [see, e.g.: Bedford [1936), 

Gagge [1967), Rohles [1971)) ,  as contributing to a h u m an ’s feeling of therm al comfort. In 

its early form, occupant com fort theo ry  has been developed from exam ination of the
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dependence  of hum an  response  to various building p aram ete rs  [am bien t tem pera tu re ,  

rad ian t  tem p era tu re ,  humidity, and air m ovem en t or draughts) .  The research  moved to 

the env ironm enta l  chamber, aw ay from real-life w orking  conditions and with this, the 

n u m b er  of env ironm enta l  p a ram e te rs  was increased to six w hen  Fanger’s early w ork  was 

published [Fanger, 1970). He used  two tem p era tu re  m easurem ents ,  a ir and radiative and 

also vapour p ressu re  (in place of relative humidity), air velocity, and two o th e r  

param eters :  clothing index and metabolic rate. These last two p aram ete rs  w ere  to 

cap tu re  the  insulation levels of clothing and to include the w ork  o u tp u t  of the occupant. 

Both of these  pa ram ete rs  have been show n to be difficult to estimate. Over the forty years  

since Fanger’s first publication, the debate  has continued as to the applicability of Fanger’s 

hea t  balance model to all building types, in all climates. With the adven t of air- 

conditioning, for the first time, it becam e possible to isolate the internal env ironm en t from 

the outside environm ent.  This has m ade Fanger’s analysis of the afo rem entioned  internal 

pa ram ete rs  applicable to m odern  sealed buildings.

With the re -em ergence of natura lly  ventila ted  and cooled buildings as realistic and 

desirable  alternatives  to the sealed building, the adaptive com fort th eo ry  has gained much 

traction. Commencing with early  w ork  by Auliciems [1969) studying responses  from 624 

schoolchildren, it w as hypothesised  th a t  external w e a th e r  p aram ete rs  [air tem pera tu re ,  

relative humidity, w ind velocity, sunsh ine  and a tm ospheric  p ressure)  may influence the 

occupan t’s feeling of comfort. The definitive link be tw een  external tem p era tu re  and 

therm al comfort was established by H um phreys (1978), w ho having stud ied  data from 

nu m ero u s  field s tud ies across the world, concluded th a t  the main condition of comfort, 

th a t  of in ternal neutra l  o r  comfort tem pera tu re ,  could be re la ted  to external tem p era tu re  

alone. This w ork  has continued to this day and both Fanger’s hea t balance and the 

adaptive com fort m odels are  now  included in m ost in terna tional s tandards . It is p e r tinen t  

to note tha t  the cu r ren t  adaptive  theo ry  of com fort as recom m ended  in the various 

standards ,  is based on outside tem p e ra tu re  alone.

The analysis of energy usage in commercial buildings has also been an active research  

area  for m any  years. In general, given the dea rth  of historic inform ation abou t buildings 

and the ir  energy  usage, much effort has gone into the analysis of energy consum ption  

relying on utility bills as the only source  of tim e-re la ted  usage, coupled with w e a th e r  data. 

Most m odern  commercial buildings have a control system  installed w hose  function is to 

m aintain  in ternal tem p e ra tu re s  w ithin the prescribed  occupant com fort range (from the 

com fort s tandards) .  For m any building types, w h ere  occupancy does not significantly
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vary from day to day (other than at weekends), the primary influencing factor on 

maintaining this internal tem perature is the weather.

The main weather parameters measured and reported by most national weather services, 

such as Met Eireann in Ireland, include ambient temperature, solar radiation (direct and 

diffused), relative humidity, dewpoint, rainfall, wind direction and speed. The historic 

measurements of these parameters are readily available on a time interval basis, such as 

15, 30 or 60 minutes. Most weather services have accurate recording stations positioned 

at various points in their jurisdiction. Depending on the prevailing weather for the 

particular area, other parameters may be deemed important, such as snowfall or fog, and, 

therefore, may be included in the recorded log of weather data.

Research work has shown that relationships can exist between building energy usage and 

certain of these weather parameters. Arens (1977) stated that the environment around a 

building affects its energy consumption primarily by influencing its requirement for space 

heating and cooling. He went on to state that the important factors influencing this 

relationship included outside temperature, humidity, shading and wind. Arens 

anecdotally estimated that the wind effect on mechanical systems of high-rise buildings in 

San Francisco could cause losses of 5% of the building’s total energy usage, but this has 

not been verified. Rain has been examined in the Tropics (Jayamaha, 1997) and energy 

consumption differences due to rain have been estimated at under 1.8% per annum. This 

research identifies the difficulty in measuring the effect of rain on a real building. It is 

explained that tem perature sensors would need to be inserted in the various layers of the 

envelope in order to accurately ascertain the effect of rain at the outside surface of the 

building. To overcome this problem, the research focussed on simulating the heat loss and 

gain effects using a building energy simulation tool from the US Dept, of Energy (DOE).

Much of the research has restricted the examination of the relationship between building 

energy usage and the weather to temperature, humidity and sunshine. Following 

Humphreys work in the 1970s, Auliciems (1981) examined the effects of certain external 

weather parameters on perceived occupant comfort using linear regression. Conclusions 

were reached showing a predictive relationship existed between perceived comfort and 

indoor and outdoor temperatures. All other weather param eters were shown to be not 

statistically significant.
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In tem p e ra te  climates, research  has show n th a t  external tem p e ra tu re  is by far the single 

largest influence on energy  usage and  m any  energy  forecasting m odels have been 

developed using this single re la tionship  (Katipamula, 1994; Reddy, 1994]. A m ore 

detailed discussion of these  models is contained in a la ter section on building energy 

forecasting. In certain  par ts  of the world, w h e re  hum idity  is an issue, such as in the 

tropics, this p a ra m e te r  has been  included in som e of the forecasting models (Nassif, 

2012). Certain dehum idification plan t is often deployed in these  hot and hum id climates 

and, therefore , it is no t su rpris ing  th a t  energy  usage w ould  be affected by humidity. These 

system s are  in com m on use in m odern  buildings in the  Middle East and  tropics.

As explained in the in troduction  to this thesis in Chapter 1, this project has been 

developed to examine the influence of th ree  w e a th e r  pa ram ete rs  on energy usage in th ree  

buildings in Ireland, namely, external tem pera tu re ,  external relative hum idity  and solar 

radiation.

Given th a t  over 10% of total energy  use in the EU and the US is expended in the provision 

of occupant com fort in commercial buildings and is increasing, it is im p o rtan t  to review 

w hy  the design of buildings has resu lted  in this level of energy use. To this end. Appendix 

A contains a review  of the background to Thermal Comfort which m ight provide som e 

insights into the design decisions being curren tly  taken.

2.3 Thermal Comfort

The m ost widely accepted definition of hum an  therm al com fort is found in the ASHRAE 

s tan d a rd  55 [2004) which defines com fort as "that condition of mind th a t  expresses 

satisfaction with  the therm a l en v iro n m en t”. Much research  has been carried  out on m any 

b ranches  of this topic which by its na tu re  is w ide and varied  and covers such diverse 

in terests  as psychology, physiology, anatomical hea t t ransfe r  physics and biometeorology. 

The particu lar  topic of in te re s t  in this project is th a t  research  which has resu lted  in a se t  of 

design guidelines for mechanical and env ironm enta l  en g in ee rs /d es ig n ers  in specifying 

how  indoor climate is to be regula ted  and passed fit as com fortable for hum an  occupation.

Over the pas t  40 years, one of the m ost cited re search ers  in this field has been P. Ole 

Fanger following on from early  p ioneering w o rk  by Gagge e t al. (1967). Gagge refers  to 

earlier w o rk  by W inslow in 1937 which equa tes  a scale of hum an  therm al sensa tion  to a 

scale of rad ian t  hea t and  cold. The principal aim of Fanger’s research  w as to arrive a t  a
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reasonable  m athem atical descrip tion  of the model of hea t t ransfe r  characteris tics  of the 

hum an  body while taking the psycho-physiological effects into account. This research  

resulted  in the h ea t  balance model [Fanger, 1970) which has ultim ately provided building 

designers with the ability to pred ic t  the  conditions in an en v iro n m en t in which the largest 

possible group  of occupants would experience therm al comfort. This has been 

particularly  im p o rtan t  in air-conditioned or artificial env ironm en t buildings w h e re  the 

buildings a re  effectively sealed and the env ironm en t is fully controlled.

Fanger’s w o rk  has been  extended to cover m any building types in a lm ost all climates, with 

mixed resu lts  [see 2.3.2]. The in terna tional s tan d a rd s  covering hea t balance therm al 

com fort in buildings, such as ISO 7730 (2005) and ASHRAE Standard  55 [2004), w ere  

developed largely on the basis of w o rk  by both Fanger and Rohles [1971). The original 

w o rk  in this area  is often ascribed to Bedford [1936), w ho perfo rm ed  com fort surveys on 

over 3,000 factory w orke rs  in the UK and first developed the com fort scale [often referred  

to as the Bedford Scale), on which m odern  occupant response  surveys are  still based [see 

Table 2-2). Schiller (1977), Doherty and Arens (1988), Havenith and  Parsons (2002), and 

Olesen (2004) am ong others, have p roposed  varia tions on the hea t balance model in 

o rd e r  to refine Fanger’s w ork  to b e t te r  describe building and  occupant com fort in n on 

m odera te  climates and non-air-conditioned buildings.

While Fanger’s w o rk  w as based a lm ost entire ly  on resu lts  from labora to ry  experim ents  in 

env ironm enta l  cham bers  (van Hoof, 2008), a parallel approach  know n as the  adaptive 

model w as being developed by early  re sea rchers  including Auliciems (1969, 1981), 

Hum phreys [1974, 1976), Nicol and  Hum phreys (1973), deD ear (1992), Nicol and  Roaf 

(1996), Nicol and Kessler (1998) and  Roaf et al. (2010). Research into adap ta t ion  makes 

use of very  substan tia l volum es of fieldwork relating to real occupant re sponses  on 

therm al comfort. While the results  are  similar to Fanger’s m odel predic tion  in som e cases, 

in m any others, substantial d iscrepancies w ere  uncovered, p rom pting  the  research 

question as to how  ap p rop ria te  Fanger’s model w as to all building types, in all climates.

2.3.1 Heat balance model of thermal comfort

The m ost com m on m ethod  used in characterising  therm a l com fort has been to statistically 

correlate  the results  of psychological experim ents  to various therm al analysis variables. 

This is norm ally  done by exposing large groups of h um an  subjects  to varying degrees  of 

heat, cold, hum idity  and air flow u n d e r  differing conditions of clothing and activity rates.
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Subjects a re  then  asked to express  the ir  view as to how  comfortable they  feel. Responses 

a re  norm ally limited to the ASHRAE 7-point therm al sensa tion  re sponse  scale (see Table 

2-2) w h e re  all re sp o n d en t  an sw ers  a re  rep resen ted  by whole num bers .

Value Sensation Response

+ 3 Hot

+ 2 W arm

+ 1 Slightly w arm

0 Neutral

-1 Slightly cool

-2 Cool

-3 Cold

Table 2-2 ASHRAE 7-point thermal comfort scale, based on Bedford, 1936. (ASHRAE Fundamentals 
Handbook, 2009)

Fanger w ished  to p re sen t  a universal m ethod  to allow designers to predict, for any form of 

clothing or activity, all com binations of therm al factors for which the largest possible 

group  of occupants would experience therm al com fort o r  therm al neutrality. For the first 

time, this m ethod  seem ed  to provide a way of predicting the op tim um  tem p era tu re  for 

any occupied space, in any climate and  in any environm ent.

Metabolic processes  within the hum an  body resu lt  in hea t which m ust  be d issipated on a 

continuous basis. Regulation of this hea t t ransfe r  is vital to the norm al operation  of the 

hum an  body given the n a r ro w  tem p e ra tu re  range considered  com fortable by the body’s 

the rm oregu la t ion  system  in the brain: 36.8°C a t  rest to 37.9°C w hen  jogging (Prek, 2005; 

ASHRAE, Fundam enta ls  Handbook, 2009).

Fanger’s env ironm enta l  cham ber experim ents  facilitated the es tab lishm ent of a link 

be tw een  the sensa tion  of therm a l com fort and  a range of skin tem p e ra tu re s  and sw ea t 

evapora tion  ra tes  (depend ing  on activity levels). This resu lted  in the formulation of the 

h ea t  balance or com fort equation. The requ irem en ts  for s teady-sta te  therm al com fort are 

(a) the occupan t body is in hea t balance, (b) the m ean  skin tem p era tu re  and sw ea t  rate, 

influencing this hea t balance, are  w ithin certain  limits and (c) no local d iscom fort exists. A 

simplified graphic showing the hum an  body hea t balance m odel is show n in Figure 2-1.

13
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This model is ex tracted from the ASHRAE Technical Guidebook [2009) w^hich uses 

Fanger’s original w o rk  coupled with  a model of core and skin co m p ar tm en ts  in the hum an 

body developed by re sea rchers  in the  Pierce Institute in the  early  1970 's  and know n as 

the Pierce Two-Node Model.

Figure 2-1 Thermal interaction between human body and the environment (ASHRAE Fundamentals 
Handbook, 2009)

This w ork  has been included by ASHRAE in the ir  analysis of hea t balance for the  hum an 

body. It w as proposed  th a t  the  body can be divided into tw o nodes o r  com partm ents ,  core 

and skin. All metabolic hea t is assum ed  to be genera ted  within the core while all hea t loss 

is assum ed to be from the skin com partm ent.  This w o rk  w as fu r the r developed a t Kansas 

State University.

Heat Balance Equation

From the ASHRAE Technical Guidance document, the h ea t  balance and  subsequen t  

therm al load L of the hum an  body is expressed as -

C o n v e c t io n  (C)S u r fa c e  in 

E n v ir o n m e n t

S e n s ib l e  H e a t  Loss  

f r o m  Skin (C + R)
R ad ia t ion  (R)

E v a p o r a t iv e  H e a t  Loss

Skin S u r fa c e

E x p o s e d  S u r fa c e

C lo th ing

R es p ir a t io n  ( C ^ e s ,  ^ r e s )

Mf  ̂ -  W  -  (C + R + Egi^) + {Cj-gs + Ej-es) + (.^sk + Scr) Eqn  2.1

w here

= ra te  of metabolic hea t production, W /m ^

W  -  ra te  of mechanical w ork  accomplished, W /m ^

C + R = sensible hea t loss from skin [Convective and Radiative), W /m ^

14
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^sk ~ total rate of evaporative heat loss from skin, W/m^

Cres -  rate of convective heat loss from respiration, W/m^

Eres -  rate of evaporative heat loss from respiration, W/m^

^sk -  rate of heat storage in skin compartment, W/m^

Scr -  rate of heat storage in core compartment, W/m^

Sensible heat loss was defined by Joule in 1847 as that energy transfer whose only effect is 

a change in temperature. This is in contrast to latent heat transfer where the only effect is 

a phase change. Mfi~ W  represents the difference between total metabolic rate and rate 

of mechanical work, thus giving the net heat production of the body.

By using the three responses of + 1, 0 and -1 from the ASHRAE thermal sensation response 

scale [also known as the Comfort Zone), applied to data collected by Rohles and Nevins 

[1971) on over 1600 young adults correlated with the heat balance equation, it was 

possible for Fanger to use the concept in Eqn 2.3, to describe what he referred to as the 

Predicted Mean Vote orPA/K[Fanger, 1970). He found a simple correlation expression by 

regression based on the results of the Rohles and Nevins experimental data. This resulted 

in the following linear relation [Eqn 2.2) between mean skin tem perature and the net 

heat production of the body M -  W\

tsu= 35.7 -  0.0275(Mft- W) Eqn2.2

PMV is defined as an index which represents the mean thermal sensation vote of a large 

group of people, for any given combination of the thermal environmental variables, 

clothing resistance and metabolic activity rate. Fanger used four thermal environmental 

variables comprising local air temperature, mean radiant temperature, air velocity and air 

humidity. He proposed that a general function /  can be derived for every occupant where 

these variables are in balance as indicated in Eqn 2.3;

/(M , Id, V ,  t r ,  t a ,  Pw) = 0 Eqn 2.3

where

M = metabolic rate [met)

Id = clothing index [do) 

v=  air velocity [m /s) 

t f  = mean radiant tem perature  [°C) 

ta = ambient air tem perature [°C)
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= vapour pressure of water in ambient a ir [Pa)

The PMV correlation is based on the identification of a narrow range o f skin temperatures 

and sweating rates required for optimal comfort conditions.

Fanger assumed that the human body is always in balance regarding heat generation by 

metabolism and heat loss as a complex variety of conduction, convection and radiation 

processes. Certain simple assumptions were made regarding the level of insulation of 

clothing and the rate of metabolic generation (depending on work-rate). This was 

necessary given how d ifficu lt these variables are to accurately measure in practice.

Fanger concluded that the satisfaction o f this equation is a condition o f optimal thermal 

comfort for a large group of occupants or when the m ajority of this group experiences 

thermal neutrality, i.e. the m ajority vote + 1, 0 or -1 on the ASHRAE sensation response 

scale.

According to ASHRAE, PMV is an index which predicts the mean value o f the votes o f a 

large group of occupants on the 7-point scale, exposed to the same environment w ith  

identical clothing and activity levels based on a curve fitted to widespread data. It is 

expressed as [ASHRAE Fundamentals Handbook [2009)):

PMV = (0.303e-°-^^^^ + 0.028)L Eqn 2.4

where

M = metabolic rate

L -  thermal load defined as the difference between the heat produced and heat lost to the 

environment while maintaining comfort values of skin temperature and evaporative heat 

loss by sweating at the prescribed activity level. Thermal load L is therefore the difference 

between the left and right sides of Eqn 2.2 calculated for the actual values of the 

environmental conditions.

PVM and PPD

Based on PMV, the concept o f Predicted Percentage Dissatisfied (PPD) was formed, and 

again, according to ASHRAE, is described as an index that establishes the quantitative 

prediction o f the percentage o f therm ally dissatisfied people determined from PMV. PPD 

is expressed as (again, from the ASHRAE Fundamentals Handbook);
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P P D  = 100 -  9 5 ( e - 0 . 0 3 3 5 3 P M l / ^ - 0 , 2 1 7 9 P M l / ^ )  2.5

PPD is a measure of the thermal comfort of a group of occupants in a particular thermal 

environment and will quantify the expected percentage of dissatisfied occupants in any 

given thermal environment, in other words, any occupant not voting + 1, 0 or -1 on the 

thermal sensation scale. The graph in Figure 2-2 is an illustrative depiction of the PPD- 

PMV curve and, in this example, about 25% of occupants are dissatisfied with their 

thermal environment by vote [-1 < PMV < + 1). The graph represents a probability plot 

of percentage dissatisfied at certain values of PMV.

100

PPD 50
40
30

PMV

Figure 2-2 - Illustrative Fangers PPD - PMV variation graph

Subsequent Development of the Fanger Heat Balance Model

Since the early 1970s, much research work has been carried out to both support and find 

discrepancies with Fanger’s work. The ASHRAE Fundamentals Handbook states that the 

same comfort conditions can be applied throughout the world. The Fanger model has 

been applied globally for almost 40 years to all building types (Van Hoof, 2008), even 

though Fanger advocated the model's use in sealed air-conditioned buildings only and 

applied to healthy adults only. He foresaw problems with its use where the mean vote 

passed beyond ± 2 on the ASHRAE scale.

On the basis of environmental chamber experiments and occupant comfort surveys from 

real buildings carried out over the past thirty years, several variations of Fanger’s PMV 

equation have appeared (Christensen, 1985; Olesen, 2005; DiCarli, 2007, d'Ambrosio 

Alfano, 2011). In general, the range of comfort conditions was found to be wider than
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predicted by Fanger, meaning occupants considered they were comfortable at lower and 

higher temperatures than those predicted by the heat balance model. In fact, work by 

Nicol and Roaf in Pakistan (1996) showed that comfort was achieved at very high 

temperatures in office buildings, thereby implying some other phenomenon may be at 

work. This has been supported by several other researchers, including Fountain et al. 

[1996) and de Dear and Brager [1998). These works concluded that the use of thermal 

neutrality was not always suitable by building, season or climate and that the results were 

not always symmetrical around neutrality. Finally, sensations outside the standard 

comfort zone [that is + 1, 0 and -1) are not always considered uncomfortable for a large 

number of occupants.

Building type was the most obvious reason to find fault with the heat balance models 

given they do not take this factor into account. De Dear and Brager [1998) and Brager 

[2004) showed that occupants of air-conditioned buildings were twice as sensitive to 

ambient temperature change as those in naturally ventilated [NV) buildings. On further, 

more careful analysis, this result was found not to the case. NV buildings can include 

mixed mode buildings where mechanical ventilation is not used all of the time and is not 

the only source of ventilation. Measurements in mixed-mode buildings, however, are only 

counted as NV measurements where the mechanical ventilation is not in use during the 

time of measurement. De Dear [2002) went on to state, that "the PMV model has lost 

much of its predictive ability in naturally ventilated buildings”.

Fountain et al. [1996) expressed the view that the differences may lie within expectation 

rather than human thermal physics. Working with Toftum, Fanger himself agreed that 

two new correction factors should be introduced, namely expectancy, e, based on previous 

thermal experience and the ability to have a much reduced activity level based on 

adaptation of the occupant to higher thermal conditions [Fanger 2002; Toftum, 2004).

2.3.2 Adaptive model of thermal comfort

Many researchers have formed the opinion that data collected in environmental 

chambers, on which the heat balance model is based, is not reflective of real world 

conditions. The chambers are highly environmentally controllable and these conditions 

are not reflected in real situations. A substantial body of research was underway from 

researchers such as Bedford [1936), Auliciems [1969, 1981), Nicol and Humphreys 

[1973), Humphreys [1974, 1976, 1978) and de Dear and Brager [1998), which was
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relying on on-site survey results and simultaneous accurate m easurements taken from the 

field. This research has collectively formed what is now known as the adaptive comfort 

model. Within the adaptive model research, there is substantial evidence that building 

occupants seem capable of adapting to their environment in a way which has allowed a 

much wider range of neutral comfort temperatures.

The adaptive approach is summarised by the principle: i f  a change occurs such as to 

produce discomfort, people react in ways which tend to restore their comfort (Nicol and 

Humphreys, 2002).

After early results from Humphreys (1978), Auliciems in 1981 continued work on the 

concepts of climatic experiences and expectation by the occupant, who by virtue of simply 

being present in the environment, forms part of the thermal system. It was proposed that 

a connection might exist between the perceived occupant comfort tem perature and the 

outdoor climate. As described by Fountain et al. (1996), the occupant is no longer a 

passive recipient of the given thermal environment, but instead is an active agent 

interacting with the person-environment system via multiple feedback loops. These 

concepts are not universally accepted by supporters of the heat balance model (Halawa, 

2 0 1 2 ).

The ASHRAE and ISO standards committees, however, have recommended the heat 

balance model on all buildings, for all occupants and in all climates. The adaptive model 

has been shown to be significantly better suited to naturally ventilated buildings in 

particular (de Dear and Brager, 1998) and mixed-mode buildings where occupants have a 

high degree of environmental control (Nicol and Humphreys, 2002).

One of the perceived limitations of the heat balance model is that of input parameter 

accuracy. Designers, using the technical guidance from standards such as 1S07730 or 

ASHRAE 55, must estimate the do  values for clothing insulation and m ef for metabolic 

rates of occupants in buildings which have not yet been built. When the buildings are 

subsequently tested with real occupants, the estimates for thermal comfort are often 

found to be inaccurate (Fishman and Pimbert, 1982; Auliciems and deDear, 1984; 

Fountain et al., 1996; de Dear and Brager, 2002; Nicol and Humphreys, 2002; Humphreys 

and Nicol, 2002, 2007; d’Ambrosio Alfano et al., 2011).
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Explanations have been suggested  for the wide d iscrepancies found be tw een  h ea t  balance 

model p red ic ted  therm al com fort ranges and  those  m easu red  in the field, including

• Model input p a ram e te r  inaccuracies

• Estimating insulation p roperties  of garm en ts  or  ensem bles

• Accounting for chair insulation levels

• Estimating activity pa t te rn s  and associa ted m et levels

• Non-uniformity of physical m easu rem en ts  in field w ork

• Model assum ptions

• Steady s ta te  versus  tran s ien t  [real w orld  buildings have very dynamic 

therm al conditions)

• Non-therm al factors no t considered in the  hea t balance model

• Demographics (gender, age culture, etc.]

• Building Context (design, function, season, climate)

• Environm ental interactions (lighting, acoustics, indoor air quality (lAQ))

• Cognition (atti tude, preference, expectation)

Experimental techniques in adaptive model data collection

The Adaptive Model is based  on statistical analyses of field data  collected from real 

building surveys and real building environm enta l  m easu rem en ts .  Due to this, the 

accuracy and m odes of data  collection are very  im portant.  Brager and de Dear (1998) 

have sum m arised  the experim ental  m ethods  and broken  them  dow n into th ree  categories.

• Class 111 -  the  m ost com m on w here  in terna l hum idity  is m easu red  along with 

te m p e ra tu re  a t one height. Q uestionnaires are  carried  ou t  on the  occupants  in 

question. In this situation, the  su rvey  does no t necessarily  occur a t the exact sam e 

tim e as the environm enta l  data  collection.

• Class 11 -  the six env ironm en t variables used  in the  Heat Balance model are  

m easured , nam ely  ta , t r . ,v , r^ ,c l o ,m et .  Relative hum idity  (rh) and tem p e ra tu re  

a re probably  m easu red  a t one height. Air m ovem en t senso rs  a re  capable of 

accuracy of O .lm /s  and  are directional. Synchronous ques tionnaires  are carried 

ou t a t the time of m easu rem en t  of physical param eters .

• Class I -  all in s trum en ta t ion  is in compliance with 1S07730, 1S07726 (1998) and 

ASHRAE 55 s tan d ard s  -  use of labora to ry  g rade eq u ip m en t is m andated . 

T em p era tu re  and relative hum idity  m easu rem en ts  are  taken  a t th ree  heights
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0.1m, 0.6m and 1.2m above the floor. Air movement probes are capable of 

turbulence intensity measurement. Data in this class allow^s non-uniform 

thermal environments to be examined.

Development of adaptive equations

Most building data available to researchers is of Class 111 variety and most surveys of 

occupant comfort consist of a questionnaire and, in parallel, recorded environmental 

parameters, most notably temperature. Using a 7-point thermal sensation scale [ASHRAE 

55) or Comfort Scale, the occupant will vote based on their perceived level of comfort at 

that moment. Statistical analysis of these votes results in an ambient tem perature range 

found to most often correspond to the central votes of + 1, 0 or -1, comfort zone or the 

sample’s neutrality. This ‘neutral’ tem perature is denoted normally as Numerous field 

studies, some of which are described below, have resulted in slightly different comfort 

equations. The following sections outline how the adaptive comfort equations were 

developing over time, gaining in accuracy with more data availability and, finally, 

acceptance into the mainstream comfort standards, such as ASHRAE 55 and EN15251 

(2007).

These equations are derived by statistical analysis on multiple real-world building surveys 

and simultaneous environmental measurements. The analysis is carried out on the survey 

data as described by Brager and de Dear (1998). The researchers are seeking a best-fit 

equation for the data using predominantly regression analysis. In some cases, the 

regression coefficient of determination R-Sq is shown along with the equation indicating 

the level of correlation where R-Sq of 1 is a perfect correlation and R-Sq approaching zero 

indicates little or no correlation.

After detailed statistical analysis of 30 examples of field studies on buildings from around 

the world, Humphreys (1976) found a very wide range of neutral tem peratures of 13°C -  

far greater than that of the predicted range using the PMV-PPD or heat balance model. 

From this work, Humphreys proposed the following equation (Eqn 2.6) relating indoor 

tem perature  7; to the comfort or neutral tem perature

= 2.56 + 0.83Ti (/?2 = + 0.96) Eqn 2.6

where

Tn predicted neutral temperature, also referred to as comfort tem perature (7^ or 

Ti mean air indoor tem perature
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Both Humphreys and AuHciems believed that occupant’s indoor comfort could in part 

depend on the outside air tem perature  and they set about defining the relationship 

between outdoor tem perature  and indoor neutral temperature. Humphreys concluded 

this early work and, in 1978, published his important findings which related simple mean 

monthly outdoor tem perature  [7^^) to indoor neutral tem perature (T„). Analysis was 

completed both for buildings operating in the free-running mode and buildings when 

heating and cooling was being used resulting in the following equations:

Free-Running:

11.9+ 0.5347^ (/?2 = 0.97) E q n l . l

During periods of heating or cooling:

Tn = 23.9 + 0 .2 9 5 (r^  -  22) exp(-  = 0.72) Eqn 2.8
V 24V2 /

In 1981, Auliciems reworked the building database used by Humphreys in his earlier work 

and, pooling both naturally ventilated and centrally controlled buildings, he proposed a 

unified comfort equation for all building types. In this analysis, Auliciems [1984] linked 

indoor temperature, Ti, to a monthly mean outdoor temperature, T^, which Humphreys 

has correctly argued is a circular premise (Humphreys, 2013):

= 0.487’i + 0.147^ + 9.22 = + 0.95) Eqn 2.9

Class II and Class I data allow a direct comparison with results obtained using the PMV- 

PPD model calculated on the same data and, therefore, the conclusion is that where a 

different neutral tem perature is found in the occupant response surveys than that 

predicted by the PPD model, adaptation must be occurring.

DeDear and Brager (1998) found that the naturally ventilated buildings had to have the 

highest level of difference between observed and predicted PMV (using the heat balance 

model). The researchers found up to a 3.4°C difference which, they conclude, can only be 

due to the higher levels of occupant control over their environment. In o ther words, in 

naturally ventilated buildings, the comfort zone is significantly wider than predicted by 

the heat balance model.
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After w o rk  in the 1970s by Hum phreys, for the first time, a hnk  was es tabhshed  betw een  

o u td o o r  air tem p e ra tu re  and the  com fort o r  neutra l  indoor tem pera tu re .  The ou tdoor 

te m p e ra tu re  used  w as the historic m onth ly  m ean  from the w orld  meteorological tables.

Nicol and H um phreys (1995) developed this adaptive  algorithm further w ith  the ir  w ork  

on UK office buildings and p roposed  a tem p e ra tu re  index based  on a com bination of 

cu r ren t  o u td o o r  tem p e ra tu re  and an exponentially  weighted  running  m ean of the 

preceding  series  of days m ean o u td o o r  tem p e ra tu re  in a ratio of 3:7. This derived 

te m p e ra tu re  index {Tgi) is used  to calculate the desired  or ta rge t  indoor tem p e ra tu re  [Tj] 

using the  following -

Tj = 0.5347oi + 12.9 E q n Z . l O

w h ere

T(,i is the exponentially  w eighted  outside runn ing  m ean tem pera tu re .

Nicol and Roaf (1996), analysing data  from buildings from Pakistan, suggested the 

following adaptive  equation, w h ere  T-^ is a s im ple m onthly  m ean from the preceding 

m on th  and, again, is the  indoor desired  or ta rge t  tem pera tu re :

= 0 .3 8 r^  + 17.0 Eqn 2.11

During the 1980s, ASHRAE funded a n u m b er  of building surveys, both air-conditioned and 

natura lly  ventilated, using only Class I m ethods  and instrum entation . This data w as 

collected by ASHRAE and to ge ther  with a large quan tity  of o th e r  data, collated into a 

da tabase  called RP-884 and m ade available to re sea rch ers  (Brager and de Dear, 1998). 

160 buildings on four con tinen ts  and a lm ost 21,000 raw  da tase ts  w ere  p resen ted  

covering physical m easu rem en ts  of the hea t balance model variables and full occupant 

surveys with  associa ted  PMV. W ork  com pleted  by de Dear and Brager, published in 2002, 

described  how  this data  w as analysed and a com parison  m ade be tw een  the resu lts  yielded 

from Fanger’s h ea t  balance model and  the  adaptive model. For air-conditioned buildings, 

the  resu lts  are  virtually identical, while for natura lly  ventila ted  buildings, as expected, the 

range of therm ally  neutra l  te m p e ra tu re  found acceptable  in these  buildings is much w ider 

in practice than  th a t  pred ic ted  by Fanger’s model. In fact, Fanger's model predic ted  a 

range from 22.2°C to 25.3°C while in practice the range varied  from 20.0°C to 27.0°C. The 

g raph  is rep roduced  from the original p ap e r  in Figure 2-3.
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Figure 2-3 Observed and predicted comfort temperatures (PMV model versus adaptive model] in (a] 
air-conditioned buildings and (b) naturally ventilated buildings (Brager and de Dear, 2002]

The graphs show that the estimated range of indoor comfort temperatures of occupants in 

air-conditioned buildings was very narrow and the researchers surmised that the 

occupants had become accustomed to this narrow range, complaining if the indoor 

temperature went out of range. The differences between ranges in the naturally 

ventilated buildings are explained by adaptive principles where the occupants have a 

greater level of control and expect the thermal environment to more closely follow 

seasonal changes. The result of this work has been the inclusion, for the first time, of an 

Adaptive Comfort Standard (or ACS) for naturally ventilated buildings as an alternative to 

the heat balance model. The particular adaptive equation proposed is simple in form and 

yields the predicted comfort temperature, (de Dear and Brager, 2002; ASHRAE 55, 

2004)

Eqn 2.12

where

24



Chapter 2 -  Litera ture Review

T co m f 's  the comfort

T'a.out is the m ean  m onth ly  outs ide  dry-bulb tem p era tu re

Nicol and H um phreys also published resu lts  in 2002 from a similar exercise of analysing 

data  from past data  surveys and building m easurem ents .  Although they  did no t  agree 

with the finding of de Dear and  Brager (1998), in th a t  occupants seem ed  to have a m ore  

relaxed a tt i tude  to indoor tem p e ra tu re  in naturally  ventila ted  buildings, they argued  tha t  

the building services should  not affect occupan t’s therm a l expectations. More likely, the 

differences could s tem  from a large n u m b er  of small adaptive actions resulting in a large 

difference in com fort conditions. They w e n t  on to argue th a t  having exam ined the 

research  resu lts  for various environm enta l  factors, such as relative hum idity  and  air 

m ovem ent,  ou td o o r  tem p e ra tu re  had by far the largest influence.

Nicol and H um phreys proposed  th a t  time would have a large influence on the exact form 

of m onthly  m ean  o u td o o r  tem p e ra tu re  to be used in the com fort equation 2.12. Based on 

earlier  w o rk  by Nicol and Hum phreys in 1973, they  proposed  using an exponentially  

w eighted  time series to effectively change the influence o f 'o ld e r  tem p e ra tu re s  as follows:

T'rm(t)= ( 1 -  a){7’t - i +  ccTt_2 + a^T^_3 ...} Eqn 2.13

w h ere

a  is a constan t  such th a t  0 < a <  1

T'rm(t) the running  m ean tem p e ra tu re  at time t

Tf is the m ean  tem p e ra tu re  for a tim e t of a series  a t equal intervals (hours, days, etc.) 

is the in s tan taneous  tem p e ra tu re  a t n time intervals previously

W ork  w as subsequen tly  done by Nicol and H um phreys (2010) to de term ine  the b es t  value 

for a  based  on regression  analyses of existing com fort su rvey  data. This w o rk  yielded the 

conclusion th a t  having an in terna l t em p e ra tu re  se t-po in t in a building following the 

runn ing  m ean  of the o u td o o r  tem p e ra tu re  does not increase discom fort bu t  could reduce 

energy  consum ption. The Building M anagem ent System (BMS) will t ry  to m ain ta in  the 

in terna l space tem p era tu re  a t this set-point. A set-poin t is normally a tem p e ra tu re  se t  by 

the building o p e ra to r  to instruct the BMS as to the tem p e ra tu re  goal.

They p roposed  th a t  any s tan d ard  which incorporates  the adaptive  com fort m odel should 

indicate the  indoor env ironm ents  m ost likely to provide comfort, the range of acceptable
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environments and the rate of change of indoor environment which is acceptable to 

occupants

A comfort equation only for buildings operating in a free-running mode was proposed by 

Nicol and Humphreys (2002) after detailed analysis of earlier data collected by 

Humphreys during the 1970s and the 1998 ASHRAE database used by de Dear and Brager. 

The researchers quote a regression coefficient of determination of 0.97 for the earlier data 

and 0.95 for the ASHRAE data.

Tc = 13.5 + 0.54Tg Eqn 2.14

where

Tg is the monthly mean of the outdoor tem perature (obtained from daily measurements] 

The SCATs project [Smart Controls and Thermal Comfort)

The SCATs project was a European based research project sponsored by the EU. Running 

from 1997 to 2000, the project aimed to survey, measure and analyse data from air- 

conditioned and other office buildings in various European countries. The ultimate goal 

was to produce an Adaptive Control Algorithm (ACA) suitable for implementation in 

building controls and to demonstrate the resulting energy savings. This was to be 

achieved with the following three objectives -

• Carry out thermal comfort field studies in buildings across Europe and use 

the data to develop a suitable ACA

• Develop actual control systems for both air-conditioned and naturally 

ventilated buildings that would implement the ACA

• Test the ACA in real world conditions and ascertain its effect on energy use 

and thermal comfort

The results of all comfort votes within the SCATs project for free-running buildings are 

plotted in Figure 2-4. There is a comparatively weak linear relationship (R-Sq = 0.358) 

between the comfort tem perature T^, and the running mean of outdoor tem perature 

T'rmso’ when a  = 0.8 and G = 0.5, however, the trend is clear. Each point represents a 

comfort tem perature  derived from a single comfort vote.

The variability of the vote is attributed to inter-person variability and the authors state 

this variability typically has a standard deviation of approximately one unit on the
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ASHRAE scale. This corresponds to a standard deviation of 2°C in the comfort 

temperature.
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Figure 2-4 Scatter plot of comfort temperature against running mean outdoor temperature for FR 
buildings. The regression line is shown with 95% confidence intervals (Nicol and Humphreys, 2010)

The confidence intervals show 95% probability of finding a mean value within these 

bounds. Graphing the results from various countries showed a consistent relationship 

between outdoor mean temperature and comfort temperature down to 10°C. This forms 

the low level lim it of the comfort equation below which a different equation must be used. 

The analysis yielded Eqn. 2.15 from McCartney and Nicol (2002] but, subsequent work by 

Nicol and Humphreys (2007, 2010), in research describing the derivation of the comfort 

equations for EN15251 (2007), shows the equation to be slightly different (Eqn. 2.17) 

despite being based on the same SCATs data.

Tc =  0.302rrmso + 19.39, f o r  7,^80 >  10°C Eqn 2.15

and

Tc =  22.88, f o r  T^mao ^  10°C Eqn 2.16

These equations are suggested for building control systems throughout Europe.

The SCATs project team included a BMS company from Sweden called TAC Controls. TAC 

performed the task of implementing the ACA in software using two existing buildings (A 

and B) in which TAC already had control hardware installed. The researchers completed a 

three month tria l in one building, having had problems in the other building, and
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compared a small area under ACA control to another similar sized area under 

conventional set-point control. Savings were calculated and extrapolated to the whole 

building.

The results of the SCATs project have partly influenced the inclusion of the Adaptive 

model into EN15251 for free-running and heated and cooled buildings. The comfort 

equation included in the s tandard EN15251 and proposed in Nicol and Humphreys (2007, 

2010] for outside air tem peratures above 10°C is as follows -

= 0 .337 ;^+  18.8JorTr-m > 10°C Eqn2.17

where T̂ th is assumed to be Trmeo-

Nicol and Humphreys [2007) have departed from the analysis of de Dear and Brager 

(2002) in drawing a distinction between naturally ventilated and air-conditioned 

buildings. They argue that the distinction is one of mode of operation -  w hether at the 

time of the survey the building is heated or cooled. This assumption enabled them to 

publish an adaptive comfort equation for buildings being heated or cooled and thus, for 

the first time, EN15251 has included air-conditioned buildings.

The authors concluded that for heated or cooled buildings, the comfort equation is as 

follows:

Tc = 0.09Tj.m + 22.6 Eqn  2.18

The equation clearly indicates the significantly smaller influence of outside tem peratures 

during the heating/cooling seasons. Unlike ASHRAE 55, where the comfort equation for 

naturally ventilated buildings from de Dear and Brager (2002) has been included but only 

for use above outside tem peratures of 10°C, the Nicol and Humphreys’ equation in 

EN15251 is applicable for all outdoor tem peratures once the building is being heated or 

cooled.

Researchers have argued that the 1S07730 and ASHRAE 55 standards work against the 

deployment of naturally ventilated buildings in that the close control of tem perature 

required by these standards is impossible to achieve using natural ventilation (Arens et 

al., 2010). It would appear that the easiest way to achieve the levels of control required by
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the s tan d a rd s  is to build a fully sealed air-conditioned building which is totally 

in d ep en d en t  of its en v iro n m en t or local climate. This has a clear and large influence on 

energy use in providing these  artificial environm ents .

Research on occupan t com fort has influenced the au tho rs  of the in terna tional and national 

s tan d a rd s  and the way these  s tan d a rd s  are  applied to the design of buildings. The hea t 

balance and adaptive m odels  have been  included in m any of these  occupant com fort 

s tan d a rd s  which will be the focus of the next section. These s tan d a rd s  a re  briefly 

discussed to show  the limits placed on building designers  and operators.  More recen t 

research  by Borgeson and Brager (2011) and Sourbron e t al. (2011], has com pared  the 

various popu lar  s tan d a rd s  to show  the differences be tw een  them.

2.4 Occupant comfort standards

With the adven t  of the European Perform ance of Buildings Directive (EPBD 2002), certain  

European s tan d a rd s  have come into existence o r  been fu r ther  developed as a s u p p o r t  to 

the EPBD. The s tan d a rd s  specifically re la ted  to occupant com fort are:

• EN15251 -  Indoor environm enta l  input p a ram ete rs  for design and

asse ssm en t of energy perform ance of buildings - add ress ing  indoor air 

quality, therm al environm ent,  lighting and acoustics (2007)

• EN IS07730 -  M oderate therm al env ironm ents-  analytical determ ina tion  

and in te rp re ta t ion  of therm al com fort using calculations of the  PMV and 

PPD indices and local therm al com fort (2005)

The US also has a series of design guidance docum ents  and s tandards , the m ost com m on 

being the ASHRAE S tandard  55-2004 -  Thermal Env ironm ent Conditions for Human 

Occupancy (2009).

Finally, the guidance docum en t which has had m ost influence on the British and  Irish 

building regula tions and, thus, greatly  affecting designers  is the CIBSE Guide A -  

Environm ental Design (2006).

Each of these  will now  be reviewed in turn.
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2.4.1 l.S. EN IS07730

The latest version of l.S. EN 1S07730 dates  from October 2005 and the s tan d a rd  has been 

adop ted  by the National Safety Authority  of Ireland (NSAl]. It is the only recent 

in terna tional therm al com fort s tandard  which does not have an optional Adaptive 

Comfort model. It relies solely on the hea t balance m odel or the Fanger PMV-PPD graphs 

for calculating the comfort tem p e ra tu re  range for any given s tructu re ,  in any given 

climate. A small section is included a t the  end of the  s tandard  which gives the  designer 

the option of em ploying w id e r  comfort tem p era tu re  ranges based  on occupant adap ta tion  

bu t  no guidance is offered.

One of the principal issues with  PMV-PPD hea t balance model analysis was recognised by 

H um phreys and Nicol (2002) as being the sensitivity of the model to varia tions in the 

metabolic ra te  and clothing insulation figures used for any given situation. This is 

supported  by Olesen and  Parsons (2002] in the ir  overview of ISO 7730. The data  in Table 

2-3 shows this sensitivity and, given how difficult these  two variables are to accurately  

predic t or measure, the tabled data  exposes how easily the  designer could m ake invalid 

design assum ptions  based on incorrect PPD figures. Data is show n for tw o scenarios of 

different activity levels, each given with th ree  values for clothing insulation. The PPD 

outcom e exhibits a large fluctuation based on relatively small changes in activity levels 

(M) and assum ed  clothing insulation (do ) .

In recen t research  by d ’Ambrosio Alfano et al. (2011),  all six variables of the PMV-PPD 

model w ere  analysed to de term ine  the ir  accuracy sensitivity. The ISO 7730 (2005) and

M(W/m^) d o  (m^K/W) PMV PPD (%)

Lower metabolic rate range for a defined clothing insulation level range

50 0.130 -1.0 27.7

58 0.155 0.0 5.0

66 0.180 0.4 8.8

Higher metabolic rate range for a defined clothing insulation level range

85 0.130 0.5 10.5

100 0.155 0.9 22.6

115 0.180 1.2 36.4

Table 2-3 Influence of sensitivity of metabolic rate ,M, and clothing insulation, do, on PPD outcomes 
(Olesen and Parsons, 2002) Environmental Parameters: = tr = 24°C; Pq = lOOOPa; =
0.15m/s, r h  is not given
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ISO 7726  (1998) s tan d a rd s  give very  detailed guidance on m easu rem en t  techniques and 

allow^ed in s t ru m en t  accuracy.

The re search ers  found th a t  the m easuring  eq u ip m en t conforming to accuracy levels 

m anda ted  by 1S07726 is very  difficult to source. In conclusion, they s ta ted  "It was 

highlighted th a t  a lthough the m ean  rad ian t  tem p e ra tu re  m easu rem en t  w as m easured  

w ith in  the accuracy req u irem en ts  proposed  by the  1S07726, the PMV value can vary  

enough to m ake the classification of the  env ironm en t quite ra n d o m ”.

The s tan d a rd  sep a ra te s  the factors influencing pred ic ted  therm al com fort [PMV -  PPD 

based  on air and rad ian t  tem p era tu res ,  a ir  velocity, hum idity) and local therm al 

d iscom fort (draught,  vertical a ir  tem p e ra tu re  differences, rad ian t  tem p e ra tu re  asym m etry  

and  surface tem p e ra tu re  of the floor). Both g roups of factors are  m easu red  using the 

sam e percen t  dissatisfied (PD) units. How guidance is offered relating to these  factors has 

been  influenced by o th e r  European and US standards ,  nam ely  the Dutch CR 1752 and 

ASHRAE 55 (Olesen e t al., 2002). Since it has no t been  possible to distinguish the general 

therm al com fort factors from the local discom fort factors with accuracy, ISO 7730 has 

adop ted  the sam e approach  as ASHRAE 55 in allowing up to 10% dissatisfaction with 

general therm a l com fort and  a fu r the r  10% to account for local therm al discomfort 

bringing the  total to 20%  of total dissatisfied with the therm al environm ent.  This concept 

has been fu r the r  developed by allowing for several ca tegories of acceptable therm al 

en v ironm en ts  and the  percen tage  dissatisfied will vary  depend ing  on the type of outcom e 

agreed  be tw een  designer and client. No guidance is offered as to which category should 

apply to which building type. These categories are  listed in Table 2-4.

Category A has  very  n a r ro w  limits for the PPD of only 6%  while allowing a total 

percen tage  of occupants  dissatisfied due to d rau g h t  (DR) of 10%. The o th e r  forms of

Category Thermal State of whole body Local Discomfort

PPD (%) PMV DR (%) Percent Dissatified PD (%)

Vertical air 

temperature 

difference

Warm 

or cool 

floor

Radiant

asymmetry

A < 6 -0.2< PMV< + 0.2 < 10 < 3 < 10 <5

B < 10 -0.5<PMV< + 0.5 <20 < 5 < 10 <5

C < 15 -0.7<PMV< + 0.7 <30 < 10 < 15 < 10

Table 2-4 ISO 7730 Categories of thermal comfort (I.S. EN ISO 7730, 2005).
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dissatisfaction due to local discomfort are also limited to 3% for vertical air difference, 

10% for warm or cool floors and 5% for radiant asymmetry.

It has been argued that this low level of dissatisfaction is very expensive to achieve and 

debatable as to whether its achievement is worth the investment (Arens et al., 2010). The 

standard offers guidance on target indoor tem perature based on the PMV-PPD model and 

the results of these predictive indices are shown in Table 2-5 for several common building 

use types.Regression analysis on collected data has enabled authors of the standards to 

include equations for the calculation of predicted dissatisfied in each of these local factors.

The standard makes passing reference to energy use as being a factor which the designer 

and client must consider together when deciding which category of occupant thermal 

comfort they wish to employ.

Type of Building Activity Building Operative Temperature Maximum Mean Air

W/m^ Category °( Velocity m /s

Summer Winter Summer Winter

(cooling (heating (cooling (heating

season) season) season) season)

Single office
A

24.5 ± 1.0 22.0 ± 1.0 0.12 0.10

Open plan office

Conference room
70 B

24.5 ±1.5 22.0 ±2.0 0.19 0.16

Auditorium

Cafeteria/restaurant
C

24.5 ±2.5 22.0 ±3.0 0.24 0.21

Classroom

Kindergarten 81 A 23.5 ± 1.0 22.0 ±1.0 0.11 0.10

B 23.5 ±2.0 22.0 ±2.5 0.18 0.15

C 23.5 ±2.5 22.0 + 3.5 0.23 0.19

Department Store 93 A 23.0 ±1.0 19.0 ±1.5 0.16 0.13

B 23.0 ±2.0 19.0 ±3.0 0.20 0.15

C 23.0 ±3.0 19.0 ±4.0 0.23 0.18

Table 2-5 Design criteria for spaces in various building types (I.S. EN ISO 7730, 2005'

2.4.2 EN 15251 (2005]

The EN 15251 standard is entitled "Indoor environmental input param eters for design 

and assessment of energy performance of buildings addressing indoor air quality, thermal 

environment, lighting and acoustics.”
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EN 15251 includes guidance on several aspects  of air quality, therm al, lighting and 

acoustic p a ram e te rs  to be used by designers in specifying the indoor env ironm en t of the 

building, m easur ing  energy  usage and m ethods  to validate  these  specified environm ents. 

As vi^ith ISO 7730, som e long te rm  m ethods  are described to help the designer validate the 

environm ent.

This s tan d a rd  is one of several designed to su p p o r t  the  aims of the EPBD. It is foreseen 

th a t  the quality of the indoor en v iro n m en t should no t be com prom ised  by energy 

reduction  ta rge ts  and  th a t  any display of energy perfo rm ance  of a building should be 

accom panied  by a s ta tem en t  of m easu red  en v iro n m en t quality including the actual design 

values for the  indoor environm ent.

Mechanically ventila ted  buildings a re  sep a ra ted  from those  using natura l ventilation and 

different evaluation m ethods  are  proposed  by each building type. Four building 

categories are  in troduced  and paraphrased :

• I -  High level of expectation for the indoor env ironm en t and is deem ed 

suitable for the young, elderly and special needs occupants

• 11 -  Normal level of expectation to be used for new  buildings and 

renovations

• III -  Acceptable or m odera te  level of expectation to be used for existing 

buildings

• IV -  This level is ou ts ide  the o th e r  th ree  and  should only be acceptable for 

certain  t im es of yea r

W here  these  criteria  a re  applied to mechanically ventila ted  buildings, the use of the PMV- 

PPD m odel is recom m ended  and the  resulting  PMV and PPD values are exactly the sam e as 

in ISO 7730 [in Table 2-4). EN15251 offers no guidance on local discom fort factors such 

as d raugh ts  and  asym m etric  rad ian t  tem p e ra tu re s  as discussed in the  previous section 

except to s ta te  th a t  ISO 7730  should  be used for th e ir  calculation. These factors may 

im pact on energy  perfo rm ance  given th a t  occupants  m ay act unilaterally  to solve a 

d iscom fort problem, b u t  the s tan d a rd  does not take this into account.

The s tan d a rd  in troduces an adaptive  m odel as a substitu te  for the PMV-PPD hea t balance 

model. Table 2-6 indicates the building categories, I to IV, and the associa ted PMV range 

allowed, if using the h ea t  balance model.
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EN 15251 

Building 

Category

Mechanical 

Ventilation [PMV]

Mechanical 

Ventilation (PPD%]

Free-running

(7’„p,°C)

I -0.2<PMV< + 0.2 < 6 ±2

II -0.5<PMV< + 0.5 < 10 ±3

III -0.7<PMV< + 0.7 < 15 +4

IV PMV> ±0.7 > 15 > ±4

Table 2-6 EN15251 Building Categories with recommended indoor temperature ranges

If using the adaptive model for free-running periods, the operative (or target comfort] 

temperature is also shown for these building categories. It is proposed that the model 

may be used for running mean external temperature down to 10°C.

A graph of the acceptable indoor temperature ranges is shown in Figure 2-5 for 1 to 111 

building categories in summer and winter. It should be noted that these graphs have only 

been validated for the free-running mode in which occupants have personal control of 

operable windows. The production of these graphs and the underlying data is a direct 

result of the analysis carried out as part of the SCATs project.
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Figure 2-5 Predicted indoor comfort temperatures plotted against outside temperature index for the 
first three categories of buildings in EN 15251 (Nicol and Humphreys, 2010)

The recommended comfort range in summer is based on:

Tcomf — 18.8 -I- 0.33Tyyfij Eqn 2.19

where
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sev en  day running m ean tem perature using the previous w e e k ’s daily tem peratures  

as fo llow s -

Trm? = O ' - !  + 0.8T_2 + 0 .6 r _3 + O.Sr_4 + 0 .47_5  + 0.3T_e + 0.27’_ 7 ) /3 .8  Eqn  2.20

The running m ean tem perature Tj-mi is an oth er version  o f a w eigh ted  outdoor  

tem p eratu re index and differs from  that proposed  by Nicol and H um phreys [2 0 0 7 ) . The 

equation  is recom m en ded  for use w ith  free-running build ings and th is (unlike ASHRAE 

5 5 ) includes build ings w hich  have m echanical ven tila tion  installed , but w hich  are capable  

o f operating  at tim es o f the year w ith ou t such m echanical ventilation .

As w ith  ISO 7 7 3 0 , the long term  m easu rem en t o f build ing perform ance, as m easured  

against design  criteria, is assu m ed  to be som e function o f operative tem peratures out o f  

range or the PMV going out o f  sp ecified  range. EN 1 5 2 5 1  has several such m easures, one  

for each o f the m ain param eters exam ined, nam ely, therm al perform ance, indoor air 

quality, lighting and acoustics. H ow ever, the level o f  exceed an ce allow ed  is not the sam e  

for all four, therefore m aking a com bined  index very d ifficult to derive.

O lesen (2 0 0 7 )  has argued that it is necessary  to d isplay an index o f this form along w ith  

the en ergy  perform ance o f  the building. He has su ggested  the fo llow ing exam ple o f a 

disp lay  certificate to indicate the design  param eters to be used  in conjunction w ith  any  

en ergy  perform ance certificate (such  as the D isplay Energy Certificate or DEC used  in 

Ireland and the UK). The classifications to aid energy  calcu lations w ith in  EN 1 5 251  are 

su m m arised  in Table 2-7.

It is exp ected  that the long-term  therm al perform ance evaluation  o f a build ing is a process  

in w hich  agreem en t is reached am on gst the various parties involved including client and

Criteria of indoor environment Building

category

Design criteria

Thermal conditions in winter II 20-24°C

Thermal conditions in summer III 22-27°C

Air-quality indicator, CO2 II 500ppm above outdoor levels

Ventilation Rate II 1 1/s.m^

Acoustic environment Indoor noise < 35db(A) 

Outdoor noise < 55bd(A)

Table 2-7 EN 15251 Sample classification based on environment criteria for energy calculations 
(Olesen, 2007)
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designers. In o th e r  w^ords, the EN15251 s tan d ard  is a t tem pting  to move the occupant 

com fort deba te  to a com m on sense  approach  w h e re  ag reem en t can be reached  ra th e r  than 

being a p rescrip tive s tan d a rd  dem anding  yea r-round  perfo rm ance  a t  an eno rm o u s  energy 

cost.

Researchers  have criticised the  s tan d a rd  because  it does no t m ake any specific reference 

to building overheating, particularly  given the s tan d ard  is generalised  to all of Europe 

w h e re  overheating  in su m m er  can easily occur. The s tan d a rd  assum es tha t  w ithin the 

h ea t  balance model pred ic ted  tem p e ra tu re  range for any  given se t  of criteria, no 

overhea ting  can occur. Nicol and H um phreys (2002] have b rough t  a tten tion  to a British 

Council for Offices recom m endation  th a t  after an extensive office survey, the 

reco m m en d ed  su m m er tem p e ra tu re  should be 24°C ra th e r  than the long accepted 22°C. 

For this reason, they  argue th a t  updates  to s tan d a rd s  are not keeping pace with the 

re search  data.

T here  is general acceptance th a t  the s tandard  EN15251 (2007] is a m ajor im provem en t 

on its p redecesso r  (Olesen, 2007; Nicol and Humphreys, 2010]. The main environm enta l  

factors which may have a bearing  on energy consum ption  in any building are  specifically 

addressed ,  being therm al environm ent,  internal a ir  quality, lighting and  acoustics.

2.4.3 ASHRAE Standard 55 [2004]

ASHRAE has p rep ared  design and guidance docum ents  for the ventila tion  and  air- 

conditioning industry, with  particu la r  focus on the  US m arket.

In the  2004  version of S tandard  55, ASHRAE offers guidance on indoor therm a l com fort 

and  the  associa ted param eters .  These are air tem p era tu re ,  rad ian t tem p era tu re ,  relative 

hum idity  and  air speed  along with the two estim ated  p a ram ete rs  of metabolic ra te  and 

clothing insulation. These six env ironm enta l variables are used w ith  the PMV -  PPD or 

h ea t  balance model in predicting com fort a t a range of indoor tem p era tu res .  The s tan d a rd  

only per ta ins  to building spaces occupied by healthy adults  at reasonab le  elevations 

(< 3000m ], The s tandard  does not add ress  air  quality, acoustics, lighting or any o ther  

chemical o r  biological con tam inan ts  th a t  m ay affect com fort or health.

As explained in an earlier section, ASHRAE had com m issioned research  on data  collection 

of real-w orld  buildings using very  accurate  or Class 1 experim ental  techn iques  and this
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data is made available in the ASHRAE RP-884 database. Following regression analysis 

w o rk  by de Dear and Brager (1998), ASHRAE included an adaptive model as an 

alternative to the PMV-PPD model only for naturally ventilated buildings. This model 

relates outdoor temperature to the comfort temperature range indoors. The use of the 

adaptive model is only recommended above outside temperatures o f 10°C, below which 

the PMV-PPD model is recommended.

The adaptive model is presented for use in naturally ventilated spaces only, defined as 

spaces where the thermal conditions are prim arily  controlled by occupants opening and 

closing windows. The standard acknowledges the field data collection w ork done to 

determine the fact that adaptation is more like ly to occur in buildings where the 

occupants have a greater level of control. Mechanical ventilation w ith  unconditioned air is 

allowed as long as the prim ary ventilation source is opening windows. If the space is 

being mechanically heated, the model does not apply during the heating system’s 

operation. It is also restricted to occupant activ ity levels o f between l.Omet and l.Smet 

and occupants may freely adapt the ir clothing, that is, where no dress code is imposed. 

W ith these restrictions in mind, the graph in Figure 2-6 is recommended for use in the 

determ ination o f the acceptable range of comfort indoor temperatures. The comfort 

temperature is shown as a function of the m onthly mean outdoor temperature.

Two graphs are presented, one for 80% acceptability and one for 90% acceptability (see 

Figure 2-6).
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ASHRAE

6 Acceptable operative temperature ranges for naturally conditioned spaces. Source ■ 
Standard 55, 2004
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The 80% graph is used for what is termed ‘typical applications' while the 90% graph is for 

buildings requiring a higher level of comfort control. It is recommended that 

extrapolation is not performed to extend the graphs for higher or lower values of outside 

monthly temperatures. The use of this model does not require any input regarding 

metabolic rates, clothing insulation, air speed or relative humidity.

Exceedance figures are not presented in the standard, but it is recommended that this 

should be agreed by the design team given the type and configuration of the building in 

question. The standard draws attention to the impracticality of designing a building 

services system to cater for all w eather and occupant eventualities.

The ASHRAE Standard 55 [2004) was the first international standard to include the 

adaptive model, albeit, in a limited way. The standard is more specific about 

m easurem ent techniques and data analysis than the previous two standards discussed. It 

is clear that the guidance offered to validate the compliance with Standard 55 is there to 

ensure (a] that the building design will deliver the designed levels of occupant comfort 

but also (b) that some form of Post Occupancy Evaluation (POE) is undertaken, within 

specified quality levels, which allows easy comparison with other similar buildings.

2.4.4 CIBSE Guide A (2006)

Differing from the other standards already discussed, Guide A includes (for the first time 

in recent years) an adaptive model based on outdoor running mean tem peratures 

recommended for office buildings which are free-running (naturally ventilated and mixed

mode) and those fully sealed, served by heating and cooling systems. The guide offers 

design advice on the thermal environment, visual and acoustic conditions, indoor air 

quality, electromagnetic fields and static electricity. For the purposes of this review, only 

the first chapter -  Environmental criteria for design w\W be discussed.

As with the other standards, the simpler method of expressing operative tem perature tg is 

a combination of air tem perature and mean radiant tem perature  [for air movement 

speeds, < O.lm/s, tg = [t^ + ty)/2]. The Guide states that tem perature  is usually the 

most important environmental variable affecting thermal comfort. A change of 3°C will 

change the response on the thermal sensation scale by about one scale unit for sedentary 

persons.
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T h e  F an g e r  h e a t  ba lan ce  PMV-PPD m o d e l  is p r e s e n te d  as  a m e a n s  of  ca lcu la ting  the  

o p t im a l  c o m fo r t  t e m p e r a tu r e  re su l t in g  in th e  h ig h e s t  poss ib le  n u m b e r  of  sa tisf ied  

o ccu p an ts .  T h e  Guide a lso  gives a d e ta i led  lis t ing  of  c o m fo r t  p a r a m e te r  v a lu es  su i tab le  for 

v a r io u s  ty p e s  o f  e n v i ro n m e n ts .  T h e se  p a r a m e te r s  inc lude  -  w^inter a n d  s u m m e r  o p e ra t iv e  

t e m p e r a t u r e s  ( in d e x e d  by  m e f  a n d  d o  v a lues) ,  a i r  su p p ly  ra te ,  f i l t ra t ion  g ra d e  ( th e  level to 

w^hich a ir  d e l iv e re d  to  an  o ccu p ied  sp a c e  by  forced  v e n t i la t io n  is f i l te red),  m a in ta in e d  

i l lu m in an ce  a n d  ac c e p tab le  no ise  levels.

T h e  a d a p t iv e  m o d e l  p a r a m e te r s  a re  in t ro d u c e d  in T ab le  2-8 a n d  th e y  offer g en e ra l  

g u id a n c e  a lo n g  w^ith th e  e x c e e d an c e  limits. H aving a s s e s s e d  th e  r isk  o f  ov e rh ea t in g ,  th e  

r e sp o n s ib i l i ty  to  ac t  is p laced  on  th e  bu ild ing  ov i^n er /o p era to r  to  m in im ise  th e  leng th  of 

t im e  th e  bu i ld in g  is o u t  o f  r a n g e  a n d  th e  s e v e r i ty  of  th e  m a g n i tu d e  o f  th e  level a t  w'hich the  

bu i ld in g  b e c o m e s  o u t  o f  range , th u s  m ax im is in g  c o m fo r t  for th e  lo n g e s t  poss ib le  t im e  of 

occu p ied  h o u rs .  As is e v id e n t  from  th e  d a ta  in Tab le  2-8, 1%  o f  o ccu p ied  h o u r s  o v e r  a full 

y e a r  e q u a te s  to  a p p ro x im a te ly  2 5 -3 0  h o u rs  p e r  an n u m .

O th e r  fac to rs  affec ting  g e n e ra l  th e rm a l  d isc o m fo r t  a r e  p r e s e n te d ,  in c lud ing  t e m p e r a tu r e  

v a r ia t io n s ,  age, g e n d e r ,  o c c u p a n t  s ta te  o f  hea lth ,  v er t ica l  a n d  h o r iz o n ta l  a i r  t e m p e r a tu r e  

d iffe rences ,  w a r m  o r  cold floors, a s y m m e tr ic  th e rm a l  rad ia t ion ,  low  t e m p e r a tu r e  ra d ia n t  

h e a t in g  a n d  lighting.

Building

type

Operative 

temperature 

in sum m er °C

Benchmark 

summer 

peak °C

Notes Overheating criterion

Offices 25 28 Assuming warm sum m er 

conditions in UK

1% annual occupied 

hours over > 28°C

Schools 25 28 Assuming warm sum m er 

conditions in UK

1% annual occupied 

hours over t y  > 28°C

Dwellings 

living area

25 28 Assuming warm sum m er 

conditions in UK

1% annual occupied 

hours over t y  > 28°C

Dwellings

bedroom

23 26 Sleep may be impaired 

above 24°C

1% annual occupied 

hours over > 26°C

Retail 25

Table 2-8- General comfort tem peratures for free-running buildings with overheating criteria (CIBSE 
Guide A, 2006)

39



Chapter 2 -  L itera ture Review

For som e of these  topics, w h ere  research  has confirmed a suitable  m athem atical 

modelling equation, guidance is offered to calculate the  percen t  dissatisfied (PD] as a 

resu lt  of these  effects.

Several factors influencing the  adaptive  m odel’s use are  discussed, including occupant 

control, cus tom ary  te m p e ra tu re  environm ents,  drift of com fort conditions, d re ss  codes, 

t em p e ra tu re  drift over the day and tem p e ra tu re  drift over several days. Given the ex tent 

of adap ta t ion  in occupant 's  clothing and expectation  in going from su m m er to winter. 

Guide A p roposes  guidance which re lates indoor com fort tem p e ra tu re s  to o u td o o r  

tem p era tu res .  Unlike ASHRAE S tandard  55, however, the  au th o rs  of Guide A believe th a t  

an o u td o o r  tem p e ra tu re  index based  on w eighting of tem p e ra tu re s  occurring in the recent 

past is m ore  ap p ro p r ia te  than  a m onth ly  mean. The runn ing  m ean o u td o o r  tem p e ra tu re  

index is based  on equation 2.21:

Trm = OcTrmn-1 + (1  "  « )7 ’d m n - l  E q n  2 .2 1

w h ere  a  has been calculated to be 0.8 from the SCATs project data  d iscussed earlier. This 

results  in a com fort equation [which m irro r  those  observed  previously in EN 15251) of;

Tcomf = 0.337V^ + 18.8 for free-running  buildings Eqn 2.22

Tcomf -  0 + 22.6 for hea ted  or cooled buildings Eqn 2.23

yielding Guide A com fort equation  limits for free-running  building opera t ion  of:

Tcomf = 0.337Vjjj + 20.8 u p p e r  com fort tem p e ra tu re  limit Eqn 2.24

Tcomf -  0.337Vjfi + 16.8 low er com fort tem p e ra tu re  limit Eqn 2.25

For hea ted  o r  cooled building operation , the following apply:

Tcomf -  0 09Trm+  24.6 u p p e r  com fort tem p e ra tu re  limit Eqn 2.26

Tcomf -  + 20.6 low er com fort tem p e ra tu re  limit Eqn 2.27

Guide A includes a graph (see Figure 2-7) which is the plotted  resu lt  from the SCATs 

project on European  buildings. As expected, th e re  is no low er limit on outside 

tem p e ra tu re  index for h ea ted /co o led  buildings. Also as expected, following the  10°C 

low er limit placed in the ASHRAE S tandard 55, the g raphs  for f ree-running  buildings
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ab ru p tly  end a t 7.5°C. Presumably, the building is hea ted  a t  this po int and, therefore , the 

heating-cooled m odel is required . Bands are  show n for free-running buildings and 

buildings being hea ted  or cooled.

In sum m ary , the  CIBSE Guide A p re sen ts  a very  com prehensive  se t  of guidelines for the 

building designer. In tended  for buildings in the  UK, the au th o rs  have b rough t a certain  

com m on sense  approach  to the re laxation of indoor the rm a l com fort conditions th a t  are 

recom m ended , particularly  for su m m er  conditions.

30

 Free-iunntng upper limit
 Free-tunning lower hmrt
 H eated or cooled upper limit
 H eated or cooled lower limit

26

24

22

20

18

O utdoor running m ean tem pera tu re  /  ‘C

Figure 2-7 - Bands of comfort temperature in offices related to external temperature index (CIBSE 
Guide A, 2006)

Given th a t  Ireland relies heavily on the UK for its building s tandards ,  it is no t su rpris ing  

th a t  the D epartm en t of the Environm ent, w ho publish the Building Regulations in Ireland, 

relies heavily on this CIBSE Guide A along with  m any o th e r  in terna tional s tandards ,  such 

as I.S. ISO 7730, in form ulating  the  Irish Regulations.

2.4.5 Comfort Standard comparisons

The au th o rs  of the  four com fort s tan d a rd s  have d raw n  on m any im p o rtan t  p ieces of 

re search  in forming the ir  guidance. Each s tan d a rd  sep a ra te s  ou t various categories  of 

build ing with  the associa ted level of occupan t com fort ranges. These categories indicate 

the  level of therm al com fort control im plem ented  in occupied spaces during  norm al 

occupancy  hours. In each case, th e re  is a level of exceedance during  which an in terna l 

space m ay be outs ide  the reco m m en d ed  therm al range limits. It w ould  be na tu ra l  to 

assum e, th a t  ca tegory  A with its very s tric t therm a l limit range, is som ehow  ‘b e t te r ’ than
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category C. Recent work published by Arens et al. (2010) and Borgeson and Brager 

[2011] clearly shows the additional energy required to maintain the tighter range of 

comfort temperatures. In commercial buildings in the US, these researchers have 

estimated the difference in energy use in going from category B to A, or C to B is about 

12% of annual heating plus cooling energy use. They correctly pose the question as to 

w hether the category A building is worth the energy penalty and is it any more 

comfortable? By examination and regression analysis of three building survey databases 

containing buildings from all three categories, including RP-884 from ASHRAE, SCATs and 

the BCC database [Berkeley City Centre], the research found that the three categories do 

not exhibit different comfort/acceptability outcomes. In other words, the occupants did 

not vote more in favour of the category A, it being a more controlled building. Arens, 

Humphreys and deDear conclude that the category A building restrictions is 

"unsupportable as a basis for environmental control in office buildings”. The authors are 

challenging the notion that Category A buildings should be even included in the ASHRAE 

standard. The researchers believe that the existence of such guidance is not a strong 

recommendation for sustainable buildings.

In recent years, research work has focussed on the improvements that have been 

promised by the inclusion of the adaptive comfort models in most international standards 

[with the notable exception of 1S07730]. Borgeson and Brager [2011] have shown the 

need for a relaxation of what they term 'exceedance' or the amount of time a building’s 

environment is out of range regarding the indoor comfort temperature. Using the US 

Department of Energy [DOE] modelling tool, EnergyPlus, and analysing data from various 

mixed-mode buildings in California’s wide range of climates, 16 in all, they found that the 

choice of the applied comfort standard would directly and significantly affect the 

exceedance range outcomes.

They also found that while mixed-mode building control strategies are improving the 

delivery of comfort while using less energy, buildings with more occupant controls, such 

as operable windows, exhibit a wider comfort tem perature  range as voted by the 

occupants.

There seems to be little agreement on how mixed-mode buildings should be analysed -  

PMV or adaptive [Borgeson and Brager, 2011]. It is also unclear how the building’s level 

of comfort can be analysed using the various standards without monitoring energy 

consumption. One of the members of the EN 15251 technical committee stated -  "An
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energy declaration without a declaration related to the indoor environment makes no 

sense" (Olesen, 2007), when commenting on the proposed energy certificates required by 

the EPBD (2002). ASHRAE 55 restricts the use of the adaptive model to NV buildings and 

offers no guidance on mixed-mode buildings.

Now that the adaptive model has been included in the standards, research work has begun 

to focus on how the standards perform in real buildings and what effect the changes have 

had on energy use.

Borgeson and Brager [2011) applied the four standards [IS07730, ASHRAE 55, EN15251 

and the Dutch CR1752) to a notional mixed-mode building and, using the DOE modelling 

tool, EnergyPlus, found that the comfort tem perature predicted and exceedence levels 

w ere as shown in Table 2-9.

Standard Comfort temperature range C°C) 80% PPD 90% PPD
Winter Summer

1S07730 22 24 ± 2.5% ± 3.5%
ASHRAE 55 22 17.8+0.317^ ± 2.5% ± 3.5%
EN 15251 - 18.8+ 0.33Trm7 ± 2.0% ± 3.0%
NPRCR1752 - 17.8+ o .3 ir ,„ . ± 2.5% ± 3.5%

Table 2-9 Comparison of comfort temperature ranges from the four standards reviewed

where

is the monthly mean of daily average outdoor tem perature 

is the seven day outdoor running mean tem perature [as in Eqn 2.20)

T r m 3  = (T o  +  0 . 8 T _ 2  +  0 .47’_3 +  0.2T_^)/2A

Variations in the predicted level of exceedance of comfort tem perature  of up to 10% were 

found in the same building, in the same climate. Comparing the various adaptive comfort 

models, a 2-4% variation in the predicted comfort tem perature  was found even though 

these standards only allow up to 5% total exceedance as measured over the entire year. 

Many researchers have advocated a wider level of exceedance [Arens et al., 2010; 

d’Ambrosio Alfano et al., 2011), especially given that researchers have estimated sealed 

HVAC buildings are better able to maintain tighter levels of comfort tem perature  but use 

three times more energy to do so.
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Common sense w ould  suggest th a t  keeping a building w ithin  a n a r ro w  range of com fort 

t em p e ra tu re s  will consum e m ore  energy. In providing therm al comfort, w hile reducing 

energy  use, tradeoffs will have to be found [Shove 1998).

Separately, Sourbron  e t al. (2011) specifically exam ined seasonal energy  use if a small 

notional office building is sim ula ted  using the adaptive m odel recom m enda tions  of each of 

the therm al com fort s tan d a rd s  - IS07730, ASHRAE 55, EN15251 and  the Dutch s tandard  

ISSO 74 (2004). Of these  s tandards ,  IS07730 only recom m ends  the  use of the hea t 

balance model; the o thers  have an a lternative adaptive  com fort model. The re sea rchers  

therefore , used the IS07730 hea t balance model as the  baseline for com paring  with  the 

others.

The notional sim ulated  building is a tw o-room  office with a central corridor. The w e a th e r  

da ta  used  w as from the Dutch Royal Meteorological Service. Using recom m ended  data 

from various design handbooks linked to the s tandards ,  the m odel p a ram e te rs  a re  listed 

as:

• Sensible hea t o u tp u t  from occupants = 9 0 W /p e r so n  (40%  convective and 

60%  radiative) for an air te m p e ra tu re  of 22°C

• For each occupant, 1 5 0 W /p erso n  of electric pow er is consum ed in 

personal com puters,  p rin ters ,  etc. (ASHRAE Fundam entals ,  2009) -  this 

seem s low given the rising t ren d  of eq u ip m en t  p re sen t  in the  m odern  

office

• 1 5 0 W /p erso n  is the hea t gain from one personal co m p u te r  and m onitor 

with  a diversity  factor of 0.75 (factor indicating the ratio  of the occupied 

hours  to the n u m b er  of hours  the unit is switched on). A diversity  factor of 

0.5 is applied  to the  p r in te r

• Assum e lights are  lO W /m ^ - 80%  en ters  the  zone as radia tive hea t flux 

while 20%  is convective

• Overnight IW /m ^  en ters  the  zone as pu re  convective hea t flux from 

lighting

• Hygenic ventilation of 3 5 m ^/h r .p e rso n  supplied  a t 18°C

Sourbron  e t al. found th a t  each s tan d a rd  p roduced  different indoor tem p e ra tu re  or 

com fort ranges and, depend ing  on the time of year, this gave an o p portun ity  to reduce 

energy  use. Not surprisingly, the  larger the  allowed com fort te m p e ra tu re  range, the b e t te r
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the  cooHng opportunity . However, w h a t  w as su rp ris ing  w as th a t  the ISO 7730 model did 

no t  show  significantly m ore  energy use even though it relies only on the h ea t  balance 

m odel for a t igh te r  com fort te m p e ra tu re  range prediction.

2.4.6 Thermal comfort and energy usage in commercial buildings

T here  is a d irec t link be tw een  the provision of th e rm a l com fort in com m ercial buildings 

and  the  am o u n t  of energy th a t  buildings will consum e. It has been show n th a t  in Europe 

and  the  US, approxim ate ly  20%  of all energy  usage is in the com m ercial building sec to r 

and  50%  of this is used by HVAC plan t (EIA, 2006; lEA, 2006; Perez-Lombard, 2008). This 

w ould  imply th a t  10% of all energy consum ed  on these  two continents  is used in the 

provision of occupan t com fort  in com m ercial buildings alone.

As discussed earlier  in this chapter,  Fanger’s hea t balance model has been incorporated  

into m any  of the  in terna tional s tan d a rd s  which recom m end  therm al com fort levels for 

building occupants. The model, as formulated, does not depend  in any way on outside 

w e a th e r  conditions, and  assum es  the  m o d ern  a ir-conditioned building is capable of totally 

isolating the  external en v iro n m en t from the interior. In m any sealed buildings, this was 

the  design objective, bu t  seldom  the case in reality. Given the grow ing use of w orld  energy 

on the provision of therm al comfort, this may have to change, particularly  in light of the 

w o rk  by Arens e t al. (2010) and  Borgeson and Brager (2011) who show ed  the sealed 

building m ay use th ree  time m ore  energy in the supply  of therm a l comfort.

The adaptive  th eo ry  of the rm a l com fort w as developed by re sea rch e rs  who believed the 

feeling of com fort is affected in som e ways by the occupan t’s m em ory  and  feeling of 

ou ts ide  conditions. This w as  show n to be tru e  in natura lly  ventila ted  buildings 

(H um phreys, 1974, 1978; Brager, 1998). The research  w o rk  has linked the indoor 

com fort  tem p era tu re ,  which feels m ost com fortable  for the m ajority  of occupants, with the 

ou ts ide  te m p e ra tu re  alone. This w as based  on sim ple regression  m odels to de te rm ine  the 

s t ren g th  of the predic tive re la tionship . The adaptive th eo ry  has been fu r the r  developed to 

include air-conditioned  buildings and  a t  this point, it has been included in m any of the 

in te rna tional s tandards ,  w ith the  no table  exception of I.S. EN ISO 7730.

In sum m ary , th e re  is now  an estab lished  re la tionship  be tw een  the com fort tem p e ra tu re  in 

any  building and the  o u td o o r  t e m p e ra tu re  (bo th  naturally  ventila ted  and  air-conditioned). 

Given th a t  the provision of this com fort  tem p e ra tu re  is the task  of the installed HVAC
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plant, it follows th a t  th e re  m ust  also be a re la tionship  be tw een  HVAC energy usage and 

outside tem p e ra tu re  (and perhaps  o th e r  w e a th e r  p aram ete rs ] .  This re la tionship  betw een  

building energy usage and  various w e a th e r  p a ram ete rs  has been explored by re searchers  

for m any purposes. Two are of specific in te rest  in this project: building energy forecasting 

and  building energy  simulation. In the  next section, the  s ta tu s  of this research  is reviewed.

2.5 Introduction to building energy forecasting and simulation

The ability to accurate ly  forecast energy usage in com m ercial and  residentia l buildings 

has been  a research  topic since the electricity and gas utility com panies  com m enced 

public delivery of the ir  products. While the delivery of gas is a static  process (the  gas 

rem ains  in the n e tw ork  if no t used), the delivery of electricity is a m ore  complex task. The 

electrical grid or n e tw ork  cannot s to re  pow er o r  som ehow  hold it in the n e tw ork  until it is 

required . The generation  of electricity m ust match the  cu r ren t  req u irem en t  or load as 

accura te ly  as possible. Any in s tan taneous  excess load m ust  be shed  from the grid. The 

m ost obvious sign of load-shedding in Ireland is the runn ing  of w ind-tu rb ines  as m otors  

w hen  th e re  is no wind.

More recently, with the  adven t of energy efficiency m easu res  proposed  and  im plem ented  

at G overnm ent level such as the  Energy Perform ance of Buildings Directive (EPBD), which 

w as  first enacted  in the European Union (EU] in 2002, and the m any  initiatives in the US 

from the Environm ental Protection Administration (EPA) and the D epartm en t of Energy 

(DOE], the im portance of accurate ly  es tim ating the  fu ture  energy perfo rm ance  of 

buildings has increased, par ticularly  in calculating accura te  savings based  on efficiency 

m easu res  im plem ented. Various statistical m ethods  have been  used in a t tem p ts  to reach 

an accura te  building energy forecast based on the  available historic data. In general, these 

m ethods  are  applicable on e i ther  a whole-building level, o r  on an individual Energy 

Conservation M easure [ECM] level.

Separately, research  is also focussed on the im plem enta tion  and accuracy of building 

energy  simulation. Simulation is norm ally  based  upon the building physics approach  of 

h ea t  tran sfe r  th rough  enclosed space envelopes, which is well unders tood ,  and thus, the 

s im ula tion  'm odels’ each enclosed space using the space’s envelope hea t t ransfe r  

characteristics. All hea t transfers  m ust  be accounted  for and  this includes so lar  gain, hea t 

from occupants and  equipm ent,  lighting, mechanical hea ting  and  cooling, etc. The 

s im ula tion  approach  has held much prom ise  as a m ethod  not only to accurate ly
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u n d e rs ta n d  energy  usage w ith in  existing buildings, bu t  also to accurate ly  allow the 

sim ula tion  of the  effect of change to the use, occupants, p lan t o r envelopes in calculating 

the energy  usage differences.

This section is divided into two areas: firstly, a brief  review of the use of various statistical 

m eth o d s  to forecast energy  usage in com m ercial buildings and secondly, a review  of the 

uses, complexity and accuracy of building simulation. Finally, a review  of the particu la r  

w e a th e r  data  used in bo th  m ethods  is p resented .

2.5.1 Building energy forecasting and simulation methods

Building energy  forecasting and simulation  have been  separa te ly  developed and  have 

th e ir  origins in very  d ifferent research  areas. The forecasting of building energy usage has 

relied prim arily  on statistical m ethods  to learn o r  'be t ra in e d ’ on past  usage data  while the 

s im ula tion  p rocedures  rely on the therm al t ran sfe r  characteris tics  of the build ing’s 

in terna l and  ex ternal envelopes. The simulation  tools are  also capable of s im ula ting  so lar 

gain (bo th  light and  heat), HVAC plan t operation , artificial lighting (both  light and  heat) 

and  the  therm al effects of occupants  (EnergyPLUS, 2011).  In general, the two approaches  

a re  respectively  re ferred  to as the statistical m ethod  and the engineering m ethod  (Zhao, 

2011; Foucquier, 2013). Katipamula e t al. (1998) explain th a t  regression analysis  of 

energy  usage in buildings w as becom ing popu lar  given the complexity and  time- 

consum ing  n a tu re  of simulation. These regression techn iques are also re ferred  to as 

‘b lack-box’ m ethods  in the l i terature . Some re search ers  have used the te rm  ‘w h ite-box’ to 

re fe r  to the s im ulation m ethods, particularly  calibrated models, and finally, hybrid  or 

‘grey-box’ m eth o d s  refers  to a com bination  of a statistical approach  to es tim ate  som e 

p a ram e te rs  used in a calibrated  model, o r  indeed, to use building physics to es t im ate  a 

building p a ra m e te r  which is deem ed  useful in a statistical forecast of energy  usage. Figure 

2-8 gives a simple overview  of building energy forecasting m ethods  in relation to each 

o th e r  (Fumo, 2014).

The need  for forecasting has encouraged  the deve lopm en t of s imple m ethods  to analyse 

p re s e n t  and  p red ic t  fu ture energy  usage. Research in this a rea  has been encouraged  with 

th e  need  to reduce energy  usage in buildings.

T hese  m ethods  now  include artificial neural ne tw orks  (ANN) and several o th e r  machine- 

learn ing  based  m ethods, generically re ferred  to by Fumo (2014) as Intelligent Methods.
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Neural NetworksGenetic Algorithm Support Vectors Machine

Figure 2-8 General classification of building energy forecasting methods (Fumo, 2014]

Statistical Methods: These methods were developed to correlate historical energy usage 

data with variables on which energy usage is deemed to depend. Normally large amounts 

of metered energy consumption data are required to derive a model to forecast future 

energy usage. The various regression methods include but are not limited to:

•  Single Linear Regression [SLR)

o Degree day analysis 

o Change point analysis

•  Multiple Linear Regression (MLR)

• Bin methods

• Fourier time series (used because Fourier analysis is particularly well 

suited to data with periodicity)

•  ARMA (Auto-Regression and Moving Average) and variants ARIMA (Auto- 

Regression, Integrated and Moving Average), AMIRAX (Auto-Regression, 

Integrated and Moving Average with exogenous variables)

•  Differential or response parameter slope determination

Artificial Neural Networks: The use of ANN is based on work in the area of machine- 

learning and solves a problem with regression for non-linear energy forecasting, which is 

common. According to Claridge (1998), the ANN method is more accurately described as 

a series of non-linear regression tools. The methods are divided into feed-forward 

methods and recurrent neural networks. In both cases, the current energy usage estimate 

relies on the immediately past energy consumption figures (Kreider, 1995).

Support Vector Machines: These methods use traditional regression techniques and apply 

machine-learning principles. They are similar to ANN methods in solving non-linear 

forecasting problems but with small amounts of training data. This data scarcity is often
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the case with older buildings and SVM methods are regarded as accurate in forecasting 

energy usage.

Genetic Algorithms: Many novel approaches to forecasting energy usage in buildings have 

appeared in recent years. These are based on statistical and A1 approaches in genetics and 

other biological areas. They include such prediction models as those from Swarm theory 

(Kiran, 2012).

Energy Simulation; These computer systems use detailed hourly weather and building 

characteristics to simulate hourly [or less) thermal transfer within all spaces of a building. 

They try to account for every possible energy source and all resulting thermal change. 

They try to emulate the reality of the building in its own environment. They can include 

different physical approaches such as Computational Fluid Dynamics (CFD) or solving of 

networks of thermal balance equations within a zone or at a node. The latter has resulted 

in two common approaches of multi-zonal or multi-nodal. The multi-zone approach is 

commonly implemented in software packages such as the US Department of Energy’s 

EnergyPlus or the software system of interest in this thesis, which is Integrated 

Environment Service's Virtual Environment (VE). Given the large amount of input data 

required by these software packages to simulate a building and the many computations 

required, it became apparent to the energy modellers that the simulations could be 

‘helped’ by the use of measured data from the building, rather than rely on calculated data. 

This process of substituting measured for calculated data has given rise to what is 

referred to as a Calibrated Model (Reddy, 2006).

Hybrid Methods: these are used where the accuracy of a statistical forecast is helped by 

the use of some calculated building characteristic, such as loss heat loss coefficient, or 

thermal mass. In o ther words, physical or engineering methods are used to create a 

param eter which is helpful in forecasting a particular building’s energy usage.

In this thesis, regression and the calibrated model are of primary interest.

2.5.2 Selected methods of building energy forecasting and simulation

Researchers have applied different methodologies to the problem of energy forecasting 

with varying degrees of success. Historically, the development of building energy 

forecasting can be traced back to a growing interest on the part of the US Department of
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Energy in Measurement and Verification (M&V) techniques during the 1980s, as a result 

of the two oil crises of the 1970s. This interest has directly led to the establishment of the 

International Performance Measurement and Verification Protocol [EVO IPMVP 1999- 

2012) whose recommendations are used as a global performance metric today. There are 

several motivations cited for performing an accurate forecast of energy usage in existing 

buildings (Claridge, 1998):

• Establish a baseline of energy usage to accurately measure the future 

savings of energy efficiency programmes or individual energy 

conservation measures

• Methods for disaggregation of energy end-uses

• Determine the normal energy consumption of a building to help identify 

any perturbation in this usage which would indicate an operational or 

equipment problem -  equipment and building diagnostics

• Re-commissioning of buildings

A num ber of methods used in forecasting of energy usage in buildings are statistical in 

nature. They are best summarised in the ASHRAE Fundamentals Handbook (2009) and 

reproduced in Table 2-10. The classification of methods shown in this table was originally 

proposed by Haberl (2003). As mentioned previously, the methods selected for 

examination in this chapter are the single and multiple regressions from the family of 

statistical methods and the calibrated model from the simulation methods.

Using regression methods to predict energy usage

The single linear regression or SLR method assumes a linear relationship can be 

established between whole building energy usage or a subset of energy usage, perhaps for 

a single Energy Conservation Measure (ECM) and a single predictor param eter such as 

external temperature. The method is the simplest of all forecasting methods and is shown 

in Table 2-10 as suitable for energy savings calculations alone, using daily or monthly 

averaged data. It is fast, simple and is not judged to be accurate. Researchers, such as 

Pels, (1986) and Kissock (1998), have used this method in many forms linking various 

weather param eters to energy usage.
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M e th o d s U se^ D ifficu lty

T im e

S c a le ^
C alc.

T im e V ariab le s* A c cu racy

Simple linear regression ES Simple D, M Very fast T Low

Multiple linear regression D, ES Simple D, M Fast T, H, S, W, t Medium

ASHRAE bin m ethod and data- 
driven bin m ethod

ES M oderate H Fast T Medium

C hange-point models D, ES Simple H, D, M Fast T Medium

ASHRAE TC 4.7 modified bin 
m ethod

ES, DE M oderate H Medium T, S, tm Medium

Artificial neural netw orks D, ES, C Complex S, H Fast T, H, S. W, t, 
tm

High

Therm al netw ork D, ES, C Complex S, H Fast T, S, tm High

Founer sen es  analysis D, ES, C M oderate S, H Medium T, H, S, W, t, 
tm

High

ARMA model D, ES, C M oderate S, H Medium T, H, S, W, t, 
tm

High

Modal analysis D, ES, C Complex S, H Medium T. H, S, W, t, 
tm

High

Differential equation D, ES, C Complex S, H Fast T, H, S, W, t, 
tm

High

Com puter simulation 
(com ponen t-based )

D, ES, C, 
DE

Very
complex

S, H Slow T, H, S, W, t, 
tm

Medium

(fixed schem atic) D, ES, 
DE

Very
complex

H Slow T, H, S, W, t, 
tm

Medium

C om puter em ulation D, C Very
complcx

S, H Very slow T, H, S, W, t, 
tm

High

*Use show n includes diagnostics (D), energy savings calculations (ES), design (DE), and control (C).

^Time scales shown are hourly (H), daily (D), monthly (M), and subhourly (S).

■ Variables include tem pera tu re  ( T), humidity (H), solar (S), wind ( IVl, tim e ( ft, and therm al m ass (tm).
Table 2-10 Energy use prediction methods summary (ASHRAE Fundamentals Handbook, 2009}

The SLR method has the advantage of simphcity, however, given the unique nature of any 

particular building, a simple linear relationship between energy usage and some weather  

parameter is not always apparent. In many of these cases, researchers have used different 

forms of linear regression.

The Multiple Linear Regression [MLR) method is used to establish a relationship between  

a set of predictor or regressor variables and a measured response variable. In this 

context, the predictors could be any of the external weather parameters, such as 

temperature, humidity, solar gain or wind, or various internal parameters related to the 

building envelope or HVAC performance. The predictors would be selected depending  

upon the analysis results. Again, the method is indicated as simple to implement and fast 

to calculate. The results are deemed medium in accuracy. These models have been
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trad itionally  based on m onth ly  [Pels, 1986], daily (Ruch and Claridge, 1993; Reddy, 1994; 

Kissock 1998] or hourly energy  consum ption  data  [Dhar, 1999], reg ressed  against 

env ironm enta l  data  on the sam e timescale, th a t  is, monthly, daily or hourly  averages.

Other statistical methods in common use for predicting energy usage

The deve lopm en t of the degree-day  for heating [HDD] came abou t  as a resu lt  of statistical 

analysis of energy usage in a cen tralised  distric t hea ting  plan t in the  US in the  1930s 

[Reeves, 1981]. Here, the  o p e ra to rs  found a re la tionship  existed betw^een the  am o u n t  of 

hea t sold in a day and the level to which o u td o o r  te m p e ra tu re  w as below  65°F. This 

te m p e ra tu re  becam e the accepted point below  which hea t w as required . The HDD for a 

par ticu la r  day is calculated by adding the m axim um  and m inim um  daily te m p e ra tu re  in 

any location, dividing by two to form a simple average and  if the resu lt  is above 65°F, no 

HDD exists for th a t  day; if below 65°F, then  the difference is the  n u m b er  of HDDs requ ired  

for th a t  day. A similar exercise is possible for cooling [CDD] bu t  above a certain 

tem p era tu re .  It is a very  crude statistic and according to Claridge [1998], is not suitable 

for complex com m ercial buildings, even though it is still published daily by w e a th e r  

services (Met Eireann, for instance] for a range of external te m p e ra tu re  po int below 18°C, 

depend ing  on the ir  use.

It w as recognised th a t  com m ercial buildings w ould need b e t te r  forecasting m ethods  than 

HDD and one of the first series  of these  which w ere  widely used w ere  the bin methods. 

They are  still referenced  in the  ASHRAE list of su itable m eth o d s  outlined in Table 2-10. 

These are  generally  based on detailed calculation of building energy  req u irem en ts  at 

various s tepped  external tem p era tu res ,  typically 5°F or 3°C apart.  The annual 

consum ption  is then  calculated based  only on the n u m b er  of opera ting  ho u rs  the building 

is in use and  a knowledge of the external te m p e ra tu re  profile in o rd e r  to ascerta in  into 

which bin the particu lar  operating  h our  should  be placed. These bin m ethods  rely on a 

detailed know ledge of the  building and plan t in o rd e r  to calculate the energy  load for any 

of the  external tem p e ra tu re  bins. From these  m ethods, the initial deve lopm en t of energy 

s im ulation  so ftw are  system s can be traced  [Bonnett, 2011]. The bin m ethods  requ ired  

detailed hourly  calculation of energy  use based  on envelope and  p lan t in form ation  and the 

grow ing po w er  of the co m p u te r  m ade these  calculations possible.

During the  1990’s, the  re search ers  w ere  s tart ing  to focus on detailed forecasting of 

complex buildings w here  the energy usage changed over the  course  of the  d a y /n ig h t  and
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over the course of the seasons. The resulting models became known as Change-Point 

Analysis or CPA models. These were proposed by Pels et al. [1986) as part of the work on 

the Princeton Scorekeeping Method [PRISM) for residential buildings. In this analysis, 

certain chosen outdoor tem peratures are taken to indicate the point at which heating 

stops [heating change-point) and certain others to indicate when cooling begins [cooling 

change point). While below the heating change point, energy is used by the boiler, and 

above the cooling change point, energy is used by the chiller or air-conditioning unit. The 

resulting chart is known as a change-point chart and several configurations are in 

common use depending on the data found. These are summarised in Figure 2-9. The 

method has been developed to include commercial buildings. ASHRAE has included it in 

their list (Table 2-10) of recommended methods after commissioning work by Kissock 

(1998, 2003), who refers to the method as an Inverse method, since the relationship is 

derived by working backwards from the energy usage data. The large discrepancies 

reported  by researchers between predicted [using regression and other simple methods) 

and actual energy savings after retrofits, provided the motivation for ASHRAE to develop 

these methods (Nadel and Keating, 1991).

temperature

Both Both Cooling Healing Neither

(separated) only only

Figure 2-9 Common chart configurations for change-point analysis (CPA) of energy usage. Energy is 
shown on the Y-axis and external temperature on the X-axis. The changing slope of the graph 
indicates a change from heating to cooling energy usage (Kissock, 2003).

Each section of the charts represents a period when heating or cooling are operating. A 

regression relationship is formed for each linear section or piece and, hence, in the 

literature, the method is also referred to as piecewise linear modelling. Multiple change- 

points can be accommodated within the method depending on the complexity of the 

building and the operations of the plant. The method has be applied to residential and 

commercial buildings [Borgeson, 2014).

More recently, Yao and Steemers (2005) have produced good forecast results for the 

design of a renewable energy system for residences in the UK, by use of a ‘divide-and-sum’
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m ethod. This m ethod  w as fu r ther  developed by Rice e t al. [2010) for commercial 

buildings in splitting energy  usages into forecast sub -m ete red  uses and  sum m ing  for the 

total.

No guidance has been given by ASHRAE or any European agency to inform the user  of 

these  regression  m ethods  as to the ir  requ ired  accuracy. A n u m b er  of m ethods  and  models 

have been  developed and how  they  a re  used or im plem ented  is left up to the practitioner.

Simulated Calibrated Model

The Calibrated Model (CM) uses a detailed co m p u te r  building s im ulation  model which 

contains all physical aspects  of the commercial building along with all data  re levan t to the 

opera t ion  of the building in providing a w orking  en v iro n m en t for its occupants. This 

includes a simulation  of the various pieces of plant along with  set-po in ts  and schedules 

controlling th e ir  operation. This model is then  'tuned ' o r calibrated  by sw app ing  

calculated tim ew ise  inputs for actual m easured  inputs  to the m odel so th a t  the observed  

building energy usage m atches  closely with th a t  p red ic ted  by the s im ulation program  

(Stein, 1997). Stein assum es a sim ulation model of the building is a lready  in existence, 

e i th e r  as-built o r  as it is curren tly  configured. Reddy (2006) has identified six per tinen t  

reasons  w hy  the use of calibrated  building energy simulation is im portan t:

• To p ro v e /im p ro v e  specific m odels used in a larger s im ulation  p rogram

• To provide insight to an ow n e r  into a building's therm a l a n d / o r  electrical 

d iurnal loadshapes using utility bill data

• To provide an electric utility w ith  a b reakdow n  of baseline, cooling and heating 

energy use for one or several buildings based  on th e ir  utility bills in o rd e r  to 

predic t  im pact of d ifferent load control m easu res  on the aggregated  electrical 

load

• To su p p o r t  investm ent-g rade recom m enda tions  m ade  by an energy  au d ito r  w ho 

has to identify cost-effective energy conservation  m easu res  (eq u ip m en t  change, 

schedule change, control settings, etc.) specific to the  individual building and 

de te rm in e  the ir  payback

• For M easurem ent & Verification (M&V), u n d e r  one or several of the following 

circum stances:

o to identify a p ro p e r  contractual baseline energy use aga inst  which to 

m easu re  energy savings due to ECM im plem entation
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o to allow making corrections to the contractual baseline under 

unanticipated changes (creep in plug load, changes in operating hours, 

changes in occupancy or conditioned area, addition of new equipment, 

etc.)

o when the M&V requires that the effect of an end-use re tro fit be verified 

using only whole-building-m onitored data 

o when re tro fits are complex and interactive (fo r example, lighting and 

chiller re tro fits) and the effect of individual retrofits need to be isolated 

w ithou t having to m onitor each subsystem individually 

o when p re -re tro fit or post-retro fit data may be inadequate or not available 

at all (fo r example, for a new building or if  the m onitoring equipment is 

installed after the ECM has been implemented) 

o when length of post-retro fit m onitoring for verification o f savings needs to 

be reduced

• To provide fac ility /bu ild ing  management services to owners and Energy 

Services Companies (ESCOs) w ith  the capability o f implementing 

o continuous commissioning or fault detection (FD) measures to identify 

equipment malfunction and take appropriate action (such as 

tun ing /optim is ing  HVAC and prim ary equipment controls) 

o optimal supervisory control, equipment scheduling, and operation o f a 

building and its systems, either under normal operation or under active 

load control in response to real-time energy price changes

It is clear that having a detailed model o f a building, w ith  all of its complexities, capable of 

producing accurate results regarding energy usage, internal comfort conditions, and 

generally allow ing the designer or practitioner to alter parameters and observe the 

effects, would be o f value. As it  currently stands, a number o f researchers w ith in  the 

simulation field have stated that the method is prone to different in terpretation by 

d ifferent users and, thus, the results can be variable. Norford (1994) reported a doubling 

o f actual energy use when compared to the simulation model results, using the early 

version o f EnergyPlus, called DOE-2. Reddy (2006) has stated the follow ing in his review 

o f the practice of calibrated modelling:

"  The main reservations w ith the widespread use o f  calibrated sim ulation is that i t  is labor 

intensive, time consuming, requires a high level o f  user s k ill and knowledge in  both 

sim ulation and practica l bu ild ing  operation, and is h igh ly dependent on the personal
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judgment of the analyst doing the calibration. The last reservation implies that this is 

more an art than a science, and, worse, that the results are analyst-specific"

This opinion is supported by very recent research (Menezes, 2012), and in particular by 

Haves [2013) who describes an interesting experiment: 12 experienced energy modelers 

and users of EnergyPlus were given the same building to model, with identical 

parameters, weather files, etc. The resulting energy usage figures showed large variability 

[see Figure 2-10).

Even with these findings and complexities involved in modelling these buildings, the 

ability to accurately model a complex building is of value. It is the intention in this thesis 

to show the building energy forecast results of a design model and calibrated model of the 

pilot building.
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Figure 2-10 Results variability on same building modelled by 12 experienced modellers (Haves 
2013)

The reporting of inconsistent comparisons between simulated and actual building energy 

usage figures is commonplace. However, the reporting of comparatively accurate 

simulations [±5% ) is also commonplace (Al-Rabghi, 2001; Fumo, 2010; Kampf, 2010; 

Haves 2011; Granderson, 2014). Many buildings of various structural form and 

construction have been successfully simulated using one of the many software simulations 

tools. The resulting models have proven very useful in forecasting energy savings both for 

residential and commercial buildings [Lawrence, 2007; Coffey, 2009) and the validation of
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overall com pliance with  occupan t com fort req u irem en ts  (Em m anuel, 2013). An accurate  

s im ula tion  m odel is of high value in assessing  changes to a building, bu t  the effort and skill 

req u ired  and  cu r ren t  cost of im p lem enta tion  rem ain  as b arr ie rs  to its m ore  w idesp read  

use.

In the next section, the use of im p o rtan t  w e a th e r  p a ram ete rs  in both  forecasting m ethods  

and  sim ula tion  is discussed.

2.5.3 Use of weather parameters in forecasting and simulation

The use of w e a th e r  data  has been  show n  to be im p o rtan t  in the forecasting and simulation 

of energy  usage in com m ercial buildings. The early  reg ression-based  energy forecasting 

m odels  enabled  re sea rch e rs  to exam ine the suitability  of various w e a th e r  param eters .  

This w as done to d e te rm in e  the relative influence of each of these  param eters .  In 

te m p e ra te  climates, during  early  re sea rch  w o rk  on the  regression  re la tionships  betw een  

ene rgy  usage and the w eather ,  Katipamula (1994), Reddy (1994) and Kissock (1998, 

2003) identified the  external average tem p e ra tu re  as being by far the  m ost im portan t  

p red ic to r  variable. These early  research  projects used  average m onth ly  tem p e ra tu re s  

since they only had access to m onth ly  energy  bills from the utility com panies (Pels, 1986). 

With the possibilities offered by sub-m etering, the research  quickly moved onto daily 

average  te m p e ra tu re s  to match the daily energy  use figures now  available (Ruch and 

Claridge, 1993; Reddy and Kissock, 1994). The arrival of sm a r t  m etering  finally b rough t  

ene rgy  usage interval data  on a 15, 30 or 60 m inute  basis. This allowed research  to 

com m ence  on m ore  advanced  regression  m odels such as hourly  Fourier time series (Dhar, 

1999).  The use of various ex ternal te m p e ra tu re  averages w as u n d ers tan d ab ly  d ictated by 

th e  equivalen t time period for which energy  use data w as available. However, the use of a 

p ar ticu la r  t e m p e ra tu re  average (m onthly, daily or hourly) is still d ictated  by the bes t  

regress ion  m odel found to fit the data. In o th e r  w ords, re search ers  tend to use the 

par ticu la r  averaged  te m p e ra tu re  index which gives the  b es t  statistical results, be th a t  

m onthly, daily or hourly.

In general, the  national w e a th e r  services provide detailed  recorded  interval data  for a 

n u m b e r  of im p o rtan t  env ironm enta l  pa ram ete rs .  In Ireland, Met Eireann publish daily 

d a ta  on th e ir  website . T em pera tu re ,  relative humidity, sunsh ine  (o r  total global 

rad ia tion)  rainfall, w ind  and  o th e rs  are  available, as recorded. Each p a ram e te r  is 

n orm ally  averaged  over a one hour  period, w ith total global radia tion  being sum m ed.
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With the am o u n t  of broken  cloud ev ident in the  changeable Irish w eather,  par ticularly  in 

sum m er,  the ability to locally record  w e a th e r  would be preferable. In a recen t re p o r t  on 

the im portance  of w e a th e r  da tase ts  for building energy simulation, Bhandari (2012) has 

s ta ted  th a t  local m easu rem en t  and recording of w e a th e r  to cap tu re  any microclimate 

varia tion  w ould  be ideal b u t  the cost w ould  be prohibitive. It is the in ten tion  in this thesis 

to com pare  the effects on a regression  analysis of energy  usage using both  average daily 

te m p e ra tu re s  as provided by the national w e a th e r  service and  locally m easured  

tem p era tu res .

The effects of w e a th e r  during  building simulation  has also been an active research  area. 

T hree  m ain classes of w e a th e r  files a re  used in building simulation: typical w e a th e r  is 

used  for design and perfo rm ance  simulation  over the  lifetime of the  building, actual 

w e a th e r  for the calibration of m odels to match actual energy bills and future forecast 

which is used to gene ra te  the adaptive  control s tra teg ies  for buildings. Typical w e a th e r  

can often be a 20-30 yea r  average of w e a th e r  in a particu la r  location (Jentsch, 2008). 

Within the simulation  community, a n u m b er  of w e a th e r  file form ats a re  produced  by 

various national w e a th e r  services. Crawley (1998) explains tha t  som e examples of the 

m ore  com m on in terna tional files a re  IWEC (In te rna tional W eath er  for Energy 

Calculation), o r  in the US, WYEC (W eather  Year for Energy Calculations), TRY (Test 

Reference Year) and TMY (Test Meteorological Year). The IWEC files contain  averaged 

w e a th e r  typically from 18 to 30 years  for a par ticu lar  w e a th e r  region, b u t  w h e re  the 

resu lting  averages tend  to eliminate severe  w eather.  To te s t  s im ula tion  m odels with 

w e a th e r  ex trem es  the TMY w as developed. To illustrate this use of w e a th e r  data  in this 

thesis, it is planned to gene ra te  a design model from the as-built construc tion  draw ings 

and a calibrated m odel w ith  actual m easu rem en ts  of various building param eters ,  for 

example, historic tem p era tu res ,  from the  occupied building. The design model will be 

sim ula ted  with a 20 y ea r  average IWEC file for w e a th e r  in Dublin, while the calibrated 

m odel will use the one yea r  of m easu red  w e a th e r  data  reco rded  on the  roof  of the pilot 

building. A vast volum e of w e a th e r  data  is, therefore ,  requ ired  if a full yea r  is being 

sim ula ted  on 10 o r  15 m inute  interval bases. The quality  of this data  is very im p o rtan t  

given the limited ability of the m odeller  to m anually  exam ine this volum e of da ta  and  the 

limited capability of the  simulation so ftw are  to autom atically  identify p rob lem s with the 

data.

B handari (2012) perfo rm ed  a simulation on th ree  buildings using th ree  different w ea th e r  

files for the full 2010 ca lendar year: one locally recorded  and  tw o  com m ercially  available
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datase ts .  The annual energy  use for the th ree  buildings varied by ± 7%  while the  m onthly  

energy  usage varied  by as much as ± 40%  across the th ree  w e a th e r  datasets. The 

re sea rch e rs  conclude th a t  the m ost  accura te  w e a th e r  used w as th a t  which w as locally 

recorded , no t surprisingly. They also exam ined the relative contribu tions of each of four 

w e a th e r  variables on the annual energy usage in these  buildings, including tem p era tu re ,  

humidity , so lar  rad ia tion  and  wind. The w ind p a ra m e te r  exhibited large varia tion across 

the  th ree  w e a th e r  da tase ts  but, interestingly, the  effects of the w ind w ere  found to be a 

1.8% varia tion in annual energy  usage from the  low est w ind  values to the  highest.

it is of in te re s t  to examine how  the principles covered in previous sections on occupant 

com fort  s tan d a rd s  and energy  fo recasting /s im ula tion  m ethods  are  used in practice on 

existing buildings. In the next section, a brief  rev iew  of various m ethods  used 

in terna tionally  to im prove energy  efficiency of buildings is undertaken .

2.6 Energy efficiency metrics

The value of increasing energy  efficiency in buildings th ro u g h o u t  the w orld  is 

considerab le  (IMT, 2012]. The process  by which ow ners  and  o p era to rs  are  encouraged  to 

im prove  the energy  efficiency of the ir  buildings is being co-ord inated  a t  Governm ent 

policy level. In Europe, following a very active period of building energy  surveying by the 

British Building Research Estab lishm ent (BRE) in the 1980s and 1990s, and the  successful 

m an d a tin g  of energy  ra tings for dom estic  and com m ercial buildings in Denmark, in 1992 

and 1993 respectively, the EU in troduced  the EPBD in 2002. As p ar t  of the EPBD, each 

m e m b er  coun try  in troduced  a National Calculation M ethod (NCM] for both  dom estic  and 

non-dom estic  buildings. In the UK, the NCM is defined by the D epartm ent for 

C om m unities and  Local G overnm ent (DCLG). In Ireland, SEAl is responsib le  for this 

ongoing definition. It is a p ro ced u re  for d em ons tra t ing  com pliance with Part L of the Irish 

Building Regulations [1997] by calculating the theore tica l  annual energy use for a 

p ro p o sed  non-dom estic  building and  com paring  it w ith  the  energy  use of a com parable 

and  just  com plian t 'notional' building. Both calculations (actual and notional] m ake use of 

s ta n d a rd  sets  of da ta  for d ifferent occupan t activity and  call on com m on databases  of 

construc tion  and  service e lem ents.  A sim ilar process is used to produce an 'asse t  rating' 

in accordance  with  the EPBD. The NCM th ere fo re  com prises  the underly ing m ethod  plus 

th e  s tan d a rd  da ta  sets. The ‘no tional’ building is in full com pliance with the la tes t  Building 

Regulations. This m ethod  allows the  Building Regulations to becom e m ore  and m ore
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s tr ingen t  over time. The BRE is responsib le  for the im plem enta tion  of so f tw are  system s 

to facilitate the  NCM. Guidance from CIBSE is also included in the  m ethod.

One of the  m ost com m on m eth o d s  to de te rm ine  the  actual relative perfo rm ance  of a 

building is to apply the com m only  used benchm ark ing  for th a t  coun try  or state. 

Benchm arking can come in m any  forms bu t  the m ost com m on is the  Energy Use Intensity  

[EUI] m ethod. In its s im plest  form, this m ethod  uses the actual annual energy  usage from 

the building utility bills [kWh for electricity or  therm a l kWh for gas o r  oil) and  divides by 

the gross o r  lettable a rea  [m^) of the  building to yield a figure show ing  k W h /m ^ /y r .  The 

final figure for any yea r  is then  com pared  with da ta  compiled from o th e r  s im ilar use 

buildings in a pee r- to -peer  com parison. A sim ilar m ethod  is in com m on use in the US but 

uses bT U /ft^ /y r  as its derived units. This s imple m easu rem en t  m ethod  has been  fu r ther  

developed  as p ar t  of the EPBD (2002) in Europe and the idea of com paring  th e  building 

u n d e r  review with a ‘notional’ generic  building is introduced.

In the US, a similar approach  has been adop ted  bu t  its definition and  im p lem en ta t ion  is 

m anaged  by a complex m ixture of public and private  partne rs .  The US D ep ar tm en t of 

Energy (DOE), the US Environm ental Protection A dm inistration (EPA), the American 

Society of Heating, Refrigeration and  Air-Conditioning Engineers (ASHRAE), United States 

Green Building Council (USGBC) and  o thers  all play a role in p rom oting  the  im proving 

energy  efficiency of buildings in the US. The USBGC is privately responsib le  for creating, 

m ain ta in ing  and p rom oting  the  Leadership  in Energy and  Environm ental Design or LEED 

process. A US p ro g ram m e show ing  d irect com parison  w ith  the European  NCM is the 

DOE’s EnergySTAR which seeks to com pare  a building’s perfo rm ance  against  a large 

da tabase  of o ther  buildings with the  sam e occupational use. The use of EnergySTAR along 

w ith  m any  o ther  certification p rocedures  (such as LEED) in the US, is not m andatory . 

EnergySTAR has also been  show n  to be too b road  in its application of energy  usage to 

buildings (Kavousian, 2014). In the UK, the BREEAM (Building Research Estab lishm ent 

E nvironm ental A ssessm ent Method) p ro g ram m e w as launched in 1990 and  is regarded  as 

the  fo re ru n n er  of the  LEED certification p rog ram m e (IMT, 2012). Both LEED and 

BREEAM involve full env ironm enta l  assessm ents ,  including energy.

Given the unique na tu re  of com m ercial buildings, it is u n d ers tan d ab ly  difficult to 

form ulate  an energy  efficiency p ro g ram m e which m ight suit m ost  o r  all buildings. Prior to 

a detailed  inspection, it is virtually impossible to ascerta in  the  level of efficiency given the 

complexity of a m o d ern  com m ercial building. CIBSE/BRE in the  UK and  Ireland, and
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DOE/EPA/ASHRAE in the US provide guidance for the examination of buildings to help 

improve their energy efficiency. Some early techniques of assessing a building's energy 

efficiency were developed in the mid-1990s and added to the practice of Post Occupancy 

Evaluation [POE) in the UK (Bordass and Leaman, 1997(b), 1997(c), 2005(a) 2005(b)). 

POE has been traditionally used to determine occupant's satisfaction levels with a new 

building, post occupation.

2.6.1 Post Occupanq^ Evaluation

POE is the evaluation of buildings in use by examination of a num ber of performance 

indicators measured against pre-determined levels. These indicators include such diverse 

areas as occupant satisfaction, occupant work performance, building energy performance, 

thermal comfort, internal air quality, lighting and noise levels. A developmental review by 

Preiser (2001) describes POE as "the process o f evaluation o f  buildings in a systematic 

and rigorous manner, after they have been built and occupied for some time". The 

particular topic of interest in this project is the application of POE to improve energy 

performance in commercial buildings.

In the building industry itself, POE has been supported by some parties while being 

ignored by others (Cooper, 2001). Cooper traces important early work by British 

architects in bringing post occupancy evaluation into mainstream design and architectural 

teaching. As early as the 1960s, the Royal Institute of British Architects (RIBA) 

commissioned a report called "The Architect and his Office” (RIBA, 1962), which 

concluded that the architect should be more focussed on the ‘technical arts' and one way 

to address this was to focus on the gathering and dissemination of user experience data 

from existing buildings. The report called for the study of buildings in use from the 

technical and costs points of view. As a result, the RIBA handbook on architectural 

practice, published in 1965, included for the first time, a Part M: Feedback (RIBA, 1965). 

It was recommended in Part M that architects, with their clients, should inspect completed 

building two to three years after completion. In subsequent years. Part M was deleted 

from the handbook and its accompanying Plan of Work (RIBA, 1973). The deletion of Part 

M from the RIBA handbook meant that studies of buildings in use failed to become 

established as part  of the normal services offered by architects to their clients.

61



Chapter 2 -  L itera ture  Review

W hen s tud ies  of buildings in use re -em erged  as a research  topic in the 1980s, it did so as 

p a r t  of ‘env ironm enta l  psychology’ -  concerned  w ith  the  s tudy  of people and their  

physical surroundings.

Over the  pas t  n u m b er  of years, the im portance of building energy  efficiency has become 

very  a p p a re n t  in the global context. Early energy asse ssm en t  of buildings m ay have its 

roo ts  in POE, bu t it has been concluded th a t  the practice and  m ethodologies for energy 

efficiency evaluation of buildings have sep a ra ted  from POE and becom e an im p o rtan t  

research  and  practice a rea  in its own right (Riley, 2009). The Post-Occupancy Review of 

Building Engineering (PROBE) ser ies  of building inspections w as com m issioned  by CIBSE 

and re p o r ted  on in the  late 1990s (B ordass and Leaman (2001(a) ,  200 1 (b )) .  Just ab o u t  

the sam e time as the PROBE re p o r t  w as being published, Bordass and  Leaman (1 9 9 7 (a ))  

p re sen ted  a com bination of resu lts  from the  PROBE pro jec t w ith  th a t  of Reset: a rep o r t  

com m issioned by an in te rested  group  in the UK including building occupiers, control and 

BMS m anufac tu re rs  and facilities m anagem en t companies. The au th o rs  re p o r t  th a t  the 

Reset nam e is not acronym, bu t  simply the nam e adop ted  by the group  to examine w ays to 

im prove building energy  perfo rm ance  by b e t te r  use and  se tt ing  of controls. They found 

energy w astage due to controls  being se t  too liberally (no t  as the  designers  had in tended).  

Interestingly, they  also found th a t  the re  w as resis tance to the  recom m enda tions  from the 

in-house operato rs :  m any adop ted  a defensive a t t i tude  and did not w elcom e the 

inform ation provided. In m any buildings, organisa tions w ere  satisfied with  the ir  existing 

service provision and charges and lacked the  m otivation  to up se t  the s ta tu s  quo. PROBE 

on the  o th e r  hand has revealed the  need for and  im portance  of the pos t-com m iss ion ing  

m onito r ing  to en su re  the design in ten t  continues  to be im plem ented . It has also exposed 

the paucity  of provision of sub-m etering, even in ostensibly  low energy  buildings, the  lack 

of useful and  ap p ro p r ia te  design and  perfo rm ance  b enchm arks  and the  m ajor 

shortcom ings in the  dep loym en t and  use of control systems. Research by Eley (2001) 

su p p o r ts  this view and it is a rgued  th a t  facilities m anagers  m u s t  ad o p t  a m ore  open 

approach  to the resu lts  of POE on th e ir  buildings.

From the PROBE findings, several com m on p rob lem s w e re  found to exist in the  14 

buildings surveyed. These include -

• D ependency on large energy consum ing  sys tem s with  little o r  no choice to 

use anyth ing  else, such as operab le  glazing or local heating
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• Deep-plan open  spaces in which all system s run  even w h e n  sparse ly  

occupied (a t  w eekends, for instance]

• O ver-running  eq u ip m en t  to m ask  the  p oor or  non-perfo rm ance  of o ther  

p lan t

• "Tail w agging the  dog” effects w h e re  large pieces of p lan t are  left operating  

to supply  very  small a reas  of the building

• E qu ipm ent default s ta tes  a re  non-optim al causing less t roub le  for 

m an ag em en t

• Poor contro ls  leading to energy  waste , especially lighting

• Over control of a reas  causing the  occupants  to rev e r t  to m anual operation  

with  the  associa ted  w astage

• P ressu res  on facilities staff to deliver perform ance, regard less  of energy 

cost

• Outsourcing of facilities m an ag em en t had placed little o r  no responsibility  

for energy  efficiency

• W idesp read  lack of in te re s t  in energy  m anagem ent,  par ticularly  during an 

era  of falling energy  prices (1990s)

Given the t im efram e of the PROBE project and  su b seq u e n t  report,  w hen  oil prices w ere  

still relatively low, one can apprec ia te  the lack of en thusiasm  from the building m anagers  

to these  findings. Since th a t  time, it is likely th a t  a t t i tudes  to energy  usage reduction  have 

changed significantly. The agenda has been driven in p a r t  by UK G overnm ent energy 

policy bu t  also in large p a r t  by the sim ple desire  to low er opera ting  costs.

Two particu la r  energy usage evaluation m ethodologies, which have the ir  origins in POE, 

a re  rev iew ed in the  next section (TM22 (CIBSE, 2006) and  Continuous Commissioning 

(Liu and  Claridge, 1997). The pu rpose  of this review  is twofold (a) to sh o w  the  excellent 

energy  efficiency im p ro v em en ts  ob ta ined  from the  evaluations of POE and re- 

com m issioning  and  (b) to sh o w  the difficulty in a t tem p tin g  to prescribe  generalised  

courses  of ac tion to un ique buildings. These m ethodologies  are su p p o r ted  to this day by 

the respective o rganisa tions (CIBSE in the UK and the US DOE). The TM22 m ethod  

developed  in the  UK by CIBSE over the pas t  20 years  provides flowchart gu idance and, 

w ith  the help of a co m p u te r  da ta  en try  system, allows for the  calculation of likely savings 

and  carbon  em issions (CIBSE, 2006). The DOE and EPA in the US also have a ser ies  of 

guidance docum en ts  which focus on im proving energy  efficiency in com m ercial buildings.
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CIBSE TM22

The Technical Memorandum 22 or TM22 firs t appeared as an energy assessment tool for 

offices in 1994 by the UK Department of Energy, Trade and the Regions (DETR). It was 

used in the PROBE project of POE of 14 office buildings in the UK and reported in a series 

o f research papers (Bordass and Leaman, 2001(a), 2001(b)). The method has been 

updated in 2006 to include other building types (CIBSE TM22, 2006), see Figure 2-11.

Opening saeen
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 f_____
Completed; print or 
return to main menu

Figure 2-11 The TM22 energy efficiency simplified software procedure. Source CIBSE TM22 (2006)

As part o f this w o rk  and the associated w ork by the BRE on the National Calculation 

Method (NCM), described in the previous section, a series o f usage tables have been 

compiled which allow a comparison o f standard or best practice energy usage levels
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b etw een  buildings on a pee r- to -p eer  basis. These tab les  are published by CIBSE to allow 

an in d ep en d en t  asse ssm en t  of a building's perfo rm ance  w ithou t  having to perfo rm  a full 

building energy  ra ting  of th a t  building. Both of these  m ethods  are no n -m an d a ted  

exercises in im proving  building efficiency, w h a tev e r  the  motivation.

It is ev iden t from this f low chart th a t  the  system  dep en d s  in large p ar t  on the collection of 

m e te red  data. The build ing’s perfo rm ance  is exam ined  by com paring  it to ben ch m ark s  of 

w h a t  CIBSE and the  BRE consider  to be efficient o r  non-efficient buildings.

Continuous Commissioning

In 1994, re search  w as first published  by a team  in Texas A&M University, in troducing  the 

concept of re p ea ted  com m issioning as a m eans of elim inating the m any  com m on 

p rob lem s assoc ia ted  w ith  com plex p lan t in large com m ercial buildings (Liu and  Claridge, 

1997]. The concep t developed  into a full scale m ethod  of opera ting  a building to ensu re  

p lan t is p rope rly  m ain ta ined , routinely  inspected  and  p a r t  rep lacem en t is perfo rm ed . In 

adhering  to this regime, along with  exam ination of the building to find eq u ip m en t 

upgrades  th a t  w ould  reduce energy  use, the process  w as found to have a significantly 

beneficial effect on overall energy  use.

The process  has four goals:

• Optimise the opera t ion  of existing sys tem s to im prove building comfort 

and  reduce building energy  cost

• Solve existing com fort  and Internal Air Quality (lAQ] p roblem s

• G uaran tee  con tinuous optimal opera tion  by opera tions  staff in fu ture  years

• Provide optimal energy  reduction  suggestions to o w ners  to m inim ise any 

re tro fit  p ro jec t  costs

The Continuous Com missioning (CC) p rocess  is m ade up of the  following steps:

Team form ation and  plan deve lopm ent -  it is reco m m en d ed  th a t  the  team  com prises  

com m issioning engineers  and  opera tions  staff from the  building in question. Goals are  set 

by this team  re la ting  to likely energy  savings and  im provem en ts  in building comfort. 

Develop an  energy  baseline -  several  m eth o d s  are  m en tioned  as possible candida tes  

including (a) utility bills, (b) w hole-build ing sh o r t  te rm  m easu red  data, [c) building
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energy simulation or (d) long-term individual system sub-metering for chilling, heating, 

lighting, etc.

Commissioning the building -  this step involves solving operational problems with any of 

the existing building HVAC sub-systems, defining the optimal operational param eters for 

that sub-system and, finally, along with the building staff, implementing these parameters 

and checking for correct operation.

Document savings -  Based on measured data a n d /o r  utility bills, savings are calculated 

and documented. The savings analysis will also consider the impacts of w eather variation 

and occupant pattern changes.

Provide on-going services -  this process requires the commissioning engineers to make 

themselves available to offer consultancy and advice for any problem which may emerge 

after the building has been re-commissioned.

By 2004, with 150 buildings reported as having had the CC process applied, the 

researchers at Texas A&M concluded that based on the average calculated savings of 20% 

and the cost of Continuous Commissioning, the payback time can vary between 2 and 3 

years (Claridge and Turner, 2004). Each building presents its own new set of obstacles 

for the commissioning team who seek to apply new and innovative methods to solve 

existing problems. The research papers on CC are unique in that case studies of individual 

buildings are presented and unique solutions are evident in each paper. This is 

understandable given the individual nature of each building’s problems. Thus technical 

data is presented on a case by case basis. In other words, it seems difficult to present a 

unified model for all buildings. If one identifies what seems to be a very obvious series of 

process steps, one might conclude that the re-commissioning process simply states and 

implements what building commissioning ought to do in the first place.

The process requires a high level of expertise from the CC engineer. This individual (or 

team) needs to understand the detailed operation of all HVAC plant and its effect on 

occupant comfort, including lAQ. This limits the applicability of the process on a large 

scale given that this level of expertise is not normally employed by individual building 

operators as maintenance or facilities operatives/managers.

The US DOE has published a technical overview of the commissioning procedure in 

various forms. Interest has grown in this area as it has been shown that commissioning is 

a prime mover in reducing building energy consumption (Sullivan DOE, 2002). As part of
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the  DOE O perations and M aintenance [O&M) Best Practice Guide, com m issioning is 

b ro k en  dow n into four categories:

Commissioning - ideal for new  construc tion  o r  m ajor renovation  and  best  im plem ented  

th ro u g h  all phases  of the construc tion  project. "New building com m issioning is a m eans of 

en su r in g  th a t  th rough  design reviews, functional testing, system  docum en ta tion  and 

o p e ra to r  t ra in ing  th a t  sys tem s and  eq u ip m en t  in new  buildings are  opera ting  properly" 

Retro-commissioning -  ideal for o lder facilities th a t  have never  been th rough  a 

com m issioning  process. The DOE s ta tes  tha t  th e re  is g row ing evidence th a t  a significant 

n u m b e r  of o lder com m ercial buildings in the US are  in this category. Retro- 

com m issioning  includes tes ting  and  ad justing the building system s to m ee t  the original 

design in ten t  a n d / o r  optimize the  sys tem s to satisfy cu r ren t  operational needs. It relies 

on building and  eq u ip m en t  docum enta tion , along with  functional testing  to optimize 

p erfo rm ance

Re-commissioning -  ideal to 'tune-up ' buildings th a t  have a lready  been commissioned, 

bring ing  th em  back to th e ir  original design in ten t  and opera tional efficiency 

Continuous com m issioning -  ideal for facilities w ith  building au tom ation  systems, 

advanced  m eter ing  sys tem s and  w ell-run  O&M organisations. It is the m ost costly of the 

four p rogram m es.  "Continuous Commissioning (CC) refers  to a com m issioning approach  

th a t  is in tegra ted  into a facility's s tan d a rd  O&M program m e. As such, activities in su p p o r t  

o f  the  CC effort are  com pleted  on a regu la r basis, com pared  recom m issioning  approaches  

w hich  tend  to be d is tinc t even ts  ... The app roach  developed  by the  Energy Sciences 

L abora to ry  (ESL) in Texas A&M is defined as -  an ongoing process to resolve operating  

p rob lem s, im prove  comfort, optimize energy  use and  to identify re trofits  for existing 

com m ercia l and  institu tional buildings and  central p lan t facilities"

The one obvious feature  of all the l i te ra tu re  on POE is the un ique na tu re  of each building 

and, thus, each POE project. T here  has been  no significant b reak th ro u g h  in formulating  an 

a l l-encom passing  POE m odel except to note that, a t a high level, it is possible to m ap out a 

s eq u en ce  of technical s teps  to achieve the  end goal of POE, given the chosen objectives.

Some general  aspects  of the CC process, re la ted  to energy  m anagem ent,  have helped to 

form  the  basis of the energy  efficiency process used in this thesis, and im plem ented  on the 

th re e  chosen  buildings.
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2.7 Summary and identification of gaps in knowledge

The Uterature review has covered a wide selection of research topics which are relevant to 

the overall area of building energy efficiency and the objectives of this thesis. In this Final 

section, the research findings are summarised and the potential gaps in the knowledge as 

discussed.

2.7.1 Literature Review Summary

The breakdown of energy usage in commercial buildings showed that approximately 10% 

of total energy usage in the US and the EU is spent on providing therm al comfort for the 

occupants of commercial buildings through the HVAC systems. Both the overall 

percentage and absolute am ount of energy are increasing with time. The energy used by 

the HVAC systems in these buildings has been shown to be primarily w eather dependent. 

Research has identified several important param eters used in the analysis of the internal 

environment. The Heat Balance model used six param eters  to predict thermal comfort. 

The introduction of the Adaptive thermal comfort model has allowed the prediction of 

internal comfort based on the sole param eter of external tem perature . The use of other 

w eather  param eters  was also discussed and findings generally concur that external 

tem perature , solar gain and humidity are the main factors.

The origins of thermal comfort were explored, given that the provision of this comfort is 

such an influence on global energy usage. The heat balance model was developed mainly 

from data recorded in an environmental chamber and researchers and practitioners tend 

to find that  the predicted comfort range of tem pera tures can be overly restrictive and at 

odds with real world experience. The heat balance model has found its way into all of the 

major comfort standards. The adaptive comfort model proposes a direct link between the 

range of predicted indoor comfort tem pera tures and the external tem perature , arguing 

that the occupant will use all available adaptive opportunity  to balance the internal 

environment. Again, this model has been included in all major standards with the notable 

exception of ISO 7730. Four of these standards are compared to determine the various 

comfort ranges and the amount of time allowed for out-of-range indoor tem pera tures 

(exceedence). It was found that the amount of variation between standards is greater 

than that percentage of time allowed in exceedence, so the choice of s tandard  to be 

followed at design time could have considerable influence on the energy usage outcome of
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a new building. The Unks between thermal comfort provision and energy usage were  

discussed briefly.

Two methods of energy estimation were explored -  forecasting methods in existing 

buildings and simulation methods in existing and new buildings. Forecasting is a 

procedure whereby data recorded in an existing building is used to ‘train’ a (mainly  

statistical) model. This model is then used to forecast som e later period of energy usage  

based on the model parameters only. Simulation, on the other hand, uses a complex  

thermal balance method to calculate the thermal transfers between spaces in a building -  

those spaces normally bound by physical envelopes such as walls, glazing, etc. They are 

two very different approaches. The statistical forecasting methods are deemed to have  

low to medium prediction accuracy. The simulation models are deemed very complex and 

time consuming and result in medium to high forecast accuracy. Some researcher 

conclusions of these methods are discussed showing support for simulation methods and 

warnings as to the complexity and variable outcomes. The use of weather data in these  

models was also discussed.

The actions of the DOE [US) and the EU have resulted in the formation of initiatives to 

encourage higher building energy efficiency through the respective programmes of the 

non-mandated EnergySTAR and the EPBD with its mandated programmes of national 

calculation methods, which are implemented on a national level using a method  

preferable to that national Government. The practice of Post Occupancy Evaluation (POE) 

is reviewed and two energy efficiency methodologies which have their roots in POE are 

explored briefly.

2.7.2 Potential knowledge gaps

Given the range of topics covered and the breadth of research activity which goes to make 

up the wide spectrum of building energy efficiency research, particular focus will be 

placed on the following areas in this project. The aim is to try to contribute significantly to 

knowledge in the following areas:

[1) it is commonplace in the literature for regression to be applied to building energy 

usage without detailed analysis of the building’s efficiency state. From the 

literature, it is unclear if the efficiency state is known for any particular building 

under examination. This is understandable if the researcher simply has access to
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interval energy  usage data. An exam ination of the change in the statistical 

re la tionship  be tw een  external tem p e ra tu re  and energy  usage before and  af te r  an 

energy  efficiency p rog ram m e th a t  has been  carried  ou t  on a building m ay help to 

gain an u n d ers tan d in g  of the  resulting changes in the influence of the  external 

te m p e ra tu re  as a predictor.

(2] Currently, the average daily external t em p e ra tu re  index is the m ost  com m on form 

of index used in regression  analyses be tw een  w e a th e r  and energy  usage. Given 

the  unique na tu re  of individual commercial buildings, it w ould  be instructive to 

exam ine the  forecasting ability of the average daily external te m p e ra tu re  alone 

and  d e te rm in e  if an alternative  tem p e ra tu re  index, m ore  closely m atched  to the 

building’s overall therm al perform ance, im proves the  forecasting p o w e r  of 

external te m p e ra tu re  on energy usage.

(3] Using the resu lts  from these  two activities, for a building, d e te rm in e  if a simple 

regression  model can be derived and show n to be as accura te  in forecasting as a 

ca librated model of the sam e building.

(4] Examine w h e th e r  such a m ethod  has w id e r  applicability by testing it aga inst  two 

o ther, dissimilar, buildings th e reb y  making observa tions  on the  generic  n a tu re  of 

the  conclusions.
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Chapters Methodology

It is the p r im ary  in ten tion  of the project to exam ine how  energy  use in com m ercial 

buildings can be accura te ly  p red ic ted  using a small n u m b er  of external w e a th e r  

predic tors ,  following an energy  reduction  or efficiency p rogram m e. In this research , this 

small se t  of p red ic to rs  is re fe rred  to as the reduced  dataset. The p ro g ram m e of energy 

usage reduction  also ca rries the  added  benefit  of reduced  carbon  emissions.

As described  in Chapter 1, the  second objective outlines the  selection of th ree  buildings. 

The first o r  pilot building is used  to provide data  which facilitates the  form ation of a 

hypothesis. This hypo thesis  is th en  tes ted  on data  from the tw o  chosen te s t  buildings. 

The data  p rovided  from these  buildings encom passes  various forms of energy  

consum ption , and  in terna l and external env ironm enta l param eters .

T hree  buildings in Dublin w e re  selected as different exam ples of m o d ern  Irish com m ercial 

construc tion  and  the  associa ted  installed plant. These are  re ferred  to as the pilot building 

o r  PI, and tw o  te s t  o r  validation buildings T1 and T2. P I  is a m edium  sized prestige office 

space of l l ,0 0 0 m ^  located in the  cen tre  of Dublin. Prestige, in this case, is a com m on term  

used  by CIBSE and  o thers  to describe  office space of very  high quality. T1 is a large retail 

mall of 120, OOOm^ located in the  su b u rb s  of Dublin, and T2 is a m u lti- tenan t office and 

retail space of 8,000m^ and is located in the  sam e deve lopm en t as T l .  Building areas  are 

approxim ate .

In sum m ary , the  p ro jec t  involved th e  following steps:

• Analysis of the  available building data  to d e te rm in e  if an energy  efficiency 

p ro g ram m e w ould lead to a low ering of energy  usage in PI

• Im p lem enta tion  of this p ro g ram m e to im prove the P I building’s energy 

p erfo rm ance  w ith o u t  any  significant changes to the building o r  installed 

p lan t

• C om parison of the energy  usage before and  after the reduction  p rog ram m e

• Derivation of a forecasting m eth o d  for energy  use in PI, based  on 

statis tica l regression  analysis. It w as  in tended  th a t  this m odel would use a 

reduced  d a ta se t  of only uncontro lled  ex ternal factors such as external a ir 

tem p era tu re ,  ex ternal hum id ity  and so lar  gain
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• Determination of the accuracy of this statistical model in forecasting 

energy use after the reduction programme is complete by cross-validation. 

The model was derived or ‘tra ined’ on certain historical data and the 

model was then used to forecast a known period following the ‘training 

period’

• Derivation of unique ‘thermal energy equations’ for the pilot building 

during sum m er and winter seasons.

• Examination of the importance of past external tem pera ture  averages in 

forming an improved forecasting predictor variable in the model

• Formation of a hypothesis as to the derivation of unique statistical energy 

models for the pilot building, following an energy efficiency programme 

and the use of certain tem perature  indices in these models

• In order to compare the results of the statistical prediction models 

developed in this thesis with accurate simulation models, two simulated 

models [design and calibrated) of PI were completed and the simulated 

energy use calculated. The results of these simulations were compared 

with the results from the statistical model and actual figures

• Application of the pilot building hypothesis to derive unique energy 

equations for the two test buildings and compare the forecasted accuracy 

before and after the energy reduction programme

• If necessary, the param eters within the reduced dataset or the statistical 

model may need to be adjusted to compensate for findings within the two 

test buildings

The general flow of project methodology is shown in Figure 3-1

In all three buildings, the analysis is carried out on the landlord’s energy consumption. 

The landlord’s consumption is that part of the overall building energy use which is 

confined to services normally delivered by a landlord to commercial tenants, and normally 

includes heating, chilling and ventilation. Most modern buildings are metered in this way, 

but PI required a manual splitting of the electricity usage to ascertain the landlord's 

portion of the overall usage.

Energy efficiency or reduction programmes were uniquely developed and applied to each 

of the three buildings. The aim of each programme was to eliminate unnecessary energy 

consumption, primarily in the provision of occupant thermal comfort. In PI, the
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programme was completed in 15 months, but was implemented in a shorter period in 

both T1 and T2. The programme was longer in P I because of the greater complexity of 

the plant used to supply landlord's services to this building.

Test hypothesis on T l,  T2

Pilot
Building

2  No. Test 
I  I  Buildings

Pilot building P I sdcction ind plant 
operational review

Results and conclusions

Compare forecasting accuracy of simulation 
models with statistical models

Develop forecasting models and determine 
reduced predictor dataset required for T l, T2

Energy efficiency programme implementation

Develop forecasting models and determine 
reduced predictor dataset required for PI

Test prediction accuracy of statistical models 
by cross-validation with measured data

Energy efficiency programmes Implementation

Analyse data from 1 year before and after 
programme

Software building energy simulation models 
forecast (lES)

Test prediction accuracy of statistical models 
by cross-validation with measured data

Selection of required additional measurement 
equipment

Analyse data from 1 year before and after 
programmes

Selection of two test buildings, T l and T2 and 
plant operational review

Select and install required additional 
equipment in two test buildings

Uterature Review

* Energy Use in buildings

* Occupant comfort with standards comparison

* Energy management and reduction guidelines and standards

* Energy forecasting methods and simulation

Figure 3-1 Overall project flowchart

The ability to accurately forecast energy use in buildings can depend on the accuracy of 

the weather parameters used in the method of prediction. In Ireland, in particular, local 

external environmental parameters may vary considerably from the general weather 

readings taken locally at Dublin Airport by Met Eireann (Ireland’s national weather 

service), for example. For this reason, it was decided to record local weather data at each 

of the building’s sites. Met Eireann produces a weather forecast which is updated every
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hour. Since it is a forecast, there is prediction erro r  present. For the purposes of this 

thesis, it is important to explain that, in general, energy consumption forecasting models 

are used to predict energy consumption which has already occurred. In other words, the 

models are generally used to predict the past. The predictors, which may include weather 

param eters such as tem pera ture  are, therefore, known. The usual purpose of these 

forecasting models is for energy savings calculations, post building upgrades, and they are 

used to determine what the building’s energy consumption would have been, had no 

changes or upgrades occurred. Part of this research is to determine w hether locally 

recorded weather param eters are better energy predictors than those recorded several 

miles distant from the project buildings, such as Dublin Airport.

3.1 Building selection and descriptions

Three buildings have been included in this study. The buildings have been chosen on the 

basis of certain criteria including:

• Location of the buildings was chosen to make them easily accessible

• Selection of modern but different construction methods, one building of 

heavy concrete construction and the at least one other of steel frame 

construction

• Environmental control is achieved on an automated basis. This normally 

implies the presence of a fully automated building m anagement system 

(BMS)

• Permission to connect via remote access to the BMS and to install 

supplemental equipm ent as deemed necessary for the purposes of this 

project

• Ability to perform certain limited experimentation to facilitate the 

derivation of whole building parameters, e.g. thermal lag

• Permission to use the gathered data for the purpose of this project

A hypothesis to derive energy models for the pilot building, based on a smallest num ber of 

weather param eters will be applied to the two test buildings. It is therefore preferable to 

dem onstrate that the hypothesis is valid in buildings of different types and uses. With 

these principles in mind, three buildings of varying configuration, occupational use and 

construction were chosen.
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Pilot building (PI)

The pilot building is an l l ,0 0 0 m ^  single tenant prestige office located on North Wall Quay 

in the International Financial Services Centre (IFSC) in Dublin. The photograph in Figure 

3-2 shows PI from the south of its location.

GEBiSSS * -

Figure 3-2 Pilot building [PI], located in the International Financial Services Centre, Dublin

The PI building comprises six floors. Almost 500 employees are housed in this building 

and, given the nature of the client business, being the provision of legal services, the 

operating hours can be very long -  typically 7.30am to 10pm with frequent weekend 

activities. The building is a mixed-mode [MM] building; meaning it can operate as 

naturally ventilated with operable windows (in some documentation referred to as "free- 

running” (FR)) during certain seasons, supplemented by heating, cooling and ventilation 

plant as necessary.

Prior to the commencement of the energy efficiency programme, a benchmark of historic 

energy consumption was agreed with the operations manager of PI. Energy usage data 

have been collected since 2008 and relies on the monthly utility bills. After analysis and 

consideration, it was agreed to use the figures from 2010 as the benchmarks for all energy 

inputs to PI, as 2010 was deemed to represent a year of average consumption with very 

few plant or operational problems. The year of 2010 also represented the lowest 

recorded energy consumption since records began in PI.
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Test building No. 1 (T l)

The first test  building, T l,  is one of Europe’s largest city retail malls and is located in South 

County Dublin. Comprising approximately 120,000m^ of enclosed retail and landlord 

space, the existence of only one small set of operable windows effectively makes the 

building a fully air-conditioned (AC) building. The building is a six storey structure  with 

two atria located at either end of wide landlord’s walkways. The building is of steel frame 

construction with curtain walling. There is no glazing in any of the retail units.

Figure 3-3 Tl test building aerial view

Perimeter walls are mainly constructed in precast concrete panels, a small am ount of 

glazed curtain walling, with the remainder in rendered block or brickwork. The building 

is comprised of 124 retail tenant units and those tenants are supplied by the landlord with 

m etered power, m etered water, cooling (by condenser w ater system), and fresh air. The 

tenants must install their own air-conditioning equipment and connect to the landlord’s 

condenser w ater system to remove excess heat from the retail unit.

The landlord’s principal energy usage is on the supply of space cooling and lighting. 

Lighting did not form any part of the energy efficiency programme. T l  has been designed 

to allow the landlord’s supply of heating, chilling and ventilation to be separately metered
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from the  t e n a n t ’s usage of electricity  o r gas. This has allowed an accura te  m e a su rem en t  of 

the  before and  after effects of the energy  efficiency p rogram m e.

As m entioned , the supply  of landlord  heating in T1 is seldom  called for, even in w inter.  A 

b rie f  descrip tion  of the  T1 building along w ith  its associa ted  p lan t is ou tlined also in 

C hap ter  6.

Test building No 2 [T2)

The second  te s t  building is a mixed use retail and  m ulti- tenan t  prestige office building and 

is a fully Air-Conditioned (AC) building. The building is located in South County Dublin 

and  is ad jacen t to T l .

Figure 3-4 T2 test building, showing retail and office space above

Covering a floor a rea  of approx im ate ly  8,000m^, the building has tw o floors of prestige 

office, and  tw o  floors of retail space. The construc tion  of the building is to a high 

specification. Envelope insulation is in conform ance with  Part  L of the Irish Building 

Regulations, applicable a t  the  tim e of construc tion  [Irish Building Regulations, Part  L TGD, 

2005).  T here  is glazed walling on th ree  sides of the  building and this glazing ex tends 

floor-to-ceiling on the  tw o office floors to cover an es t im ated  75%  of the total external 

envelope for these  floors.

As T2 is occupied by several different ten an ts  with d ifferent w orking  a rrangem en ts ,  T2 

prov ides  a good te s t  for the  hypo thesis  developed in PI. As with  PI, the land lo rd ’s
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supplied  services are the  m ain  foci of the energy efficiency p rogram m e. These include 

heating, cooling and  ventilation to the  retail and office tenants .

3.1.1 Data collection assumptions and methods

Data has been  collected from a n u m b er  of sources  in PI. The BMS provides  a very  useful 

n u m b e r  of m easu rem en t  points  for which data  record ings are  available, b u t  w h e re  it w as 

necessary  to m easu re  certa in  local pa ram ete rs ,  for example, local CO2 o r  calibration of a 

BMS te m p e ra tu re  sensor, su p p lem en ta ry  eq u ip m en t has been  installed for this research. 

Data has also been  collected from this su p p lem en ta ry  equipm ent.  The su p p lem en ta ry  

eq u ip m en t  used for the pro jec t is listed in Table 3-1. Some sim ple a ssum ptions  guided the 

collection and  use of data.

• W here  the  BMS is m odulating the  use of p lan t such as heating, ventila tion  

or a ir  conditioners, based  on te m p e ra tu re  m easu rem en ts ,  the  accuracy of 

these  te m p e ra tu re  devices w ere  validated  using a ca librated  tem p e ra tu re  

logger.

• W here  faulty o r  m isreading  env ironm en ta l  sen so rs  a re  located w ith in  the 

BMS, these  w ere  replaced, p r io r  to com m encing  data  acquisition.

• W here  possible, the  BMS should  log all m easu red  points  on a 15 m inu te  

basis. 15 m inu tes  is chosen due to m em ory  constra in ts  w ith in  the  BMS. 

This includes all space tem p era tu res ,  re tu rn  and  flow te m p e ra tu re s  in 

boilers, chillers and air  handlers.

• W here  da ta  th a t  is im p o rtan t  for occupan t com fort te m p e ra tu re  validation 

is s im ply missing from the BMS, su p p lem en ta ry  logged m easu rem en ts  

w e re  taken, for example, relative hum idity  [rh) and  levels of Carbon 

Dioxide (CO2 ).

• Geographically averaged  w e a th e r  data  is available from Met Eireann from 

the  Dublin A irport w e a th e r  station, covering th e  experim enta l  per iods  for 

the  various buildings. However, locally m easu red  w e a th e r  data  is also 

available, and it is of in te re s t  to establish  if the  local w e a th e r  data  is m ore  

accura te  in predic ting  energy usage.

• The addition  of a large n u m b er  of additional sen so rs  o r  m easu rem en t  

points is not practical for m ost building o w n e rs  or  op e ra to rs  and, 

therefore , the final statistical m odel m u s t  rely on a reduced  da tase t
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extrac ted  from the da ta  m easu rem en ts  com m on to m o d ern  buildings in 

Ireland.

With these  assu m p tio n s  in mind, data  w as  collected from a varie ty  of sources  including 

the installed BMS, su p p lem en ta ry  data  loggers, and the local w e a th e r  station. This data 

has  facilitated the  following analyses  and  derivations:

• Validation of occupan t  com fort levels w ith  es tim ates  of exceedence levels 

or  per iods  w h en  the  local air  t e m p e ra tu re  is ou tside th a t  recom m ended  by 

the  national guidelines (CIBSE Guide A, l.S. EN ISO 7730)

• Im p lem en ta t ion  of the energy  reduction  p ro g ram m e

• Param etr ic  s tatistical exam ination  to d e te rm in e  which variab les  have the 

la rges t  influence on building energy  use prediction, po s t  energy  reduction

• Selection of the reduced  d a ta se t  using statistical m eth o d s

• Derivation of the building energy  equa tions  using the reduced  da tase t

• Com parison  of the  forecasting accuracy of the  derived building energy 

equa tions  with  actual and  sim ula tion  m odel results.

As previously  explained, this p ro jec t  includes executing a un ique  m anual energy reduction 

p ro g ram m e which has been  applied  to all th ree  buildings. Any change in buildings’ 

opera t ion  th ro u g h o u t  this p ro g ram m e m u st  no t detr im en ta l ly  affect occupant comfort 

levels. Since the buildings have been  designed  to com ply with  Parts F and L of the  Irish 

Building Regulations [P ar t  F -  Ventilation and Part L -  Energy conservation) and HSG194 

[1999),  which includes occupan t  comfort, it is of fundam enta l im portance  th a t  this 

rem a ins  the case, po s t  energy  reduction.

3.1.2 Data collection equipment

Certain su p p lem en ta ry  eq u ip m en t  w as requ ired  for this project. W here  possible, the 

eq u ip m en t  has been  sourced  directly  from m an ufac tu re rs  but, in certa in  instances, is was 

n ecessa ry  to use  custom ised  e q u ip m en t  built  specifically for the  purpose , such as w ea th e r  

loggers, in terna l env ironm en ta l  m onitors ,  etc. Table 3-1 ITable 3 - l i s t s  the equipm ent, 

expected  accuracy and  locations installed. The off-the-shelf eq u ip m en t  is also included.
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Built/assem bled
equipm ent

Accuracy M easurem ent Intent w here logged -  15 
m inute periods

Internal environm ental 
m onitors
[tem perature, relative 
hum idity rh, CO2 ] 2 No. 
(logged]

Tem perature Display ± 0.1°C 

rh ± 2%

CO2  ± 2%

Supplem ent the BMS data w ith  m ore 
accurate local tem perature rh and CO2  

m easurem ents

Autom ated W eather 
logging tem perature, 
sunshine, rain, wind  
speed and direction, 
GPS location with  
elevation and azimuth  
angles

Tem perature ± 1.5°C

Sunshine Lux level [east, w est  
and south] ± 15%

Rain indicator ± 5%

Wind speed  and direction  
± 15-22%

The lux level is south only w ith a 
m easurem ent range of 0 to 99, 0 
indicating darkness and 99 full 
sunshine. The sum m ing o f 96  15 
m inute (2 4  hours] intervals o f lux 
levels y ields a proxy m easure of solar 
radiation over the full day.

Building thermal 
energy m eter (heat & 
cooling)

Flow -m eter - ± 2% for w ater  
b etw een  15°C and 80°C

T em p --45°C  to 125°C

Heat m eter m easures flow  and return 
w ater tem peratures and w ater  
flow rate to yield a kWhr figure

Directly Sourced Accuracy M easurem ent intent

External Humidity 
(logged] (Tinytag]

±2% Local external relative hum idity

Dual tem perature 
(logged] (Tinytag]

±0.5°C Local internal tem perature

kWhr Pulse Counters 
(logged] (Tinytag]

1,000 pulses per sec Pulse counters logging kWhr pulses  
from an electrical meter.

3 phase pow er m eter 
and logger (OWL]

Power kW ± 5% separately  
logging individual phases

Low cost sub-m etering option which  
provides general ability to sub-m eter  
num erous m easurem ent points

Table 3-1 B uilt/assem bled and procured m easurem ent equipm ent

3.2 Energy use improvement method

The data collected in PI were necessary to guide the manual energy reduction  

programme. As with all occupied commercial buildings, great care must be taken to avoid 

any sudden changes in comfort levels or indeed causing discomfort by sudden increase or 

decrease in temperature, humidity or air flow. The following list of fundamental 

assumptions has been developed while reducing energy use in the PI building:

• The building fabric is fixed with all of its inherent design and construction  

features and flaws. Corrective action for significant flaws could be 

undertaken but are outside the scope of this project
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• Installed p lan t is fixed unless  som e obvious problem  in opera tion  is found 

to exist. In th a t  case, the prob lem  ŵ ill be identified and rem edial  action 

vi îll be recom m ended . W hen unusually  w arm , cold or d rau g h ty  a reas  are  

located in the  building, and  these  anom alies  are  no t m anageab le  by the 

existing plant, efforts should  be m ade  to t ry  to solve the  issue locally, in 

o th e r  w ords, these  p rob lem  areas  should  not be allowed to d ictate  the 

overall opera t ion  of the  building

• W here  local p rob lem  areas  or anom alies  in p lan t opera tion  are  caused  by a 

design flaw, the  local p lant ough t to be upgraded , rep laced  or rem oved  to 

e n su re  co rrec t  com fort  delivery

• Sufficient data  m u s t  be available to allow confirm ation of com pliance with  

the  various o ccupan t  com fort guidelines and s tandards .  W here  som e of 

these  da ta  a re  s im ply missing from the BMS, su p p lem en ta ry  

m easu rem en ts  m u s t  be taken

The energy  reduction  p ro g ram m e is a general p rocess  believed to be applicable to m ost 

com m ercial buildings w h e re  a BMS is installed and interval da ta  is available from the 

electricity  utility company. Interval da ta  is not generally  available from gas utility 

com panies. The energy  efficiency p ro g ram m e can be view ed as an iterative process  as 

show n  in Figure 3-5.

Ca] Data collection

(b) Understand the building
Objective 1 -  Establish the agreed energy usage benchmark
Objective 2 -  Validate the short-term internal comfort temperature compliance (ISO 7730)

f  I I I .  „ I

(d) Implement energy reduction programme

(c) Identiiy energy opportunities

[e) Monitor energy use and analyse results

Figure 3-5 Energy reduction programme process flow
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The s teps  in the energy  efficiency program m e, d e te rm in ed  from professional and  practical 

experience, a re  outlined below:

(a) Data collection - the following data are assembled:

i. Utility bills and  utility interval data

ii. BMS screens, s tra teg ies  and schedules

iii. Building mechanical and electrical (M&E) d raw ings

(b) Understand the building - Data is gathered to develop an understanding of the 

operation of the building, based on:

i. Bill and interval data  analysis

ii. Plant and building services analysis

iii. Identify larger electrical loads, e.g. > 3kW

iv. Identify control s tra teg ies  and  potential short-com ings of th e  BMS

V. Identify problem  areas  in the  building ( rep o r ted  as overheated .

underhea ted ,  draughty, etc.]

(c) Identifying energy reduction opportunities

i. Develop idealised plan t schedules based  on build ing use and  occupancy

ii. D eterm ination of p lan t conflicts, such as: if the  building is overheated , does 

the chiller have to w o rk  ha rd e r  to rem ove the excess heat? If the heating is 

also lowered, it can, therefore , resu lt  in tw o energy  reduction  

opportun it ies

iii. Examine building re sponse  to therm a l input. This includes mechanical 

heating, chilling and  the  absence of both. The re sp o n se s  are used in the 

d e te rm ina tion  of energy reduction  o p portun it ie s  and  th e  form ation of the 

building energy  equations. Tests  can be p e r fo rm ed  both  during  w ork ing  

hours  and  over w eekends  to exam ine the building 's re sp o n se  to each of 

these  factors. The deve lopm en t and  application of these  tes ts  is described 

for PI in Chapter 5

(d) Implement energy reduction programme

i. Align BMS schedules with idealised schedules  based  on building use in 

small increm ents. The object is to make ad ju s tm en ts  w i th o u t  the 

occupants  noticing any  changes

ii. M onitor hourly  changes in the rm a l re sp o n se  and  re sp o n d  quickly to any 

unexpected  results.

iii. Advise on any rep o r ted  local therm al d iscom fort  issues

iv. Identify beneficial h a rd w are  or system  u p grades  and im p lem en t
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(e) Monitor energy use and analyse results

i. Examine monthly usage figures from the various m etered points

ii. Any rise in energy use or unexpected results are analysed

When Step (b) is complete, two objectives need to be met:

Objective 1 - Establish an agreed energy usage benchmark. The benchmark is 

normally taken as a recent and typical year of energy use. If any unusual weather 

or building usage occurred, sometimes the benchmark may be adjusted to take 

account of these influencing factors.

Objective 2 -  Based on BMS data, examine the short-term occupant comfort 

tem pera tu re  for a one month period

3.3 Experimental design and statistical methods

The project methodology has been designed around an experimentation method called 

‘cross-validation’. Separately, the methodology also includes a longer-term comparison of 

model variances. For cross-validation, a single population of observed data is split into 

two parts. Both data parts are from the same population, in this case, after the building 

improvement has been completed. The model is ‘tra ined’ using the first data part and 

then validated using the second part by having the trained model forecast the known 

results. The post energy reduction building model and the equivalent model derived 

before any building improvement was carried out, can indicate if the up-to-date model is 

be tter  at forecasting with smaller variance or noise, and thus the model has better 

predictive power. A graphical representation of this methodology is shown in Figure 3-6. 

All of the data analysis in this project will be carried out using the statistical software 

package Minitab. Certain Minitab outputs are shown in this chapter for illustrative 

purposes.

The statistical method chosen to derive the unique energy equations is Linear Regression. 

Various statistical tests are performed on the datasets to ensure that the chosen model 

can be reasonably applied. Once the models are derived, a suite o f ‘goodness-of-fit’ tests 

are carried out to ensure the analysis results are meaningful. Collectively, this testing 

process is designed to ensure the data is shown to be suitable for inclusion in a regression 

model and the model is shown suitable for prediction. These steps are explained more 

fully in the next section.
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Figure 3-6 Project experimentation protocol

J

3.3.1 Statistical method selection

Statistics and  the various m ethods  developed w^ithin th a t  discipline have been at the 

cen tre  of building analysis for m any  years. The adaptive  model, described  in Chapter 2, 

uses both  single and m ultiple linear regression  analysis techn iques  to de te rm ine  a 

predictive re la tionship  be tw een  an outside te m p e ra tu re  index and  occupant com fort 

norm ally  based  on m any  buildings. The ASHRAE Fundam ental H andbook (2009) has 

listed a series  of techn iques  (as show n earlier in Table 2-9) which have been tes ted  and 

verified for accuracy and  difficulty, it is ev ident from the table, th a t  the  m ajority  of these  

m ethods  are  statistical in nature .

Model description -  Multiple Linear Regression

One of the principal objectives of the  project is the d e te rm ina tion  of a reduced  d a tase t  to 

facilitate the  simple predic tion of energy use once the  build ing’s energy  perfo rm ance  has 

been im proved  to a m easu rab le  extent. The de te rm ina tion  of the  reduced  d a ta se t  will be 

achieved by use of Multiple Linear Regression or MLR. The choice of model will dictate 

how  the data  is tested . A process  flow diagram  provides  a su m m ary  of the  necessary  

statistical s teps  and  is show n in Figure 3-7.

84



Chapter 3 -  Methodology

Data Testing
•  Data normality

•  Constant variance 

•Z e ro m ean  across
datasets

•  Data independence

Model Testing
•  Residuals analysis

• Analysis of Variance 
ANOVA

• Sequential Sum of 
Squares

• Goodness of Fit

•  Model Caveats

Figure 3-7 Statistical data and regression model validation process

W ith in  this project, the valid use of linear regression comes w ith  certain conditions 

regarding the data. These conditions define the statistical model and this model w ill guide 

the tests necessary to confirm  the su itab ility  o f the data. Figure 3-7 provides a summary 

o f the tests not only on the data but also on the model itself.

The explanation of these methods and the use o f M initab is illustrated in Chapter 5.

3.3.2 Identification of the building reduced dataset

A num ber o f external weather parameters were examined as predictors in this research. 

These include:

• Met Eireann average daily external temperature

• Locally recorded external temperature

• Solar Index is formed by summing the full daily solar activ ity as measured 

every 15 minutes and presented by a light level between 0 (darkness) and 

99 (fu ll sunshine). The resulting summation acts as a proxy for the 

commonly used Global Radiation weather parameter, it  includes both 

d irect and diffused light radiation.

• Relative hum id ity  (rh) in summer could be o f importance given the chance 

o f extra cooling load on warm  days w ith  high rh values. Relative hum idity 

is the ratio o f the partial pressure of water vapour in an a ir to the 

saturated vapour pressure o f water at the same temperature.
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Each of these  four w e a th e r  p a ram ete rs  w ere  used in regression  analyses on all th ree  

buildings. Based on the resu lts  of these  regressions, the sm alles t  n u m b er  of pred ic tors  

required , w hilst  m ain ta in ing  m odel forecasting accuracy of ± 5%, w as de term ined . The 

sm alles t  n u m b er  of p red ic to rs  re p resen ts  the reduced  dataset.

3.4 Summary

The overall m ethodology developed  for this research  pro jec t  w as in troduced . The m ethod  

by which  the hypothesis  w as  developed from data  collected from a pilot building and 

tes ted  on tw o tes t  buildings w as outlined. A graphical descrip tion  of the  m ethod  which 

su m m arised  the project w as shown.

The pro jec t entailed the  im p lem enta tion  of an energy  efficiency p ro g ram m e and  a 

statis tical analysis of certain  w e a th e r  p a ram e te rs  as p red ic to rs  for energy  consum ption  

before and  after this p rogram m e. This m ethodology w as  im p lem en ted  on a pilot building 

and  the  results  from this pilot w ere  used to form the research  hypothesis. The hypothesis 

w as then  applied to tw o tes t  buildings of different construc tion  and occupational use. The 

build ing’s selection criteria w e re  explained and a b r ie f  descrip tion  of each building w as 

given. The eq u ip m en t requ ired  to collect the data, par ticularly  in the  pilot building was 

discussed.

The statistical m ethods  w e re  in troduced  s ta rt ing  with  the  overall m ethod  using cross- 

validation. The m ethods  used  to confirm data  Normality w e re  explained. The project 

used  linear regression  to d e te rm in e  the re la tionships  be tw een  the w e a th e r  p aram ete rs  

and energy  consum ption  and  the various regression  m odels derived from the recorded  

da ta  w e re  tes ted  with  a n u m b er  of goodness-of-fit m easures .  These m easu res  w ere  

im p lem ented  in the statistical package Minitab and  th a t  package o u tp u t  w as  used  to show  

com pliance with  statistical good practice.

The m ethodology used  in the  research  project can be su m m arised  as follows:

• Pilot building selection and analysis of building opera tions  and  plant

• Selection and  installa tion of necessary  additional env ironm enta l  

m easu rem en t  equ ipm en t

• Im plem enta tion  of pilot building energy  efficiency p ro g ram m e
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• Collection and  analysis of energy  consum ption  and  env ironm enta l  data  

from one y ea r  before and  one y ea r  following the  efficiency p rog ram m e

• D evelopm ent of an accura te  forecasting  m ethod  by use of linear regression 

to gen e ra te  a se t  of building energy  m odels  o r  equa tions  based  on a 

reduced  se t  o f p red ic to r(s) ,  the so-called reduced  d a tase t

• T est  the  p red ic tion  accuracy of these  m odels  aga inst  m easu red  data  by 

cross-validation and  aga ins t  a s im ula ted  calibrated  m odel

• Form a hypo thesis  from the research  w o rk  carried  ou t on the pilot building

• Selection of tw o  te s t  buildings and  installation of any  necessary  m onitoring 

eq u ip m en t

• Following build ing and  p lan t analysis, im p lem enta tion  of a un ique energy 

efficiency p ro g ram m e on each building

• Collection and  analysis of energy  consum ption  data  from before and after 

the  p ro g ram m es

• D evelopm ent of linear regression  energy  m odels  o r  equa tions  for each 

building and d e te rm in a tio n  of the  reduced  p red ic to r  d a ta se t  in each case

• Testing  of the  pilot building hypothesis  by validation of the te s t  building’s 

energy  m o d e l’s accuracy using cross validation

In the  next chapter ,  the application  of the energy  efficiency p ro g ram m e to the  pilot 

bu ild ing  is explained and a com parison  of energy  consum ption  before and  after the 

p ro g ra m m e  is p re sen ted .  The im plem en ta t ion  of tw o sim ulation  m odels of PI is also 

p re sen ted .  The m odels a re  [i) a design m odel which is equivalen t to the model which 

w ou ld  have been developed  du ring  the building design phase, and  [ii) a calibrated model 

w hich  uses reco rded  data  from the opera tional building to enhance the  m odel accuracy. 

T he p u rp o se  of the s im ula tion  m odels  in this re sea rch  project is to predic t energy 

c o n su m p tio n  to allow a d irec t  com par ison  with the  thesis  statistical o r regression  models.
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Chapter 4 Prototype building description, energy reduction 
programme and simulation

This chap te r  is divided into th ree  main sections: a descrip tion of the pilot building and  

installed plant; an overview of the energy reduction p rog ram m e which com m enced in 

April 2011; and finally, the results  of a design model of PI, im plem ented  using the Virtual 

Environm ent (VE) softw are suite.

4.1 Introduction

As explained in the methodology in Chapter 3, the  pilot building P I  w as chosen as a good 

example of m odern  commercial construction  in Ireland. The first section provides an 

overview  of the building geom etry  and a descrip tion  of the plant providing occupant 

com fort p rior to any energy reduction in terventions. The energy usage data  which w e re  

available before April 2011 are also p resen ted  to allow for an accura te  com parison  of 

before and after the energy reduction program m e. The plant and Building M anagem ent 

System (BMS) overview are p resen ted  in o rd e r  to il lustrate w hy certain control s tra tegy  

changes w ere  adop ted  during the energy reduction program m e.

The second section provides an overview of the energy reduction program m e. This 

includes a descrip tion  of how energy reduction was achieved on a chronological basis, the 

changes m ade to the control s trategies and, finally, a com parison  of before and after 

figures for several energy use dem ands, such as, electricity, heating  and chilling. As 

explained in Chapter 3, it is p roposed  th a t  a reduced  dataset, com prising only external 

param eters ,  can be used to accurate ly predic t energy consum ption  af te r  a p rog ram m e of 

energy reduction is applied to the building. A com parison  of the m ain occupant com fort 

param eter,  space tem pera tu re ,  is included to show  the differences before and after the 

energy reduction program m e.

Within this research project, two softw are  simulations have been carried  out involving a 

Design Model [DM) and a Calibrated Model (CM). The th ird  section in this chap te r  

outlines the process of completing the simulation and results  of the DM. The CM is 

described in Chapter 5. The purpose  of completing the DM w as to examine how accurate  

the energy consum ption  figures for PI would have been if the building w as in the design 

phase. Since the building is occupied and operational, the ability to com pare  the DM 

resu lts  with know n consum ption  figures is possible. The DM has been derived using the
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as-built construction drawings. Standardised usage tables from CIBSE have been used to 

estimate the occupant requirem ents and resulting plant usage. The model has been 

simulated using the Virtual Environment software suite (VE] from Integrated 

Environmental Services (lES). Generic tables or occupant guidance data from CIBSE are 

used to guide the simulation, including average recorded w eather data from IWEC 

(International W eather for Energy Calculation). IWEC w eather files are commonly used 

as inputs to building simulation tools and consist of w eather  averaged over long periods, 

typically 18 to 30 years.

The goal of the w ork on the calibrated model has been to generate an accurate model of 

the PI fabric and plant, which can be used to forecast these energy uses. It is of interest to 

compare the energy forecasting ability of each of the CM and the statistical method 

proposed in this thesis.

A num ber of outcomes were planned for the simulation of PI;

• Simulation of PI as a design model and determination of the simulated 
energy use as if PI did not yet exist. A comparison was made with 2012- 
2013 actual energy use figures

• Explanation of the data used to produce an accurate calibrated model
• Energy use forecast for heating (April 2013] and chilling (August 2013) 

and comparison with actual energy use
• In chapter 5:

o The results of the proposed statistical method of forecasting 
energy use using a reduced dataset, are compared to the forecast 
results from the calibrated model and the actual energy usage 
figures

o The w ork involved in creating an accurate calibrated model can be 
substantial, both in terms of data and skills requirements. The data 
and efforts involved in this model are discussed as a means of 
comparing the CM with the method proposed in this thesis, from an 
ease of use viewpoint.

4.2 PI building overview

The prototype or pilot building, PI, is a modern prestige office building located in the 

International Financial Services Centre (IFSC) in Dublin. The building is constructed to a 

very high quality level and this is reflected in the material finishes, both inside and out. 

Comprising of six floors over basem ent car-park, the building was constructed between 

1997 and 1999 and has been occupied since 2000.
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With an approximate gross floor area of l l ,000m ^  and a m easured 9,350m^ of usable 

space, the building consists of five floors of individual offices and open plan w^ork areas 

over a ground floor which is made up of meeting rooms and a res taurant area for staff and 

clients. A central atrium rises from a ground floor indoor w ater feature to the roof, six 

fioors above (see Figure 4-1). The building is of concrete construction built with columns 

and cast in-situ fiooring slabs.

Figure 4-1 Open atrium rising from the central water feature through six floors

The building is extensively glazed on all four sides with approximately 300 perim eter 

offices. Glazing extends to almost 75% of the total perim eter wall area in each of these 

offices. The internal walls of these offices comprised of floor to ceiling glazing thus 

allowing sunlight to penetrate deeply into the central space from the southeast and south. 

The east and west facades are partially obscured by neighbouring buildings. The central 

atrium is open to all floors and is capped with glazing of partially reflective glass on the 

fifth floor with a pyramid shaped structure (just visible in the photograph in Figure 3.2].

90



C hapter 4 -  Pilot building, energy  reduction  p ro g ram m e and  simulation

4.2.1 Building geometry

The layout (Figures 4.2 and 4.3) show s a lm ost identical floor plans for floors one to four 

w ith  a slightly reduced  plan on floor five. This la t te r  is to accom m odate  the tw o high level 

p lan t rooms. The building w as designed  by the w ell-know n arch itects  Scott Tallon 

Walker.

GROUND FLOOR PLAN

Figure 4-2 PI Ground floor plan

” iffl dtona t  T iQIOfli yBT" C
—" -j* _ llr Hmflll :1:  ̂ ‘ Imlm’ Umi- «e-—

t i

.Li -Tj cs(lLx

ITT
Cl" T vi u  ^

4«[Lq £ j n  Xl>

JLnsD uilL

<;:p c,; ii I I icr>
5X5

,1

TYPICAL FLOOR PLAN 

Figure 4-3 PI Typical floor plan - levels 1 to 4
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o o o o
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SECTION

Figure 4-4 Sectional view of PI with glazed pyramid

As previously mentioned, the  construction  is in-situ cast concrete, externally  insulated 

with high perform ance po lyurethane and overclad in granite. All floors a re  construc ted  as 

raised floors over plenum. The na tu re  of the construc tion  has led to a high level of 

therm al mass. A series of images, show ing the building from various aspects, is included 

in Appendix A.

A high p ropor tion  of the building facade is glazed bu t with opaque  glass a t  the below desk  

levels on each floor. Excluding the granite-clad stairwells, a s imple es tim ate  of the am o u n t  

of t ran sp a ren t  glazing on each facade results  in approxim ate ly  75%  of the facade being 

subjected  to so lar gain. However, the external shading  on the so u th e rn  facade seem s to be 

effective in limiting the solar gain, particularly  in sum m er.

The therm al characteris tics  of the building and the am o u n t  of so lar gain are likely to be 

im p o rtan t  factors in this analysis. In conclusion, the images and layouts serve to show  

th a t  the building’s construc tion  is likely to resu lt  in high therm a l m ass and th a t  the 

designers  have a t tem pted  to minimise the effects of so lar  gain with ap p ro p r ia te  shading  

on the sou thern  facade.

4.3 Building plant overview [April 2011]

The PI building is equipped  with a complex double se t  of plant. One half of this plant 

com prises  a Combined Heat and Power [CHP) system. The CHP system  allows full on-site 

tr i-generation  to occur [power, heating and chilling) since 2003. T here is also a full set of 

p lan t to provide grid electricity, heating and chilling designed to run  alongside the CHP, or
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in the even t  o f  CHP outages. This second se t  of p lan t can also provide full heating, cooling, 

electricity  supply  and  back-up generation . The ex ten t of the  principal on-site  p lan t is 

listed in Table 4-1.

A su itab le  level of occupan t  com fort  is achieved by delivery  of space h ea t  th ro u g h  the Low 

P ressu re  Hot W a te r  system  [LPHW) and  space cooling th rough  the Chilled W a te r  system  

(CHW). The provision of Domestic Hot W ate r  [DHW) for toilets and  sh o w ers  is delivered 

from  a calorifier which is hea ted  indirectly  from the LPHW system. The overall building 

p lan t  is split b e tw een  p r im ary  delivery or supply  sys tem s and the  seco n d ary  or local 

d em an d  system s. LPHW and CHW are thus  supplied  from the  p r im ary  side to the local 

d em an d  sys tem s o r  s econdary  side for use w ith in  offices and  open  plan areas.

Figure 4-5 and  Figure 4-8 give an overv iew  of the  supply  of hea ting  and  cooling from the 

p r im ary  system s. These figures sh o w  how  LPHW (heating) and  CHW (cooling) are 

d is tr ib u ted  to the  local sys tem s for use in offices, m eeting  room s and open  plan areas.

IFSC Prestige Office Space - single tenant

Heating Capacity (kW) Configuration
CHP (plate exchangers from exhaust and main boiler 
header] 631kW Indirect
Purewell Non-condensing gas boilers (10 sections) 103kW/section Direct
Chilling
CHP York Absorption Chiller 575kW Direct
Carrier Air Chiller (8 sections -  modulated by flow and 
return temperatures) 522kW Direct
Air Handling

2 No. air handlers with pre-heat, heat and cooling batteries 15kW
Supply and 
extract

2 No. air handlers with pre-heat, heat and cooling batteries lOkW
Supply and 
extract

CHP Ancillary Equipment
Evaporative Cooler 20kW
2 No. blast chiller units 5kW

Table 4-1 PI pilot building large plant schedule

D istribution occurs by m eans  of the  various  indicated pum ps. Once d istribu ted , the  LPHW 

and  CHW are  used  by the local Fan Coil Units (FCU) and  rad ia to rs  for local space heating 

o r  cooling and it is th rough  these  local sys tem s th a t  the  occupan t is given control of their  

env ironm en t.  M inor local ad ju s tm en ts  are  allowed by the  occupant, norm ally  ± 3°C 

re la tive to a se t-po in t  w hich  is also adjustable, b u t  norm ally  se t  a t  22°C.
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4.3.1 LPHW heating system

The LPHW system  is designed to allow e i ther  the  CHP exhaust  plate exchanger to be used  

to h ea t  the building or P i ' s  ow n boiler (which is divided into 10 in terlinked  and  

separa te ly  controllable sections). These tw o  h ea t  sources  can also be run  in parallel, if the 

CHP is not producing  enough hea t or is scheduled off (see Figure 4-5). If the CHP is 

running, the  LPHW te m p e ra tu re  in the h ead e r  is expected  to be approx im ate ly  85°C. This 

te m p e ra tu re  is no t  controllable  by the P I  BMS. W hen the  boilers a re  runn ing  w ith o u t  

CHP, the tem p e ra tu re  in the  h ead e r  is controllable by the  BMS and this allows a certa in  

seasonal ad ju s tm en t to be made. The m ain source  of LPHW is the  h ea d e r  which can be 

supplied  by e i ther  the  CHP or PI boiler o r  both. From the  header,  LPHW can be p u m ped  

to the  various local sys tem s which include the air handling units (AHU) and  the dom estic  

hot W ate r  (DHW), m eeting room  fan coil units (FCU), p e r im e te r  office rad ia to rs  and  m ain 

office fan coil units.

The opera tion  and running  tim e schedule of each of these  pum ps is u n d e r  BMS control. 

The pum ping  of hea ted  w a te r  (LPHW) to the a ir  handling units  and  hot w a te r  (DHW)

LPHW R etu rn

H a n d le r K a tln g . D om es Ic H ot W a c tr  (DHW) p u m p

Fan Coll U nits p u m p

i  z P t r im e te r  O ffice R ad ia to rs  p u m p

O ffice Fan Coii Ur>lts p u m p

Figure 4-5 Simple overview of PI LPHW delivery plant
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sys tem s is sh o w n  in Figure 4-5 on the low er left hand. The actual LPHW boiler  sections 

and  d is tr ibu tion  pu m p s  are show n  in the  pho to g rap h s  in Figure 4-6.

Figure 4-6 PI Boiler sections and LPHW distribution pumpsets

4.3.2 CHW cooling system

T he building is equ ipped  w ith  two chiller units both  housed  on the  5'*’ floor. One of these  

is an air  chiller and  u n d e r  d irec t  control of the PI BMS, so-called because the unw an ted  

h ea t  is t ran s fe rred  to the su rro u n d in g  outside air. The second chiller is a highly 

spec ia lised  piece of e q u ip m en t  called an ab so rp tion  chiller. This u n it  uses  w a te r  and 

chemical reagen ts  to rem ove h ea t  from the  CHW w ater.  Both units can feed chilled w a te r  

into the  CHW h ea d e r  d irectly  as show n  in Figure 4-8. Both chiller units  in P I a re  show n 

p h o to g rap h ed  in Figure 4-7.

Figure 4-7 PI Chiller Units: Absorption (on left) and air chiller

The CHW from the  h ea d e r  is p u m p ed  to the  local fan coil units  s i tua ted  in every  office and 

o pen  plan area  in the building and also to the four com m unal air handling units. This 

enab les  the rem oval of hea t from AHU fresh air  supply  in s u m m e r  and  the te m p e ra tu re
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regula tion  of in ternal air  in the offices. A very  simplified viev^  ̂ of the  CHP engine and 

ancillary eq u ip m en t  is included in Figure 4-8. The following section desc ribes  the CHP 

opera t ion  in m ore  detail.

4.3.3 Combined heat and power tri-generation plant

The CHP formed p a r t  of the original building design. The opera t ion  of th e  CHP is handled  

by a th ird  party. Originally, the  CHP w as in tended  to supply  p o w e r  and  h ea t/co o lin g  to 

four adjoining buildings. As it t ransp ired ,  only one building w as eventually  supp lied  and 

th ere fo re  the engine and  the  associa ted  hea t capacity  w e re  over-specified for this one 

user. As a result, the engine only opera ted  a t  full o u tp u t  p o w er  du ring  t im es  of peak 

electricity from 5pm  to 7pm  in the four w in te r  m onths  of N ovem ber to February . Excess 

p o w e r  w as  sold to the national grid during  these  periods. During the  re s t  of the  year, the 

engine w as th ro t t led  back to half power. The residual hea t from this electricity  genera tion  

w as also too much for one building and as a result, hea t  w as constan tly  being d u m p ed  via 

the blast chiller and  evaporative  cooler on the  roof of P I [see Figure 4-9).

F«n Coil Units C ooiiof Coils 
p um p

E x ce ti D um ping 
Section

B last Chiller

o o

Figure 4-8 Simple overview of PI CHW delivery plant and CHP
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Very little data was made available from the CHP operator to allow examination or 

estimation of efficiency or indeed, to evaluate alternatives. The CHP became a focal point 

during the energy reduction programme.

The presence of the CHP has simply and approximately doubled the amount of heating 

and chilling available in this building, significantly beyond peak demand. This has had the 

effect in the past of causing overuse of both heating and cooling resources. This appears 

to have happened because the heat input to the building was not under the PI BMS 

control. The net result was that, on occasions, PI overheated which in turn  necessitated 

the supply of chilled w ater  from the CHP to compensate. The roof-mounted evaporative 

tow er and blast chiller are photographed in Figure 4-9.

Figure 4-9 CHP evaporative cooler and roof mounted blast chiller (for CHP heat dissipation]

4.3.4 Air handling units and the ventilation system

There are four air handling units installed in PI (Figure 4-10). These are positioned to 

service a full vertical quadrant of the building. Figure 4-11 shows a typical floor plan with 

the south-w est quadrant highlighted. Tempered air is supplied underneath the raised 

floor at plenum level and control of the air flow is achieved in each office and each open 

plan area by adjustable floor vent covers. There is no forced extraction from these areas. 

Extract fans are limited to use in toilets and shower areas.

The underfloor quadrant areas were supposed to be sealed with fire-proof liners but on 

certain floors, in certain quadrants, this lining was broken. This causes unwanted 

draughts in offices near w here the breach has occurred. Once the energy reduction
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program me commenced, the underfloor areas were inspected by the maintenance staff to 

determine which quadrants were breached.

Figure 4-10 One of the four supply air handling units in PI

W hen the survey was completed, a schedule of works was put in place to repair the 

breaches. This has had the effect of eliminating draughts in certain outside offices thus 

making the radiator and fan coil heating much more effective in winter.

Figure 4-11 Air handling quadrant zoning - north-west quadrant outlined

4.3.5 BMS and plant control strategy

The control strategy refers to the way in which the BMS controls various pieces of plant in 

o rder  to deliver the correct level of occupant comfort, primarily heating, cooling and 

tem pered  fresh air. Certain building param eters such as space temperature, for example, 

a re  monitored by the BMS and, if necessary, the BMS will respond to changes in these 

param eters  by controlling a piece of plant. This might be an adjustment to an open valve, 

o r  increasing the amount of therm al output from the boilers, as examples. In general, the
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control of p lan t is achieved by a ser ies  of s im ple con tro l loops. In o rd e r  for the  BMS to 

correc tly  control the  bu ild ing’s env ironm ent,  the  BMS p ro g ra m m e r  m u st  u n d e rs ta n d  the 

design in ten t  for the HVAC p lan t and  how  th a t  p lan t can deliver a p p ro p r ia te  levels of 

comfort. Given th a t  th is  th es is ’ energy  reduction  p ro g ram m e has  involved changes to the 

BMS control strategy, it is im p o r tan t  th a t  the p lan t and design in ten t  a re  well unders tood .

A good exam ple  of a sim ple control loop m ight be  ho w  th e  BMS controls  th e  space 

te m p e ra tu re  in an office. As an  illustration, the BMS tr ies  to m ain ta in  the office 

te m p e ra tu re  a t  22.5°C -  the office set-point. To affect this control, the  office te m p e ra tu re  

is m easu red  constan tly  and  fed into a piece of logic circuitry  which has certain  rules. One 

such  rule m ight be to open  the  hea ting  valve by 5% if the  space te m p e ra tu re  is below the 

d es ired  value. If the space te m p e ra tu re  does no t  rise the  requ is ite  am ount,  th e  BMS will 

fu r th e r  open  the  valve after a certa in  am o u n t  of time. Once the  space te m p e ra tu re  rises 

beyond the  des ired  level, the BMS will partia lly  close the  valve and  aw ait  a fall in 

t em p era tu re .  Thus a fine tun ing  of the  valve position is possible w h e re  the objective is the 

ach iev em en t of the  co rrec t  t e m p e ra tu re  set-point. The control logic in the BMS has a 

built-in hys teres is  range [p e rh ap s  ± 1°C) which s tops the contro lled  valve from constan tly  

open ing  and  closing. The logic circuitry  m en tioned  is im p lem en ted  in so ftw are  with in  the 

BMS. P ro g ram m ers  of these  sys tem s must, therefore , be familiar with  Boolean logic and  a 

var ie ty  of physical control and m e a su rem en t  devices.

As prev iously  explained, the control of P I is divided b e tw e en  tw o  in d ep en d en t  BMSs, one 

controlling the  p r im ary  supp ly  of heating, cooling and  ventila tion  and  the  second 

controlling the  use  of these  re sou rces  a t  local office level (FCU]. The following is a 

descrip tion  of the  BMS control s tra tegy  which w as in place in January 2011. The main 

focus of the  energy  reduction  p ro g ram m e has been  modification to the p r im ary  BMS 

w hich  contro ls  th e  large p lan t including boilers, chiller, a ir  handling  units  (AHU) and all 

assoc ia ted  pum ps, and  valves. For the  p u rp o se  of clarity, the  BMS control s tra tegy  has  

b een  b roken  dow n  into th ree  a reas  involving heating or LPHW, chilling o r  CHW and the 

te m p e re d  a ir  delivery  via the four AHUs.

Low Pressure Hot Water heating subsystem

From  the  co m m en cem en t  of da ta  collection in March 2011, the LPHW w as  delivered to the 

build ing from e i th e r  or bo th  of the CHP and  the P I  boilers. If the  CHP w as  running, 

delivery  of LPHW from the CHP w as  alw ays allowed w ith in  the  P I  BMS bu t  the  opera tion
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of the CHP was not controlled by the PI BMS. In this scenario, the CHP operator could 

choose when to deliver LPHW to the building, w hether the building required the heat or 

not. This scenario arose because the CHP was originally intended to supply four buildings. 

The designers would have planned to have the CHP operating 24 /7  under its own control. 

Given the CHP was only supplying power and heat to one of these buildings, the 

apparently  odd mechanism of controlling when the CHP runs or not is out of the hands of 

the PI operators. The following (Figure 4-12] is a screen extract from the PI BMS 

showing the heating plant.

Along the top of the screen, the PI BMS operator has control of the PI boilers schedule 

and the desired flow tem perature  to be achieved and maintained in the LPHW header 

[known as the boiler set-point). The BMS uses the outside ambient tem pera ture  and a 

series of internal building space tem peratures to calculate the heating demand.

This demand figure determines the num ber of boiler sections that are enabled at any time. 

Note the BMS programmer's comment [just below the CHP Pumps] on screen that the CHP 

plate exchange pumps are enabled when the w ater tem pera ture  at the exchange plate is 

higher than the boiler header return  temperature, in o ther words, when the CHP is 

running. This BMS screen is shown to illustrate the fact that the CHP operator could 

supply heat at their discretion without any control from the PI BMS.

SCIItOUlt

1 n

Figure 4-12 PI LPHW heating BMS screen with CHP supply plate exchanger shown
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Chilled Water (CHW) cooling subsystem

The CHW can be supp lied  from  the P I  a ir  chiller o r  the  CHP abso rp tion  chiller. As w ith  the 

CHP heat, the  P I BMS has no control over the  delivery of CHW from the CHP. It has 

control, how ever,  of the  secondary  side o r  the delivery  pu m p s  of the CHW to the  building- 

w ide  fan-coil units, see Figure 4-13. The clock sym bol o r  t im e schedule  which is show n  in 

Figure 4-13  in g reen  o r  ON (enab led),  contro ls  the  P I  air chiller only. Both chillers feed 

into the CHW h ea d e r  and, from there ,  the  FCUs are  fed by the  secondary  chilled w a te r  

pum p. The seco n d ary  chilled w a te r  se t-po in t re fers  to the  t e m p e ra tu re  of the  CHW passed  

by the mixing valve into the  FCU circuit. In Figure 4-13, this valve is show n  a t  100%  open, 

slightly h igher and  left of the  seco n d ary  chilled w a te r  pum ps. As is com m on practice in 

the  con tro ls  industry , the  a ir  chiller, being a self-contained unit, is s im ply enabled on or 

off.

The chiller is equ ipped  with its ow n control circuitr>' and  co m p u te r  allowing it to m easu re  

and  sequence  various  pu m p s  and  valves n eed ed  for its co rrec t  s ta r t  up and  operation . The 

air  chiller has its ow n set-point, which m u s t  be m anually  se t  to control the  te m p e ra tu re  of 

w a te r  leaving the  air chiller. Implicit in the BMS cooling s tra tegy  is th a t  the CHW 

te m p e ra tu re  is su itab le  for delivery  to the  building and, therefo re ,  the BMS only has 

control of the  mixing valve to achieve building cooling.

I© 1^3' Is.i iT

Ida J

Figure 4-13 PI CHW chilled water BMS screen

The historical opera t iona l  se tu p  in P I has the  air  chiller lagging the  abso rp tio n  chiller. 

W here  tw o  chillers are  in use, it is com m on practice to se t  one up as a lead chiller and  the 

o th e r  as the  lag. The chilled w a te r  (CHW) o u tp u t  from the air chiller w as se t  a t 10.5°C
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while the abso rp tion  chiller delivered  CHW a t  betw^een 7°C and 8°C. This m eans tha t  

while the abso rp tion  chiller is running, the  air chiller is called upon  less and the 

abso rp tio n  chiller has  the lead role in providing CHW. This a r ra n g e m e n t  is com m on in 

buildings with  two chillers. Given th a t  the CHP and abso rp tion  chiller w e re  u n d e r  the 

control of a s ep a ra te  BMS, w hich  w as not m onito ring  w e a th e r  o r  in terna l space 

te m p e ra tu re s  in PI, this led to inefficiencies in supplying cooling to PI.

The te m p e ra tu re  show n  on the screen  in Figure 4-13, to the  right of the  secondary  CHW 

pum ps is the re tu rn  CHW tem p era tu re .  The mixing valve will open  fully w hen  the 

difference be tw een  flow and re tu rn  CHW te m p e ra tu re s  is above 4°C. The valve is s tepped  

dow n linearly be tw een  4°C and  2°C. Therefore, if the  difference b e tw een  re tu rn  CHW 

te m p e ra tu re  and  flow is a t 2°C or lower, the mixing valve is closed. This small 

te m p e ra tu re  difference, or delta, of 2°C indicates to the  BMS th a t  very  little dem and  for 

chilling exists in the building, which in tu rn  m eans  th a t  th e re  a re  fewer local office fan-coil 

units w ith  the ir  cooling valves open.

Air Handling Unit (AHU) tempered air delivery subsystem

The P I tem p ered  fresh air is p rovided by four AHU systems, each serving a vertical 

q u ad ran t  of the building. At pro jec t  com m encem ent,  two te m p e ra tu re  sen so rs  w ere  

installed on each floor, m oun ted  a t  ceiling height. These w ere  se t  diagonally across from 

each o th e r  and  in certa in  instances, w ere  poorly positioned in corridors. This m ean t  th a t  

the sen so r  w as probab ly  no t read ing  a rep resen ta tive  tem p era tu re ,  pe rh ap s  because  of 

office configuration changes o r  installa tion directly over large photocopiers.  The ground 

floor had one of its tw o  sen so rs  positioned in the  food p rep ara tio n  a rea  of the  res tauran t.  

This constan tly  re p o r ted  a low er te m p e ra tu re  than  the  open  plan office a reas  on o th e r  

floors, since these  w indow s usually  rem ain  open  during  the w orking  day.

In re la tion  to the  screen  configuration  in Figure 4-14, each AHU has certain  controls  to 

en su re  com fortable  and  fresh a ir  is delivered to the office env ironm ent.  The units are 

each equ ipped  w ith  several t e m p e ra tu re  sen so rs  show n  along the  top of the unit and, 

along with  the  ou ts ide  air tem p e ra tu re ,  these  a re  used  as inputs to the control logic. The 

goal of this logic is to control the  heating ba tte r ies  (show n  in red) and  the cooling ba tte ry  

[in blue). A valve control is ev iden t  a t the bottom  of each b a t te ry  with  a percentage open 

ind icator show n  beside it. The p rim ary  control function is to deliver fresh air a t a
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tem perature which causes the average office space temperature to be maintained at the 

set-point (shown along the top o f the screen as Average Slab Temp S etpo in t: 22°Q.
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Figure 4-14 PI AHU BMS screen

The remaining controls shown on screen in Figure 4-14, relate to the pre-heat battery 

which is used to protect the AHU from fresh air intake temperatures below a certain level, 

in this case 8.0°C. The un it is also set up to reject fresh a ir below the air intake set-point. 

This is shown along the top o f the screen as Supply A ir Temp Low L im it Setpoint: 12°C 

and, therefore, this feature is not functional as the un it is supplying air at below 11°C. A 

fu rther set of controls exist beyond the screen shown relating to frost protection. 

Norm ally the operator has no access to this level o f control as equipment protection is 

considered non-changeable. The frost protection w ill ensure the heating and cooling coils 

contained w ith in  the batteries have full water flow  when the outside air temperature falls 

below a certain point. In Ireland, this is frequently set at 5°C and at or below this set

point, both AHU heating and AHU cooling pumps and valves are switched on by the BMS, 

regardless o f operating time schedules. In PI, a second stage frost protection is present 

where the boilers are enabled when outside a ir temperature falls below 2°C. This ensures 

that all AHU heating coils are circulated w ith  LPHW during times o f near, at or below 

freezing point. This feature is used to avoid coil damage during very cold weather.

Fan Coil Unit BMS - local heat and cooling subsystem

The secondary BMS contro lling the Fan Coil Units [FCU) controls almost 350 ceiling 

mounted units which w ill heat, cool or sim ply circulate local a ir in an office or an open 

plan area. The LPHW and CHW water supplies from the prim ary BMS are fed directly to
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each FCU. A sample screen is shown in Figure 4-15 indicating the FCU layout on the first 

floor.
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Figure 4-15 Fan Coil Unit BMS screen shot with expanded view of FCU 124 controls for one office

Also shown is an example of the control window which indicates the level of control 

allowed for each FCU. This level of control independently exists for each individual FCU. 

In Figure 4-15, FCU 124 is in heating mode since the indicated m easured tem pera ture  of 

21.25°C is below the desired se t-po in to f  21.5°C.

The occupant has a simple wall unit with a two point adjustment on either side of the mid

point [5 buttons in all). Both the mid-point and the step size of the two point adjustment 

can be set in this control window. The normal set-up of the  wall units is a 0.5°C 

adjustm ent step allowing the occupant to set room tem perature  1°C either side of the mid

point which is normally set at 22°C.

4.4 Collection of data from the pilot building PI

The energy reduction programme was initiated by PI m anagem ent for the purpose of 

lowering energy usage and reducing associated carbon emissions. The environmental and 

energy usage data from before and after the reduction program me have been collected for 

the purposes of this thesis. The purpose of this data collection is to determ ine if a minimal 

num ber of external param eters can be used to forecast energy use, thereby representing 

the reduced dataset.
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A small volume of data was available prior to the commencement of the energy reduction 

programme. Table 4-2 below outlines which data was available at this time. The monthly 

heating and chilling volumes are available from the CHP operator and relate solely to the 

absorption chiller and heat from the CHP. The Bord Gais Eireann (BGE] volumes relate to 

the PI boilers.

F I -  Available energy and environm ental data -  pre-April 2011

Data point[s) Available from M easurem ent Intent Sensor/m eter
Location

M onthly hea t and 
chilling delivered 
to PI from CHP 
and Bord Gais.

January 2008 M onthly volum es of heat and chilling 
delivered to building from the CHP and 
absorption  chiller. Separate m onthly 
volum es from Bord Gais indicating PI 
boilers usage.

Basem ent
car-park

Electricity and Gas 
main m eters

April 2010 Manual daily reading of BGE m eter

Manual reading of absorp tion  Chiller 
m eter

CHP electrical ou tpu t check m eter 
ESB export to grid check m eter

Basem ent
car-park

Floor
T em peratu res

January 2011

Rolling th ree  day 
lo g s -
overw ritten  
every night

On each of the six floors, two 
tem p era tu re  sensors w ere  in use 
positioned diagonally across from each 
o ther on the SouthW est and N orthEast 
corners of the  building. Two averaged 
values of the SW and NE senso r readings 
on each floor are used to m odulate air 
stream  tem pera tu re  of the four corner 
air handling units.

All six floors 
a t the SW and 
NE corners.

Table 4-2 P I data available p rio r to energy reduction program m e com m encem ent

Supplementary monitoring equipm ent was installed for the purposes of this thesis. The 

purpose of this equipm ent is to provide the necessary local data to (1) more accurately 

predict energy use and [2) to allow the validation of short-term  occupant comfort. At the 

time of installation, it was not known which of these data would prove most influential in 

predicting energy use.

PI was first examined in the period mid-January to mid-March, 2011. At this time, no data 

was being perm anently  logged by the BMS, however certain readings were being recorded 

on a three-day rolling basis and continuously over-written.

Over this two month examination period, data was collected on an ad-hoc basis since 

permission to proceed with the energy reduction programme was only received on March
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18th, 2011. As the energy reduction p rog ram m e got underw ay, an im proving level of data 

collection w as im plemented, both  from the BMS and from the su p p lem en ta ry  m easuring  

eq u ip m en t [see Table 4-3.

P I  E nergy reduction  p erio d  d a ta  collection chronology

E quipm ent Install Date M easurem ent In ten t Location

In ternal en v iro n m en ta l 
m o n ito r (tem p , rh,
CO2 )

M arch 2011 to
S ep tem ber
2011

To m e asu re  th e  te m p e ra tu re , rh  and  
CO2  levels in an  o pen  p lan  a re a  of P I. 
D ata is logged on a 15 m in u te  basis

1^‘ floor 
n o rth  open  
p lan  area

CHP, ESB (im p o rt & 
export) an d  Air Chiller 
(4  No.] Pulse C ounters

April 2011 to 
p re se n t

Pulse co u n te rs  logging each  of th e se  
electrical supp lies on a 15 m in basis

B asem ent
electrical
room

Floor level pow er 
m e te rs  (12  No.)

A ugust 2011 -  
p re se n t

S ub-m etering  to  sh o w  sm all p o w er 
usage p e r  half floor on all six floors 
(p o w e r supp ly  w iring  is sp lit in half on 
each  floor). Used to  eva lua te  th e  
variab le  o r  fixed n a tu re  of th ese  loads

B asem ent
electrical
room

A utom ated  W eather 
Logger

June 2012 Local w e a th e r  on 15 m in u te  log 
including te m p e ra tu re , lux level (0- 
99), ra in  p re se n t o r not, w ind  s tre n g th  
and  d irec tion

Exposed
roof

M anual E xternal 
H um idity

July 2012 Local ex ternal re la tiv e  hum id ity  on 15 
m inu te  log

Exposed
roof

Table 4-3 Pilot building installed supplemental measurement equipment for Thesis data collection

Changes w ere  regularly  recom m ended  and  im plem ented  and these  a re  explained in m ore 

detail la ter  in this chapter.

4.5 Building PI energy reduction programme

The energy  reduction p rog ram m e in PI com m enced in April 2011. The p rog ram m e w as 

designed to a t tem p t  to eliminate wasteful use of energy w hils t  m ain ta in ing  suitable levels 

of com fort to the building occupants. The process used to reduce energy in P I w as 

in troduced  in Chapter 3 and the im plem entation  of this process  is outlined below.

Prior to the com m encem ent of the energy reduction p ro g ram m e the only data  source  for 

energy  supplied to the  building w ere  (1) the m onthly  s ta tem en ts  from the  CHP o p e ra to r  

and  BGE and [2] daily m anual readings taken  from the BGE gas meter, a ir  chiller 

electricity meter, CHP heat m e te r  and the absorp tion  chiller hea t m eter .  The m onthly  

s ta tem en t  provided by the CHP op era to r  divided the  energy supplied  to P I into the
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following categories: CHP electricity, ESB pass-thru electricity (separated into Day and 

Night usage]; absorption chilling and heat. All data is in either electrical units (kWh) or 

equivalent thermal units (thermal kWh).

4.5.1 PI Energy Benchmark

Before the energy reduction programme commenced, an energy usage benchm ark was 

agreed with the building operator. After careful consideration on the opera to r’s part, the 

figures from the full calendar 2010 were selected as the most indicative of reasonable 

annual energy use.

Table 4-4 shows the various agreed benchm ark energy loads in PI over the course of 

2010. The am ount of energy required to run the air chiller is not specifically mentioned 

but is included in the overall power usage numbers. However, the air chiller m eter was 

being read at 11am daily by facilities and security staff in PI. Note the unusually low CHP 

power figure for January 2010 and unusually high ESB figures. The CHP was out of 

commission for most of this month due to technical difficulties.

The CHP operator had a separate  BMS to control the CHP. The times during which power 

or heat/chilling was supplied to PI was entirely under the CHP opera tor’s control. CHP 

BMS screens, strategies and schedules were only available to the CHP operator.

CHP
Power
(kWh]

CHP
Chiller
(kWh]

Day
Power
(kWh]

Night
Power
(kWh]

Total
Power
(kWh]

CHP heat 
(kWh]

BGE Gas 
(kWh]

Total Gas 
Usage 
(kWh]

Jan 44,604 4,973 96,729 61,047 207,353 41,620 326,178 367,798
Feb 154,010 11,310 9,143 69,541 244,004 222,629 194,537 417,166
Mar 170,883 32,964 4,491 73,449 281,787 227,734 103,874 331,608
Apr 165,845 43,176 7,693 74,852 291,566 195,316 110,336 305,652
May 119,750 27,059 35,083 65,293 247,185 85,244 109,946 195,190
Jun 136,820 26,502 38,788 70,592 272,702 79,401 63,097 142,498
Jul 148,096 31,182 49,709 81,683 310,670 97,227 83,495 180,722

Aug 143,814 22,952 34,627 71,812 273,205 88,853 66,554 155,407
Sep 129,068 24,414 44,246 70,482 268,210 91,869 97,155 189,024
Oct 134,657 35,322 40,570 74,054 284,603 129,646 108,610 238,256
Nov 171,744 38,068 7,363 76,599 293,774 220,276 110,210 330,486

Dec 168,130 25,741 18,753 82,073 294,697 277,271 112,107 389,378

Total 3,269,756 3,243,185
Table 4-4 PI agreed energy benchmark data from January to December 2010
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4.5.2 Short-term occupant comfort temperature compliance March 2011

In o rder to show compliance with the national guidelines on occupant comfort 

temperature, an environmental monitor was installed on March 24‘h, 2011. The monitor 

was located in an internal open plan office area on the first floor at the northern  side of 

the building. There are two such open areas on each floor. Almost four week’s data were 

logged on a 15 minute basis before any energy reduction intervention was implemented. 

The space tem pera ture  profile is shown in Figure 4-16. The CIBSE Guide A design 

guideline recommends a winter space tem perature  range of between 21°C and 23°C for 

office buildings, during office hours (see Appendix B). W inter ranges can be applied to 

this period, given full heating was still in operation in PI. On examination of the data, and 

with the Guide A guidelines in mind, certain observations can be made -

• Space tem pera ture  never dropped below 23.0°C -  day or night. The 
building was being heated at night, probably needlessly

• Space tem pera ture  often exceeded 25°C during the working day and at 
weekends, which was beyond the Guide A recommendations

• The tem pera ture  range fluctuated between 23.1°C and 25.9°C and when 
compared to the aforementioned design guidelines, exceedence or out-of
range tem pera tures  greater than the recommended winter maximum of 
23°C were evident 100% of the time

26.5 
26.0
25.5
25.0
24.5 

'C 24.0
23.5
23.0
22.5
22.0
21.5

in

M arch April

Measurement Dates

Figure 4-16 PI short-term space temperature monitoring pre-interventions (March 25th to April
20th 2011] in 1*‘ floor open area

The space tem pera ture  m easured on the 1®‘ floor of PI during this charted period is 

seldom within the recommended limits for the heating period of between 21°C and 23°C. 

The space is considerably w arm er and, as such, it could be assumed that the space is 

overheated, during the heating season of September to May.
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4.5.3 Identifying energy reduction opportunities

Prior to April 2011, th e  build ing w as  o p era ted  on a full 2 4 /7  basis w ith  all p lan t enabled 

to run  m o st  of the  time. This can be verified by the  BMS plan t schedu les  w itnessed  in 

February  2011 ( th ese  a re  ou tl ined  in the next section]. The space te m p e ra tu re  profiled in 

Figure 4-16  seem s to indicate th a t  the  hea ting  is runn ing  for 24 h o u rs  of each day, w ith  

space te m p e ra tu re  n ev e r  falling below  23°C. Over the  course  of the  prev ious n u m b er  of 

years, it had becom e com m onp lace  to have the building in use  late a t  night and in som e 

cases, overnight.  As a result,  it w as  the practice of the  m ain tenance  staff to  simply leave 

the p lan t runn ing  r a th e r  than  r isk  an office space or m eeting  room  being too cold or too 

w a rm  overnight. The BMS schedules, to g e th e r  with  the  control s tra teg ies  and  the  daily 

space te m p e ra tu re s  available on the  BMS, w ere  ana lysed  in detail to d e te rm in e  the  best  

op p o r tu n it ie s  for ene rgy  reduction . The following section outlines th e  conclusions 

reached  from this analysis.

In o rd e r  to d e te rm in e  the  bu ild ing’s actual operational hours, it w as  suggested  to security  

staff th a t  an informal log m ight be kep t of app rox im a te  staff  n u m b ers  using the building 

late a t n ight and  over the  w eekends .  These observations, over a two m on th  period, 

show ed th a t  the build ing w as  lightly used overn ight and  a t  w eekends ,  varying be tw een  10 

and 25 peop le  a t any  t im e a t  w eekends .

PI Overheating

Prior to April 2011, the  a m o u n t  of therm a l energy  being driven into the building both  

from the CHP and  the P I  boilers  far exceeded the  tabu la ted  average values from the CIBSE 

design and  opera t io n  guidelines. According to CIBSE Guide A, th e rm a l  energy  input to an 

office building should  be in the  vicinity of 2 1 0 k W h /m ^ /y r  for typical usage and 

1 1 4 k W h /m ^ /y r  for good practice usage. PI w as  consum ing  3 4 7 k W h /m ^ /y r  during  the 

course of 2010, based  on a usab le  office space figure of 9,3S0m^.

Likewise, electricity  usage n u m b ers  w e re  350 k W h /m ^ /y r  in 2010, while the  CIBSE usage 

guideline for typical buildings w as  3 5 8 k W h r /m ^ /y r  and  2 3 4 k W h /m ^ /y r  for good practice 

buildings.

The energy  usage figures from CIBSE for typical, good practice and  actual b en ch m ark  yea r  

a re  show n  in Table 4-5.
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k W h r /m V y r CIBSE typical CIBSE G ood  Practice PI (2 0 1 0  BM)

Heat 210 114 347

Electricity 358 234 350
Table 4-5 PI 2010 benchmark (BM) usage versus CIBSE usage ranges for heat and electricity 

PI Over-chilling

Once the overheating issue was identified, the amount of chilling going into PI also came 

under scrutiny. It vi âs suspected that the over-heating of the building had a direct effect 

on the am ount of chilling demanded by the FCUs on all floors. The CHP, as previously 

explained, was scheduled on from Sam to 11pm, during which time the absorption chiller 

was available to run. The BMS schedules for heating and chilling were first examined in 

February of 2011 and found to be running close to 24 hours per day.

It is reasonable to assume that the air chiller schedule, starting at 2am, was set up to avoid 

overheating during the early morning hours. If overheating could be reduced, the am ount 

of chilling required might also be reduced.

PI Oversupply of fresh air to empty spaces

The air handling units were scheduled to run on a 2 4 /7  basis. Given the PI boilers were 

similarly scheduled, this meant the building was being supplied with tem pered air at all 

times. Again an energy reduction opportunity presented itself based on the recommended 

fresh air flow in CIBSE Guide A at 10 1/s/person ( li tres /sec/person). The four AHUs in PI, 

operating at full power, can deliver 28,0001/s into the building. Significant losses in 

airflow are inevitable in the long non-linear ducts between AHU and office vents, bu t from 

the ventilation design, the fresh air supply should be more than sufficient for the current 

500 occupants. The designers would have sized the AHUs for a maximum num ber of 

occupants, particularly in meeting rooms and open areas, such as the restaurant. With a 

reduced staff count at weekends, a reduced airflow is also possible.

Changing BMS from demand driven to schedule driven operation

When first analysed, the BMS was found to have been programmed as a demand-driven 

system. The underlying assumption is that heating in the form of LPHW and cooling in the 

form of CHW is available from the main plant at all times and one relies on the correct 

functionality of the local FCUs to use the heat and cooling resources as required.
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One of the potential drawbacks of demand driven systems can manifest itself if FCUs are 

left perm anently  on or are malfunctioning. There is a possibility that a heating an d /o r  

cooling load could always exist, w hether the space is in use or not. In any case, the fact 

that  the boiler or chiller is enabled overnight will create a load just to keep these systems 

available in standby.

It was recognised during April 2011, that substantial energy reductions could be made if 

the BMS was changed from demand driven to time schedule driven. This would allow 

observation and confirmation of occupant comfort tem pera ture  compliance given various 

small and incremental changes to the delivered environment. In changing to a time 

schedule control strategy, a much finer level of control would be available and it would be 

possible to lower the am ount of the heat delivered to PI in a controlled manner. It was 

hoped the am ount of chilling required by PI could also decrease with the smaller amount 

of delivered heat.

Combined Heat and Power (CHP) plant

Given the small amount of data made available by the CHP operator, it was difficult to 

determ ine to what extent the CHP was contributing to the overheating of the building. 

However, the fact that the PI BMS had no effective control over w hether heat was 

supplied to the building by the CHP, or not, was a cause of concern. A similar 

circumstance also existed for the absorption chiller. It became im portant for the PI BMS 

to exercise some form of control over the amount of heat accepted by PI from the CHP 

and the times at which this might happen.

4.5.4 Implementation of energy reduction programme

The following sections are intended to show the gradual changes made to the BMS plant 

schedules. This occurred over an 18 month period. The pace of the BMS schedule updates 

ensured no sudden or noticeable environmental changes in PI.

The energy use improvement method tha t  was outlined in Section 3.2 and summarised in 

Figure 3-5 has been applied in reducing energy consumption in PI. The energy reduction 

program m e has primarily focussed on the large plant and equipment. The first 

interventions concern the heating, chiller and ventilation schedules. Table 4-6 shows the 

first changes made on 1̂ ‘ April, 2011. Note the separation of AHU 501 from the other
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three. This occurred because  the  area  served by AHU 501 had historical overheating  

problem s and th ere  w as concern  abou t no t providing sufficient cool a ir  to this area from 

AHU 501.A m ore com plete se t  of the  schedules as found and as updated  in April 2011 can 

be found in Appendix C.

it is ev ident from the schedules in Table 4-6 tha t  the heating and chilling w e re  reduced  

soon after in terventions com m enced  in an effort to examine the effects of less heat. Note 

th a t  the airflow into the building is still being mechanically tem p ered  7-days p er  week.

2/2/2011 -  as found 1/4/2011

LPHW/Optimiser LPHW

Mon Tues Wed Thu Fri Sat Sun Mon 0500:2000
0000:2359 Tue Wed Thu Fri 0600:2000

Sat Sun 0900:1800
CHW CHW
Mon Tue Wed Thu Fri 0200:2359 Mon Tue Wed Thu Fri 0700:1900
Sat Sun 0800:2200 Sat Sun 0900:1100

AHU 501 AHU 501
Mon Tue 0100:2359 Mon Tue Wed Thu Fri 0700:2100
Wed Thu Fri Sat Sun 0001:2359 Sat Sun 0800:1800

AHU 502,503,504 AHU 502,503,504
Mon Tue Wed Thu Fri 0000:2400 Mon Tue Wed Thu Fri 0600:2200
Sat Sun 0000:2400 Sat 0800:1600

Sun 0900:1600
Table 4-6 First interventions made to the PI BMS April 2011

Table 4-7 show s a high level list of P I in terventions from April 2011 to October 2012. 

Significant in terventions which resu lted  in large energy reductions are show n highlighted. 

The energy use charts  over this period for electricity and gas (Figure 4-17 and Figure 

4-18) are  show n in the  next section. The six major in terven tions are  highlighted on the 

overall energy use chronological chart  (Figure 4-19) to show  the ir  effect on energy usage.

A n u m b er  of the listed in terventions are operational in the ir  na tu re  while others, such as 

those  on 9 /6 /2 0 1 1  and 7 /1 0 /2 0 1 1 ,  are  a t tem pts  a t solving building eq u ip m en t  issues 

which w ere  affecting energy reduction  efforts.

Note the change th a t  occurred on 2 5 /2 /2 0 1 2  w hen the BMS w as upgraded  to a m ore  

recen t  version. This enabled the full control of the  recently  installed Variable Speed 

Drives (VSDs) on the AHU fan motors, it also allowed for logging of certain  im p o rtan t  data
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p o in ts  in P I on a 15 m in u te  basis. A VSD is an e lec trical device w/hich is capable of 

ru n n in g  a m o to r a t a variab le  speed . In o rd e r to ach ieve this, th e  VSD m u st g en e ra te  a 

s in u so id a l a lte rn a tin g  c u r re n t w aveform  of

01 /04 /2011 Time schedules for Air Chiller altered to 0700 - 1900 weekdays

20 /04/2011 New Schedules - commence lowering heat input slowly

22 /04 /2011 Measure tem peratures on 1st and 2nd floors

2 8 /04 /2011
Raise chiller SP from IOC to IIC. Changed AHU Slab SP to 21C from 20C for 501, 
502, 503 and 504

30/04 /2011 Publish generalised sum m er plant schedules (see Appendix C)

23 /05/2011
Chiller, Boiler and associated pumps get individual time clocks in BMS. Removed 
the optimiser function

25/05 /2011
Boilers set for 0830 start and 1800 OFF just supplying DHW/AHU pump for 
summer

09 /06 /2011
AHU heating battery valve shutdown (for sum m er) - due to LPHW leaking across 
the BMS closed valve

21 /06 /2011 Issue and implement revised sum m er plant schedules

09 /07 /2011
Atrium vents now with schedule (set for 0700 to 0900 weekdays) - should lower 
chiller load

21/07/2011 CHP exchange pumps OFF by HAND
27/08 /2011 Issue and implement new early autumn plant schedules

26 /09 /2011 Issue and implement new mid-autumn plant schedules

07 /10 /2011 Manually opened all heating coils for the four AHUs (closed for the summer)

15 /10/2011 Issue and implement revised autumn plant schedules

24/10/2011
BMS programmers install timeclocks on plate exchange heat pumps - now control 
of CHP heat input

28 /10 /2011
Proposed Variable Speed Drives (VSD) on 4 No. AHU fans and 2 No. Chilled v^^ater 
Secondary Pumps

04 /11 /2011 Issue and implement early w inter plant schedules
25 /11 /2011 Adjust w inter schedules in conjunction with CHP

29/11 /2011 Adjusted all AHU schedules to run from 0700-2300 Mon to Fri
25 /01 /2012 BMS Schedules altered
01 /02 /2012 VSD installation commences on AHU fan motors and Secondary CHW pumps

25 /02/2012
VSD installation and commissioning complete - BMS changes and upgrade 
complete to include VSD control and full data logging

28 /03 /2012 Issue and implement new spring schedules
22 /05 /2012 Issue and implement new sum m er BMS schedules
28 /06/2012 CHP shut down

16/10/2012
Second set of tem perature sensors on each floor completed. Sensor now in each 
corner of PI to match AHU location and service requirem ents

18 /10 /2012 BMS program mers commission extra tem perature sensors on BMS
Table 4-7 High level list of PI interventions - April 2011 to October 2012 (significant interventions 
are highlighted)
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varying frequency  in 3-phases. They  are  in com m on usage in the HVAC in d u s try  and  are 

capable of runn ing  both fan and w a te r  pum p m otors  up to approx im ate ly  300-400kW . 

Given the  occupancy p a t te rn s  in P I ,  par ticularly  a t w eekends, it w as re co m m en d ed  th a t  

the four AHUs be equ ipped  w ith  these  devices in an effort to fu r th e r  reduce  energy  

consum ption.

The effect of the in terven tion  is no t  a lw ays ap p a ren t  im m edia te ly  after the  in te rven tion  

action bu t  m ay only becom e ev iden t  as w e a th e r  and the  building use interplay. Appendix 

C contains a full list of schedules  as they  evolved over the energy  reduction  period, from 

April 2011 to June 2012.

Important BMS interventions

Six im p o rtan t  in te rven tions  are  called ou t  in the  chronological list of BMS in terven tions  in 

Table 4-7. These are  explained in m ore  detail in this section:

• New Schedules -  commence lowering heat input slowly (20/4/2011}
This in terven tion  m arks  the  first of m any BMS schedule  changes. It is an 
im p o rtan t  first s tep  in facilitating m easu rem en t  of a n u m b er  of building 
p a ram e te rs  while p lan t is scheduled  off for the first time. This w ould  lead to 
scheduling  plan t off for an en tire  w eekend  in su m m e r  and  this in tu rn  allows the 
calculation of the  building th e rm a l  lag param eter .

• BMS strategy reversal -  from Demand driven to Schedule driven. Chiller, boiler 
and associated pumps get individual time clocks in BMS. Removed the optimiser 
function (23/5/2011)
Perhaps  the  m o s t  significant in te rven tion  on the  BMS is changing the  system  
from dem and  driven to  t im e schedule  driven. This change w ould  allow a 
significantly finer level of control over p lan t in o rd e r  to ascerta in  th e  limits of 
runn ing  t im es to deliver occupan t  comfort. The op tim iser  function w as a 
creation  of the BMS supp lie rs  and  while exam ination of the BMS w as  underw ay, 
it w as found th a t  the  O ptim iser function exercised poor control over  the  boiler. 
P I  m an ag e m en t  agreed  to disable th e  function to allow tim e schedule  control. 
This in te rven tion  effectively brings the  BMS heating s tra tegy  back to  a m anual 
system  which allows very  fine tun ing  of PI building control.

• CHP exchange pumps test (21/7/2011)
C om m encem en t of early  s u m m e r  use of CHP h ea t  and  possible  rejection of 
un necessa ry  h ea t  was examined. Control of the  plate exchange p u m p s  w as 
exercised to te s t  w h e th e r  the  P I  boilers could handle  the su m m e r  load on the ir  
own. It w as  expected  th a t  the boilers  w ould be capable of doing this.

• BMS programmers install timeclocks on plate exchange heat pumps - control of 
CHP heat input (24/10/2011)
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This BMS upgrade finally gave time schedule control of the acceptance or 
rejection of heat from the CHP as per PI needs.

• VSD installation and commissioning complete - BMS changes and upgrade 
complete to include VSD control and full data logging [25/2 /2012)
The BMS was upgraded to enable control of the VSD systems and also facilitate 
logging of various control and monitoring points.

• CHP shut down (28/6/2012)
The PI boilers had been tested periodically over the w inter of 2011, to 
determine if they w ere capable of supply the heat load of PI on their own. It was 
confirmed that  this was the case.

4.5.5 Results of the energy reduction programme

A num ber of im portan t changes in BMS schedules and set-points resulted in reductions in 

energy use in PI which will be enum erated in this section. The analysis work carried out 

on the use of the CHP plant was also instrumental in identifying the inefficiencies which 

caused PI to be over-supplied with both heat and chilling from the CHP plant.

As explained in Chapter 3, the energy usage in PI has been divided into fixed and variable 

energy sinks. To re-cap, heating in sum m er is confined to Domestic Hot W ater or DHW 

and cooling during the w inter months is limited to serving locations of P I  which over

react to w inter heating. For this reason, the use of the air-chiller has been shown to be 

relatively constant over the w inter months just as the heating load or DHW is relatively 

constant in summer. This effectively divides energy use in PI into landlord and tenant 

usage. Landlord usage is a common concept in commercial buildings w here the landlord 

is responsible for supplying heating, cooling and ventilation and these services are often 

separately metered. The tenant part  is tha t  which is used on each floor such as small loads 

due to local power and lighting. It is the part of the overall energy bill normally paid for 

directly by the tenant.

The graphs Figure 4-17 show the heating delivered to PI from January 2010 to December 

2013. The black vertical line indicates the comm encem ent of the energy efficiency 

programme in April 2011. The heat delivered to PI in sum m er is for hot w ater only.

The lowering trend in heat energy consumed in PI is apparen t from this graph. Once 

control was gained over the level of heat being introduced to the  building, the usage was 

observed to fall. Several of the early interventions during April and May 2011 contributed 

to this decrease.
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Figure 4-17 Total heat delivered to PI - January 2010 to December 2013 wdth the commencement of 
the energy efficiency programme indicated by the black bar

The cooling delivered to PI over the sam e period of January 2010 to December 2013 is 

shown in Figure 4-18, again w ith the black indicator bar at the com m encem ent of the 

energy efficiency program m e.

From the graph in Figure 4-18, it can observed that during the periods of May and June 

2011, and February and March 2012, higher chiller usage due to the external tem pera tu re
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Figure 4-18 Total chilling delivered to PI - January 2010 to December 2013 vdth the commencement 
of the energy efficiency programme indicated by the black bar
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being higher than norm al for that tim e of year, by com parison w ith the neighbouring and 

traditionally  w arm er m onths. The energy usage for the years 2010 to 2013 are show n in 

Table 4-8. This table show s gas and electricity usage as com pared to the CIBSE typical and 

CIBSE Good Practice averages. It is evident from this data th a t the usage has steadily 

decreased over the indicated period and tha t the energy consum ption in P I has come 

m ore in line w ith CIBSE Good Practice. The increase in heat or gas usage for 2013 w hen 

com pared with the previous year, 109 versus 88, occurred in the final four m onths of 

2013. During this period, Novem ber was colder than normal, but during the period, 

certain  technical difficulties had arisen  w ith the boiler sections and these w ere being 

w orked on.

Pilot Building 
PI

kW hr/m Vyr

CIBSE
typical

CIBSE Good 
Practice

2010
(benchmark

year)

2011 2012 2013

Heat 210 114 347 159 88 109
Electricity 358 234 350 301 241 211

Table 4-8 Annual energy use outcomes for PI from 2010 to 2013

A useful guide to the energy consum ption changes versus the in tervention tim eline is 

show n in Figure 4-19 indicating the trend  of total energy delivered to  P I from  January 

2010 to December 2013 with the six im portan t interventions shown. Table 4-9 contains a 

sim ple com parison of electricity and gas or heat equivalent figures.

January 2010 -  December 2010 January 2013 -  December 2013

Month Total
Electricity

Usage

Total Gas 
Usage [kWh 
equivalent)

Total
Energy
Usage

Total
Electricity

Usage

Total Gas 
Usage (kWh 
equivalent)

Total
Energy
Usage

jan 207,353 367,798 575,151 176,047 102,300 278,347
Feb 244,004 417,166 661,170 162,647 127,652 290,299
Mar 281,787 331,608 613,395 162,764 152,768 315,532
Apr 291,566 305,652 597,218 163,730 106,367 270,097

May 247,185 195,190 442,375 164,220 52,340 216,560
Jun 272,702 142,498 415,200 150,155 24,718 174,873
)ul 310,670 180,722 491,392 177,270 13,893 191,163

Aug 273,205 155,407 428,612 162,086 23,506 185,592
Sep 268,210 189,024 457,234 160,435 60,037 220,472

Oct 284,603 238,256 522,859 170,557 79,095 249,652

Nov 293,774 330,486 624,260 168,027 134,239 302,266
Dec 294,697 389,378 684,075 160,111 147,885 307,996

TOTAL 3,269,756 3,243,185 6,512,941 1,978,048 1,024,800 3,002,848
Table 4-9 Comparison of electricity and gas equivalent usage calendar 2010 versus ca endar 2013
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This compares the energy consumption on a m onthly basis over the course o f 2010 w ith  

the equivalent month in 2013 [6 months after the CHP was decommissioned).

100,000 200,000 500,000 600.000 700,000 800.000

M ar-10

; Sep-10

Building heat 
lowered

BMS strategy 
reversal

CHP heat 
pumps offJan-12

M ar-12
BMS control 
of CHP input

VSD install 
and control

: Sep-12

Nov-12

CHP off

Mar-15

Nov-15

Figure 4-19 PI total energy usage with significant interventions January 2010 to June 2013

Figure 4-20 shows the drop in total annual energy used during the one year period for the 

benchmark year (2010] compared to the one year period from July 2012 to June 2013 

after the CHP was decommissioned in June 2013. For 2013, the reduction equates to 54% 

from the 2010 benchmark figures in tota l energy consumption.

The energy use pattern continues to show year-on-year im provem ent equating to 

reductions of 34% in 2011, 53% in 2012 and 54% in 2013. This is consistent w ith  the 

energy reduction process as outlined in Chapter 3. The continuous iterations to find out-
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of-control or poorly controlled plant continues and the improvements are evident but 

naturally slowing
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100,000

0

Figure 4-20 Total energy usage January 2010 to June 2013

Note from Table 4-9 tha t  the energy consumption in March 2013 which is relatively high 

compared with its neighbours and preceding years, was an unseasonal and particularly 

cold month.

4.5.6 Energy use breakdown

The overall electrical usage for w inter 2012 /2013  was a combination of landlord’s plant 

(chiller, pumps, air handling units, etc.), lighting, small power [plug loads), local fan coils 

and o ther miscellaneous loads such as elevators, kitchen ovens, etc. Over the course of an 

average week, the electrical load during w in ter can be shown to be constant. This load 

data has been normalised to eliminate weekends, bank holidays, late night building 

operation a n d /o r  en terta inm ent or functions. The resulting weekly load is shown in 

Figure 4-21.

The chilling has been separated  out over this w inter season to show its constancy. The 

large variable energy load during this w inter period is heating which effectively is the gas 

load (as m easured in equivalent kWh). Week 17 in 2013 marks the end of the PI heating 

season with the boilers no longer supplying heat to the radiators and fan coils.

down considerably.

y
c /
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Figure 4-21 PI electricity usage excluding chilling (chilling in red] during October 2012 to April 2013

The analysis of th e  su m m er energy  loads has again been  n o rm alised  to  rem o v e any 

u nusual w eekend  activ ity  o r a fte r-h o u rs  en te rta in m en t, ban k  holidays, etc. T he electrical 

load is re la tively  co n stan t o v er th e  sum m er. The sm all variab le  p a r t of th e  overall 

e lec tricity  load is show n to be th e  ch iller and  assoc ia ted  pum ps and  th is is show n  in red  in 

Figure 4-22. The bulk  of th e  w eekly  electricity  loads rem ain  co n stan t and  th is  is 

u n d e rs ta n d ab le  given th e  sam e n u m b er of lights a re  used  every  day and  ap p ro x im ate ly  

the  sam e n u m b er of occupan ts follow the  sam e schedule. The v aria tio n  in electricity  

usage over th e  su m m er m o n th s can reaso n ab ly  be a ttr ib u ted  p rim arily  to  chilling.

30000

25000

20000
01
OJ

^  15000
-C§

10000

I S u m  o f  P I  Ch i l l e r  & P u m p s

I S u m  o f  P I  E n e r g y  e x c l u d i n g  

Chi l l e r

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 
2013 Week Number

Figure 4-22 PI electricity usage including chilling during Summer (May to July 2013). Sum of PI 
electricity consumption excluding chilling (blue) and chilling with pumps (red)
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For these reasons, the analysis of energy use in PI has been divided into w in ter heating 

and sum m er chilling. It is these two energy inputs that form the basis of the P I  energy 

equations or models.

4.5.7 Short term occupant comfort temperature March 2013

From BMS logged data, the internal air tem pera ture  in the northw est open office area was 

plotted over the same calendar period as that shown in Figure 4-16 from 2011, March 25̂ *’ 

to April 20, 2013. This is a direct comparison between space tem pera ture  ranges before 

and after the energy efficiency programme.

It is evident from Figure 4-23, which includes the original graph (dotted) from 2011 for 

ease of comparison, that the average hourly space tem pera ture  in the same open area of 

PI has reduced. This graph shows data which is exhibiting expected values during 

occupied hours and averaging 22.5°C during tha t  period of between Sam and 6pm. In 

o ther  words, the space is being maintained at the AHU set-point value of 22.5°C. The 

overnight and weekend tem pera tures  indicated are as a consequence of no mechanical 

heating or cooling during these periods, unlike the graph in Figure 4-16, w here  heating 

and cooling w ere fully operational 22 hours per day.

Some observations can be m ade on these graph data:

28.0

26.0

24.0

Internal 
Space 20 0 -

Temp 18.0

16.0

12.0

Mar Apr

Figure 4-23 PI short-term space temperature monitoring post-interventions March 25th to April 
20th, 2013 (bold) with the 2011 profile shown (dotted)
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• The average w o rk d a y  tem p e ra tu re  of 22.5°C is being m ain ta ined  consis ten tly
• Easter w eek en d  occurred  in 2013 from March 29^^ to April 1^‘ [inclusive) and  the  

cooling dow n  of P I is ev ident du ring  th a t  period while the building w as  
unoccupied

• The te m p e ra tu re  in this area  struggled  to reach 22.5°C on T uesday  af te r  the 
Easter w eekend , eventually  reaching it in the  a f te rnoon

4.6 PI simulation models and energy forecast

The P I building has been  sim ula ted  using one of the indus try  s tan d a rd  so ftw are  packages 

called Virtual E nv ironm ent (VE] from In tegrated  Environm ental Services [lES).

4.6.1 Purpose of building simulation

With the original construc tion , m echanical and electrical d raw ings available, it was 

decided to develop an ‘as-built’ design m odel [DM). Energy consum ption  forecasts  for PI 

could be gene ra ted  from this DM, and it w as  of in te re s t  to com pare  these  s im u la ted  energy  

figures with  the actual energy  consum ption  figures, following the im p lem en ta t io n  of an 

energy  efficiency p rogram m e. In a real-w orld  scenario, assum ing  the P I  bu ild ing w as  a t 

the  early  design stage, the pu rp o se  of a DM is to examine the  building enve lope and  allow 

the  designers  to ex p e r im en t with various therm a l envelope options. It is no t in ten d ed  to 

be an accura te  forecasting model of energy  consum ption , since the  m odel has no 

inform ation  regard ing  actual plant, b u t  assum es  the  CIBSE Guide A occupan t  

req u irem en ts  will be m aintained.

Since p a r t  of the m ain objective of this re sea rch  w ork  w as  to produce  accu ra te  s tatistical 

p red ic tion  m odels  of energy  consum ption  in PI, it proved  possible to fu r th e r  develop  the 

DM and com pare  the energy  use forecasting accuracy of a ca librated  m odel [CM) w ith  the 

re search ed  statistical model. The CM is generally  accepted  as the m ost  accu ra te  m ethod  

available to s im ula te  energy  consum ption  in large buildings [Haberl, 1998; Schuldt, 1998; 

Reddy, 2006; Haves, 2011), assum ing the envelope can be show n  to be accura te ly  

modelled.

In creating  a design model, s tan d a rd ised  tables of occupan t req u irem en ts  an d  genera lised  

h ea t  emissions from occupants, lighting and office eq u ip m en t  along w ith  averaged  

w e a th e r  are  used to gen e ra te  the  dynam ic therm a l sim ula tion  model. For the  UK and 

Ireland, these  tables are published  by CIBSE as p a r t  of the  CIBSE Guide A. The design 

m odel will yield a b road  estim ation  of energy  use for the  m ain  ca tegories of heat, chilling
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and ventilation while taking account of the energy inputs from occupants, lighting, office 

equipment, solar gain, infiltration, etc. No assumptions are made regarding actual plant 

bu t the necessary am ount of heating, chilling and ventilation capacity is assumed 

available, along with a constant space tem pera ture  set-point for all occupant spaces.

A calibrated model (CM), on the o ther hand, is a model in which the plant is fully specified 

and simulated. Actual measured data from an occupied building are used to refine the 

performance of the model simulation. These might include actual BMS schedules an d /o r  

actual small power loads, lighting loads and recorded weather. Given one of the principal 

goals of this project is the accurate forecasting of energy usage in PI, it is considered 

justified to use these measured data to examine how closely the CM can match the actual 

energy use for heating and chilling in PI. The actual plant configurations are also 

accurately simulated.

The purpose of the simulation is, therefore, threefold:

• To simulate the energy use of PI using the as-built drawings to assess a 'Design 
Model’ of PI, producing energy use figures for a typical April (heating) and a 
typical August [chilling).

• To develop an accurate calibrated model to assess the prediction accuracy of the 
main occupant comfort param eter  - space tem perature, in both occupied and un 
occupied modes, i.e. during occupied periods of mechanical heating and chilling 
and during periods while the building is 'at res t’.

• To assess the prediction accuracy of the CM for PI heating and chilling energy 
use. It is of in terest to compare the accuracy of these two models, the CM and the 
project statistical method using the reduced dataset, post energy reduction.

The simulation effort was aided by technical staff from lES, a company specialising in 

designing software to perform energy simulation and dynamic modelling of complex 

buildings. lES has a strong in terest in research and their  specific interest in this project 

was driven by the am ount of data available and the complexity of PI. Various upgrades to 

the software were made during the simulation process based on anomalous results found 

during tha t  process and a num ber of in-house tools w ere used which are not yet available 

to any public users, including students.

The VE simulation software belongs to a family of products which are in compliance with 

the requirem ents as laid down by CIBSE. The procedures to calculate building heat gains 

and losses are outlined in CIBSE Guide A (2006). These requirem ents are at least matched
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by VE to ensure compliance, and in most categories exceeded, according to the lES 

documentation.

Regarding the CHP, the modelling software simply views the building as having particular 

heating, cooling and ventilation requirem ents based primarily on building fabric, outside 

tem pera tures  and occupant numbers. The software cannot model a separate  CHP system 

running in parallel with in-house boilers, chillers and air handlers, particularly w here the 

CHP may be overheating the building and compensating by additional chilling. The 

underlying premise of the modelling system is to determine the building needs and supply 

them. Given the inability of the software to model the complementary CHP, it was 

decided, that the simulation would only cover the period after the CHP was taken out of 

commission, that being June 2012 onwards.

4.6.2 Simulation methods used by VE

The simulation system uses the industry-standard heat gain and loss approach. In this 

approach to dynamic thermal modelling, first principles mathematical models of the heat 

transfer processes are built up for the defined spaces within a building. Within the 

simulation, the conduction, convection and radiation heat transfer processes are modelled 

for each element of the fabric and integrated with models of room or space heat 

exchanges, air exchanges and plant. The simulation is driven by detailed w eather  data and 

it is possible to trace the thermal evolution of any part of the building on a six minute 

elapsed basis. The w eather data format normally used by VE is referred to as an IWEC file 

(International W eather for Energy Calculations), which has a s tandardised layout. The 

period covered by this average w eather can often be as long as 18 to 30 years.

The following is a brief list and description of each of the major influences on Heat 

Loss/Gain from a space, as interpreted by the VE system:

• Site location and weather data
1. Latitude, longitude and orientation of building [to determine solar data).
2. For CIBSE heat loss, a single outside w inter design temperature.
3. For CIBSE heat gain, hourly dry bulb, hourly wet bulb and solar data for one 

design day per month.
4. For thermal simulation, hourly interval data for dry-bulb, wet-bub, direct solar 

radiation, diffuse solar radiation, wind speed and direction, cloud cover and 
atmospheric pressure.

• Construction details
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The material composition of the walls, windows and o ther  elements of the 
building fabric are contained in several databases. Constructions are  built up 
from layers with specified thermo-physical properties and thicknesses. 
Additionally, in the case of glazing constructions the layer properties include 
solar transmittance, absorptance and reflectance characteristics.

• Internal Gains
Data on occupant heat gains, lights and equipment are required for the heat gain 
calculations and thermal simulation. Heat gains may be sensible or latent, 
sensible gains being w here no phase change occurs. The magnitude and types of 
these gains, together with profiles to indicate their time variation, may be 
specified individually for each room or incorporated within a room thermal 
template.

• Infiltration and Ventilation rates
These rates for rooms are specified by assigning a maximum value and a profile. 
Ventilation rates can represent either mechanical or natural ventilation. The 
source of the ventilation may be outside air, air from another  room or air at a 
specified [possibly time-varying) temperature.

• Plant and Controls
W here spaces are tem pered by heating, cooling, humidification or 
dehumidification systems, the characteristics of these systems must be specified. 
The specifications for room control include set-points, heating and cooling 
capacities, together with profiles defining periods of plant operation. These 
param eters  form part of the room thermal template data. In the case of thermal 
simulation, these idealised room control param eters  may be overridden by 
detailed HVAC system models.

4.6.3 Plan to model PI

In o rder  to complete the PI simulation models and assessm ent of energy forecasting, the 

following task  list was decided on:

Model Set-up

1. Assemble all ‘as-built’ electronic format drawings from PI and design engineers.

2. Complete data entry of fabric, s tructure  and envelope as per the 'as built' Autocad 
files and apply assumptions on information not available. Autocad is a s tandard 
drafting tool for architects and engineers and is in common use worldwide.

3. Complete design and data entry of the plant as installed including boilers, chillers, air 
handling units, fan coil units, radiators, pumps and fans.

4. Run simulation and determine the predicted energy use for PI in each major use 
category. Compare with 2013 actual energy use for April [heating) and August 
[cooling).

5. Select a typical open-plan area for w here historical space tem pera tu re  data is
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available.

6. Set up the  ap p ro p r ia te  w e a th e r  file for the  s im ulation from locally collected w e a th e r  
data  -  from the  roo f  of PI.

7. Set up the  p lan t schedu les  and  p lan t set-po in ts  as they  existed in ]uly 2012  [after 
com pletion of the  energy  reduction  p rogram m e].

8. Calibrate the  m odel as ap p ro p r ia te  by using the actual m easu red  data  [see la ter  
section for an outline of which actual data  w as  used).

Model Validation (validation of the model envelope and structure)

9. T est m odel w ith  the  p lan t fully OFF over the  w eekend  by com paring  th e  actual and 
m odelled te m p e ra tu re  profile.

10. T est m odel w ith a w eek en d  in su m m er  w ith no plan t to check so lar gain modelling.

Energy Calculations

11. Expand m odel to cover the  en tire  building with  all therm a l zones active.

12. Calculate the overall building energy  use in electrical and  therm a l kWh based  on 
know n BMS schedules. Com pare w ith  m easu red  energy  consum ption.

13. Calibrate the m odel as necessary  [small power, lighting and fan coil p o w e r  da ta  can 
be used from collected data  on each floor).

14. Examine energy  usage forecasting  accuracy for one m on th  of bo th  the  hea ting  
season  [April 2013) and  the  chilling season  [August 2013).

4.6.4 PI design stage simulation

Certain a ssu m p tio n s  w e re  m ad e  ab o u t  the n u m b er  of occupants  and  use of the  building 

and  the s im ula tion  p a ra m e te rs  followed the  various CIBSE usage tab les  precisely, in this 

scenario, the sim ula tion  so ftw are  can p roduce  energy use figures which m igh t broadly  

de te rm ine  the energy  efficiency of the  building, p re-construction .

The following is a list o f s im ula tion  cr ite ria  which VE applied  to the  Design Model of PI:

• Geometry & Fabric
The m odel g eo m etry  is assem bled  as detailed  as possible from th e  as-built 

draw ings. Site o rien ta tion  is taken  from site plans.

• Weather Profile
The w e a th e r  data  used  for the s im ulation  are  taken  as the w e a th e r  file -  Dublin 

IWEC.
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• Solar Gain
The solar gain is derived though the simulation for each time-step from the 

w eather  data, solar properties of the glazing and external shading and 
surrounding buildings. Geometric obstructions such as external shading devices 
and surrounding buildings are included in the model geometry and calculations 

are performed in the simulation software to determine the effect of these 
obstructions on the solar exposure for each surface of the model. The glazing 
solar properties, such as transmittance, reflectance, etc., are assigned and all of 
these are used in the dynamic thermal simulation to calculate the solar heat  gain 
in the internal spaces.

• Internal Gains
Internal gains taken from the UK National Calculation Method [NCM) database 
for offices including: lighting, office equipm ent and occupants with profiles and 
heat ga in /pow er consumption rates. Office hours applied from 7am-7pm with 
core hours 8am-6pm. Occupancy densities, with the num ber of people in a space 
for areas where this is known from the design documentation are applied, such 
as individual offices with 1 to 2 people, meeting rooms using the num ber of seats 
shown in room, etc.
A diversity factor for the design model has been assumed as 1.0. The diversity 
factor is an estimate of the diversity of use and defines an estimate for the 
am ount of time the office equipm ent and lighting are actually in use (expressed 
as a factor between 0 and 1), within the office-hours. The model can have 
separate  diversity factors for lighting, occupancy and equipment, but they have 
all been assum ed at 1.0 for the design model.
A National Calculation Method [and associated databases) is a mandated 
requirem ent for each EU country following enactm ent of the European 
Performance of Buildings Directive (EPBD) in 2002. In Ireland this has been in 
statute since 2006 [EPBD, 2006). The NCM is a methodology using standardised 
design and equipm ent data in the calculation of energy use and carbon emissions 
for various building configurations. The method allows a simplified view of 
buildings and associated plant in the assessment of energy performance.

Table 4-10 shows the various heat transfer values used in the design model which have 

been extracted from the CIBSE Guide A. The following section shows the various fabric 

and plant assumptions made in the design model.

• Fabric thermal properties:
Construction details [U-Values, Materials, and Glazing properties)
U-Values
External Wall O.SSW/m^.K
Ground floor 0.25W/m2.K
Roof 0.35W/m2.K
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External Glazing 2.2W/m2.K

• Glazing
Total shad ing  coefficient of 0.65 [p ro p o r t io n  of longwave and  sho rtw ave  

rad ia tion  reflected by th e  glazing)

• Lightweight Internal partitions:
Medium w eigh t concre te  in terna l ceilings/floors w ith  voids covered  by 

lightw eight ca rp e ted  floors and  ceiling tiles.

• HVAC and Mechanical Systems:
VE uses a th e rm a l  sim ula tion  m odule  called Apache. In the  as-designed  

simulation, the th e rm a l  sys tem s w e re  se t  up in Apache using defau lt efficiencies. 

Two sys tem s ( rad ia to rs  and  fan coils] applied  to conditioned  spaces.

• Ventilation:
C onstant Air Volume supp lied  by four air  handling  units  as requ ired  for 

m axim um  occupancy.
Lighting Small Power Occupancy

Reference

Max
Sensible

Gain
(W/m^)

Max
Sensible

Gain
(W/m^)

Max 
Sensible 
Gain (W)

Maximum
Sensible

Gain
(W /person)

Maximum 
Latent Gain 
(W /person)

Occupancy
Density

(m V person)

Car Park 8 70 70 170

Changing 15 5 70 70 10

Corridor 15 5 90 50 10

Dining Area 15 15 - 90 60 3.5

Gjrm 15 15 105 200 6

IT 15 50 73 50 10
Meeting
Room 15 50 73 50 #
Open Plan 
Office 15 15 73 50 #
Typical
Office 15 15 73 50 #

Photocopy
equipment 500
Note # Based on seating layouts in as built plans 

Table 4-10 CIBSE standardised values used in the PI design model 

Simulation results for as-designed model

Simulation of the DM w as com ple ted  and  a full graphical rep resen ta t io n  of th e  P I building 

w ith  su rro u n d in g s  for solar gain calculations is show n in Figure 4-24. The DM predic ted  

ene rgy  consum ption  n u m b ers  w e re  com piled  based on th e  sim ula tion  resu lts  as sh o w n  in 

Table 4-11.
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Figure 4-24 PI design model graphical simulation using Virtual Environment software showing 
surrounding buildings in block form. The view shown is from the solar shading simulation.

The softw^are does not produce a totals report  and certain figures m ust be extracted or 

calculated manually. It has been determ ined earlier in this Chapter (section 4.5.6) tha t  the 

principal variable energy uses, in PI, are heating in w inter and cooling in summer. For 

this reason, the main focus of attention has been on these two energy uses.

The DM simulation was run over a full year long period in o rder to generate heating and 

chilling figures on a daily basis. The year in question is a hypothetical year with averaged 

w ea ther  and, therefore, the results for heating during the average April and chilling during 

the average August are of in terest in comparing with both the CM results and the results 

of the statistical method to be developed in this thesis.

Design Model discussion

The figures indicated in Table 4-11 show substantial variation in some categories, 

particularly the space heating and cooling when compared to actual consumption. The 

two categories of particular in terest are heating gas and chilling power. Actual heating 

units in PI are only 60% of the model estimate (608 ,514kWh versus l,011,884kWh), 

while the actual cooling load is only 66% of the model estimate (255,435kWh versus 

386,375kV^h).

In m any cases, w here design models are available to researchers for already constructed 

buildings, many of them  have produced literature showing how inaccurate the design 

model is compared with actual energy consumption, a num ber of years after occupation 

(Norford, 1994; Sun, 2006; Maile, 2010; Menezes, 2012).
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Actual Model
Electricity Totals 2,022,435 2,660,503

Cooling Total 255,435 Cooling Total 386,375
Chilling 87,435 Space Cooling 297,212

Server Room cooling 168,000 Heat Rejection 89,163

Interior Total 1,095,012 Interior Total 1,108,728

Floors (inc Lighting, FCU & 
Small Power) 1,095,012

Interior Lighting 479,628
Fans Interior 115,200
Receptacle Equipment 513,900

Kitchen Total 100,460 Kitchen Total 170,000

Kitchen (Electricity only) 100,460 Cooking 75,000
Refrigeration 95,000

Boilers f Heating) 608,514 Space Heating 1,011,884

DHWS& Kitchen 287,175 Service Water Heating 143,026
Cooking 120,000

Table 4-11 Energy results comparing 2012/13 actual energy usage with the forecasts from the PI 
design model simulation

A num ber of points need to be made regarding this comparison as well as the results 

discussed earlier:

• The prediction accuracy results of + 66% for heating and + 51% for cooling are 

not unusually high when comparing design model results with actual 

consumption (Norford, 1994, Maile, 2010],

• The efficiency state of the actual building is seldom discussed as part  of this 

research. Simply comparing the predicted energy consumption from a design 

model simulation with that of an actual building for which the efficiency state is 

unknown might be unreasonable. The building for which this comparison has 

been made, may not have be correctly commissioned in the first place.

• Given the design model is assembled during the design phase, the model cannot 

be made aware of actual building or plant imperfections which might cause more 

or less energy consumption.

• The energy consumption predictions from a design model can be influenced to a 

large degree by certain ‘global’ parameters, such as, permeability, diversity and 

the weather. The DM in this thesis used a permeability factor of 1.0, meaning 

that  all air introduced to PI was extracted in a balanced manner. The diversity
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factor used of 1.0, meaning tha t  all of the  office equipm ent and lighting are 

running during occupancy hours is considered by energy modellers in lES as 

normal, at this stage in the construction cycle. Lastly, the w ea ther  used in the DM 

simulation was an averaged IWEC w eather  file, which is also normal for this 

stage in the  design cycle. Any or all of these factors have a large influence on 

energy consumption. In Chapter 5, a further analysis of some of these factors is 

carried out.

The space heating and cooling differences betw een predicted and actual figures show n in 

Table 4-11 are a cause of concern. The differences have their sources either in the  model, 

the simulation software or the inputs (weather, diversity, etc.).

By removing the assum ptions made in the design model, including the weather, a 

calibrated model and the software can be tested for simulation accuracy. This will form 

the next s tep  in the simulation process and will be completed as part  of Chapter 5.

4.7 Summary

The pilot building has been described from the fabric and plant viewpoints. The various 

control strategies implem ented in the PI BMS have also been outlined as existed prior to 

April 2011. Following permission from PI m anagem ent to proceed with the energy 

reduction program me, data has been collected specifically for this project, with the aim of 

showing how a reduced datase t of external param eters  may be used to forecast energy 

use in PI, post energy reduction.

The energy reduction program m e was implemented in PI over the course of April 2011 to 

June 2012 and has resulted in a substantial decrease in energy usage for both gas and 

electricity. The six m ost im portan t interventions during this program m e are sum m arised 

in Table 4-12. The total energy consumption has continued to improve showing 

reductions of 34% in 2011, 53% in 2012 and 54% in 2013, when com pared with the 

benchm ark  year of 2010. Also the annualised usage figures have been brought more into 

line with the CIBSE Good Practice figures for prestige office space. Prestige, in this 

instance, is an official category of office buildings for CIBSE.

A num ber  of BMS anomalies have been found and rectified, such as those indicated in 

Table 4-7. A num ber of building commissioning related issues have also been uncovered
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and  resolved, such as the underf loo r  b reach  of the  a ir  barriers ,  resulting in b e t te r  control 

o f  ventila ted  air, reduction  in office d rau g h ts  and  the low^ering of requ ired  h ea t  energy  

from the  rad ia to r  circuits. The level of h ea t  being in troduced  into P I has also been 

d ram atically  reduced  resu lt ing  in less d em an d  for chilling. This is par ticularly  ev ident 

du ring  the  s u m m e r  of 2013 w hich  w as  unusually  w arm . The reductions  in energy  use 

resu lting  from im p ro v em en ts  in the  build ing’s control should  prove beneficial for the 

hypo thes ised  statis tical m eth o d  using a reduced  dataset. This will be exam ined  in the  next 

chapter.

Pilot P I  Building Energy Reduction Program m e Summ ary
Action Area Comment
New BMS schedules 
(20/4/2011)

This intervention was the first to the PI BMS. It included the 
early efforts to reduce the heat being supplied to PI

BMS strategy reversal 
(23/5/2011]

BMS strategy reversal from demand driven to time schedules. 
All major plant gets a time-clock control allowing full manual 
control of all plant. Removal of the non-functional Optimiser 
function.

CHP exchange pumps test 
(21/7/2011)

First PI building test to examine if the boilers and chiller was 
capable of supplying the whole building

BMS control of CHP heat 
in p u t (24/10/2011)

First control installed to allow heat supply and rejection on an 
as-needed basis

VSD installation and 
commissioning complete -  
BMS upgrades (25/2/2012)

Variable Speed Drive systems installed on the chiller secondary 
and air handling unit fan motors. Several upgrades to the BMS to 
facilitate simple environmental data logging

CHP shut down 
(28/6/2012)

PI building must now rely on its own boilers and chiller for all 
heating and cooling needs

Table 4-12 Summary of major action items during the PI energy reduction programme

In the  sim ula tion  of P i ’s energy  usage, tw o  m odels have been  developed. A design model 

o r  DM has been  com pleted, as if P I  w as  a t  the  design phase, p re -construc tion . It is of 

in te re s t  to exam ine the  forecast energy  usage with  this model. The DM uses s tan d a rd ised  

o ccupan t  and  eq u ip m en t  data  from CIBSE and m akes no assu m p tio n s  ab o u t  the  p lant 

o th e r  than  assum ing  the  calculated hea ting  and chilling supplies a re  bo th  available, 

w h e n e v e r  requ ired .  Averaged w e a th e r  is used  with the DM. As a consequence  of these  

assum ptions ,  the  design m odel s im ula tion  energy  consum ption  resu lts  co m p ared  with 

actual figures p ro d u ced  a p oor  correlation.
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The building was also simulated using a calibrated model or CM. The results of the CM 

and the improvements over the design model will be discussed in Chapter 5 along with 

the results of the thesis statistical model.
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Chapter 5 Derivation of a reduced dataset and PI energy 
equations

5.1 Introduction

The principal objective of this thesis is to derive accurate statistical models of energy 

consumption (heating and chilling) in a pilot commercial building based solely on a 

minimal dataset, comprising only certain weather param eters  and to assess the model's 

accuracy in forecasting energy usage in PI, following an energy reduction programme. As 

discussed in Chapter 3, the w eather param eters to be examined comprise air tem perature , 

relative humidity and solar gain and from these, a minimal dataset of the most influential 

predictor(s) will be determined. As part of the determination of the most influential 

param eters, heating and chilling statistical models will be derived or 'trained' based upon 

certain data over a period of time. Once derived, the models will be used to forecast 

monthly respective energy use; one month's heating and one month's cooling. The 

statistical method of multiple linear regression (MLR) will be used to derive the two 

statistical models or energy equations and also to examine the influence of each of the 

external param eters  on the statistical model.

The methodology proposed in Chapter 3 outlines a method for the derivation of building 

energy equations. As described in Chapter 4, this includes the splitting of energy use in PI 

over a full year into fixed and variable sections corresponding to landlord and tenant 

sections. This energy split has been performed to ensure the comparisons betw een the 

pilot and test buildings are performed on a like-for-like basis. Both tes t  buildings (T1 and 

T2), to be discussed in Chapter 6, have landlords’ m eters installed as is common for 

m odern multi-purpose buildings.

This chapter is divided into five sections:

(1) Explanation and derivation of natural building lag. Many types of outdoor 

tem pera ture  indices exist. Some are averaged over month or week-long periods in 

o rder  to capture historical influences while others are simply averages over a day

long 24-hour period, such as that available from most meteorological services. 

Given the local w eather was being recorded on the roof of PI, it was hypothesised 

that the particular range or window of external tem pera tu res  to average might 

influence the predictive strength of a statistical model in forecasting energy usage.
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With this in mind, a method has been developed in this thesis to a ttem pt to find 

the most influential range of external, historical tem pera ture  data w^hich has the 

greatest effect on the forecasting powder of the statistical model.

The relationship betw een the external tem pera ture  profile and the internal space 

tem pera tu re  profile in PI is examined over several w^eekends spanning a full year. 

During these weekends, particular days have been chosen when the PI building is 

known to be ‘at res t’, that is, there is low or no occupancy, no mechanical heating 

or cooling and low or no solar gain (chosen as less than one hour of sunshine). For 

a detailed set of data points used for this analysis, see Appendix E.

(2) Statistical analysis of the building energy data pre-April 2011. The energy data 

available from the year prior to the commencement of the energy reduction 

program me are examined using the average daily Met Eireann external 

tem pera tu re  from the Dublin Airport Station and various statistical outcomes are 

presented.

(3) Statistical analysis of the building energy data post June 2012. Similar statistical 

analyses are applied to the data over the year-long period after completion of the 

energy reduction programme. Analyses include regression using the average daily 

Met Eireann external tem pera ture  and a regression using the locally recorded 

average daily external tem perature. This facilitates a like-for-like, before and after 

comparison between the relative strengths of the derived statistical relationships 

governing energy usage during these periods.

(4) Statistical derivation of the PI  building energy equations. The post June 2012 

energy use data is further analysed through regression using the lagged external 

tem pera tu re  indices as predictors, ra ther than the Met Eireann or locally recorded 

average daily tem peratures. Energy use forecasting models are derived and these 

models represen t the PI building energy equations. The external param eters  are 

then examined in turn  and the most influential one(s) identified to form the 

minimal d a ta s e t  The models are used to forecast energy use for heating in April 

2013 and chilling in August 2013.

(5) Validation of forecasting accuracy of the 2013 PI model. In keeping with the 

methodology as outlined in Chapter 3, the 2013 PI statistical model will be cross-
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validated  by forecasting  a m o n th ’s usage of gas and  electricity in PI. in C hapter  4, 

tw'o sim ula tion  m odels  w e re  p resen ted : a design m odel (DM) reflecting the  use  of 

s tan d a rd ised  tables from CIBSE to es tim ate  occupan t activity and  the  resulting  

es t im ated  energy  usage; and a ca librated  m odel (CM] for which som e of the  actual 

da ta  from P I w as used  to t ry  to en su re  an accura te  sim ulation of ene rgy  usage. 

The resu lts  of the DM are a forecast es tim ate  of one m on th 's  hea ting  and one 

m o n th 's  cooling, based  on an average w e a th e r  year, while the  CM is based  on 

actual w ea ther .  Both sim ula tions a re  used  to forecast one m onth  each of heating 

and  cooling. This facilitates a com parison  b e tw een  forecasting  accuracy of both 

s im ula tion  m odels and  the statis tical m odel der ived  in this thesis.

5.2 Explanation and derivation of natural building lag

Every building re sp o n d s  uniquely  to changes in ex ternal tem p era tu re .  While a 

com m ercial building is a t rest, th a t  is, w ith  no mechanical heating or cooling, no occupan t 

activity o r  so lar gain, th e re  a re  still small and  well d is tr ibu ted  h ea t  sou rces  present.  

Lighting and  office eq u ip m en t  often run  a t t im es w hen  the  building is not operational.  An 

exam ination  of the  in ternal and  ex ternal te m p e ra tu re  profiles show s in terna l space 

t e m p e ra tu re  re spond ing  to th e  ex ternal te m p e ra tu re  b u t  w ith  a delay o r  lag (see Figure 

5-1). The in terna l te m p e ra tu re  profile will app rox im ate ly  follow the ex ternal t e m p e ra tu re  

profile w ith  a delay of several hours, b u t  no t precisely. This graph  also sh o w s  th a t  the 

scale of change of the in terna l t e m p e ra tu re  (on the r igh t vertical axis) is only a fraction of 

the scale of  change of the  external te m p e ra tu re  show n  on th e  left axis. In this project, this 

delay has been  re fe rred  to as the  N atural T herm al Lag o r  NTL. The g raph  and  the 

accom panying  analysis  re fer  to P I  af te r  the  energy  reduction  p ro g ram m e w as carried  out.

The in terna l te m p e ra tu re  in Figure 5-1 is seen  to rise during  the  day, desp ite  no 

m echanical hea t o r  cooling being supplied , in re sp o n se  to the  rise in external tem p era tu re .  

The re la tionship  b e tw een  ex ternal and in terna l t e m p e ra tu re s  is no t  causal in real-time, 

th e re  is a natura l  lag which can vary  from building to building. This lag is a ssu m ed  to 

d epend  on m any  factors including the  building 's envelope, perm eab ility  and  th e  difference 

b e tw een  ex ternal and  in terna l tem p e ra tu re s ,  (AT), am o n g s t  others. It is expected tha t  

during  w in ter ,  losses from a build ing w ould  be a t a fas te r  rate. For PI, th e  na tu ra l  lag is of 

the o rd e r  of hours.
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Examining the graph in Figure 5-1, the reaction of the internal space tem pera ture  to 

changes in external tem pera tu re  can be estimated at approximately 18 15-minute periods 

or abou t 4.5 hours. This is an approximate measure of the difference between the initial 

peak on each graph as indicated and partly arises due to the sustained nature  of the 

external tem pera tu re  increase. Given the small am ount of heat being provided to PI 

during the weekends, the rise in internal tem pera ture  could be due to a slowing down of 

heat losses from PI, due to a rising external tem perature , resulting in small internal gains.
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Figure 5-1 PI Internal (red) and external (blue] temperature profiles 31®‘ March 2013

Given the importance of AT in overall heat loss or gain to PI, and the suggested variation 

in lag due to AT, it will be shown in Figure 5-3 that  for PI, the NIL will vary with AT. A 

m ore complete list of heat equations is contained in Appendix F, all of which show 

dependence on AT.

This variation would imply that  the NTL can be longer in sum m er when external 

tem pera tu re  is closer to or even exceeds internal tem pera tu re  and shorte r  in w inter when 

much lower external tem pera tures  may cause PI to lose internal heat more rapidly.

The graphs in Figure 5-1 show a rise for both external and internal tem pera tures  and, 

given the building is at rest, there  is a strong case for causality from one graph to the 

other. Reading the NTL from these charts is not always straight-forward as the effect on 

internal tem pera tu re  is often very small.
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A simple mathematical method has been formulated to allov̂  ̂the derivation of NTL by vi^ay 

of manual graphing. To illustrate the method of systematic NTL derivation, data can be 

laid out in two columns, as indicated in Table 5-1; one representing the external 

tem perature  read instantaneously every 15 minutes at the roof-mounted w eather  station, 

the second being the BMS logged internal tem pera ture  of PI. To avoid any influence from 

solar gain, data from the northw est  corner was used since that corner of PI is almost 

completely sheltered by the neighbouring buildings and thus has no direct solar gain. 

Furthermore, to avoid the tem pera tu re  slowly increasing due to solar gain in o ther parts 

of the open plan floors, the weekends used to form this relationship only include 

weekend-days of low to zero sunshine (less than one hour total of sunshine). Again, the 

sunshine data is taken from the roof-mounted w eather station. There is, however, a small 

heat source in the equipm ent left running by occupants over the weekend, and the am ount 

of this heat is unlikely to be zero, at any time. The slight rise in internal tem pera ture  

shown in Figure 5-1 is likely to come from a slowing of the heat loss to the outside due to 

the rising external tem perature.

in Eqn 5.1, a relationship involving a sum of squares [SS) of the difference between 

external and corresponding internal tem pera tures  was formed to create a data point.

Outside Temperature To i

From period 1 to period 2p

Internal Space Temperature 
Ts,

From period p to period 2p

To, -

-

-

^Op-2 -

1ft. -

^Op+i Tsp+i

’̂Op+2 Tsp+z

^0 2p-2 Ts2p-1

' 0̂ 2p-l Tszp-i

^0 2p Ts2p

Table 5-1 Annotated data for external and internal PI space temperatures
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Given that  during the sum m er in Ireland, the external tem pera ture  can often exceed the 

average internal space tem perature , squaring of the difference avoids a negative result 

and also accentuates the differences betvi^een external and internal tem peratures. This is 

necessary since, as explained, the change in internal tem pera tu re  due to rising or falling 

external tem pera tu re  can be very small.

From Table 5-1, the num ber of external tem pera ture  data points needs to be tv^ îce that of 

the Lag Window of internal tem pera tures  being considered.

p

LagIndexLw=  C^5i "  E q n S . l
i = 2 p

where

LW  is the Lag Window particular to the sum of squares. For example, it is varied 
between 0 and 31 for building PI indicating a comparison of data going back 32 x 15 
minute periods or 8 hours. Based on Figure 5-1, which indicated a lag of 
approximately 4.5 hours, 8 hours was chosen as it was shown to cover the likely lag 
variation for PI. The range of this variation will be shown in a later section dealing 
with PI lag results over a full year.

p is the num ber of 15 minute observations to be examined (32 for a typical eight 
hour window)

75. is the internal space tem pera tu re  at time period i

T'oi-Lw outside tem pera tu re  a t LW periods prior to time period i

The extract from an Excel spread-sheet, set up to perform this summation, is shown in 

Table 5-2, and may serve to illustrate the Lag Window concept. This shows the 

progression of data windows used to form the sum of squares points, each step of which is 

a data point plotted to form the NTL curve (from March 31^^ 2013) shown in Figure 5-2. 

Each of the column pairs are for a different value of Lag Window (as indicated by the value 

of LW below the column pair). In the example shown, this LW value goes from 0 to 31.

Each upward m ovem ent of the lag window in the sp readsheet and subsequent summation 

of squares, results in a single sum of squares value. Once the full 32 points are calculated, 

the plot can be completed.
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Toi Tsi
S2 19.38
5.3 19.36
5.2 19,35
5.3 19,35
5.3 19.36
5.5 19,35
5.4 19.36
5.3 19,35
5.3 19.34
5.4 1935
55 19.36
54 19,35
54 19.36
55 19,36
s.e 1935
$5 19,34
?.4 19.35
7.9 19.36
7.S 19,35
71 19,34
7.3 19,34

$ 19 36
7.3 19.37
72 19.37

7 1937
6.4 19.38
6.3 19.37
6.3 19,37
6.6 1938
6 4 19.37
6.3 19,36
6 6 19 36
6,3 19.36
6.5 19.4

7 19 44
65 19,47
6,6 19.49
6,e 19.48
6,6 19.43
6 6 1947
7.1 19.47

6.6 19.45
6.4 19.43
6.1 19.42
5.9 19.43
56 19.42
5.7 19.4
5.8 19.4
5.7 19.42
5.6 19.43
57 19.43
5.8 19.44
5.8 19.41
5.8 19,4
5.9 19.39
5.8 1935
5.8 19.33
5.6 19,3
5.6 19.31
5,5 19.32
55 19.3
5.3 19.31
5.3 19.3
5.3 19.25

LV 0
SS 64T 3

Toi Tsi
52 19.38
5.3 19.36
5,2 1935
5.3 19 35
5.3 19.36
5.5 19,35
54 19.36
5,3 19 35
53 19.34
54 19.35
55 19.36
5.4 19,35
5,4 19.36
55 19.36
5,8 19.35
65 19.34
7.4 19.35
7.9 19.36
7.8 19.35
7,1 19 34

7.3 1934
8 19.36

7.3 19.37
7.2 19.37

7 19.37
6.4 19.38
6.3 19.37
6.3 19.37
6.6 19.38
6.4 19.37
6 3 19,36
6.6 19.36
6.3 19.36
6.5 19.4

7 19.44
65 1947
6.6 19.49
6,8 19.48
6.6 19.43
6.6 1947
7.1 1947

6.6 1945
6.4 19.43
6.1 19.42
59 1943
5.8 1942
5.7 19.4
5,8 19.4
5.7 19.42
5.6 19.43
5.7 19.43
58 19,44
5.8 19.41
5,8 19.4
59 19.39
5.8 19.35
5,8 19.33
5.6 19.3
5.6 19.31
5.5 19.32
5.5 19.3
5.3 19.31
5.3 19.3
5,3 t9.25

Toi Tsi
52 19 38
5.3 19 36
5.2 19.35
5.3 19.35
5.3 19,36
5.5 19.35
5.4 19 36
5.3 19.35
5.3 19,34
5.4 19,35
55 1936
5.4 19.35
5.4 19.36
55 19.36
5.8 1935
6,5 19.34
7.4 19 35
7.9 19.36
7,8 1935
7.1 19.34
7.3 19.34

8 19.36
7.3 1937
7,2 19.37

7 1937
6.4 19.38
6.3 19.37
6.3 19.37
6 6 19.38
6 4 19.37
6 3 19 36
6.6 19.36
6.3 19.36
6.5 19,4

7 1944
6.5 19.47
6.6 1949
6.8 1948
6.6 1943
6.6 19.47
7.1 19.47

6.6 19.45
6.4 1943
6.1 19.42
5.9 19.43
5.8 19.42
5.7 19,4
5.8 19,4
5.7 19.42
5.6 1943
5.7 19,43
5.8 19,44
5.8 19.41
5.8 19.4
5.9 19.39
5.8 19.35
5.8 19 33
5.6 19.3
5.6 19.31
5.5 19.32
5.5 19.3
5.3 19.31
5.3 19.3
5.3 19.25

Toi Tsi
5.2 19.38
5.3 19.36
5.2 19,35
5.3 19,35
5.3 19.36
5.5 19.35
54 19 36
5.3 19,35
5.3 19,34
5.4 1935
5,5 19,36
5.4 19.35
5.4 19.36
5.5 19,36
5.8 19.35
6.5 19,34
7.4 19.35
7.9 19.36
7.8 19.35
7.1 19.34
7.3 1934

8 19 36
7.3 19.37
7.2 19.37

7 19.37
6,4 19.38
6.3 19,37
6.3 19.37
6 6 19.38
6.4 19,37
6,3 19,36
6,6 19.36
6 3 19.36
6.5 19,4

7 19.44
6.5 1947
6 6 19.49
6.8 19,48
6 6 19,43
6.6 19.47
71 19.47

6 6 1945
6.4 1943
6.1 1942
59 19.43
58 19.42
5.7 19.4
58 19.4
5.7 19.42
56 19.43
5,7 19.43
5.8 19.44
5.8 1941
5.8 19,4
5.9 19.39
5.8 19.35
5.8 19.33
5.6 19.3
5.6 19.31
5,5 19.32
5,5 19.3
5.3 19.31
5.3 19.3
5.3 19.25

Toi Tsi
5.2 19.38
5.3 19.36
5.2 1935
5.3 19.35
5.3 19.36
55 19.35
5.4 19.36
5.3 19.35
5.3 19.34
5.4 1935
5.5 1936
5.4 19.35
5.4 19.36
5.5 19.36
5 8 19.35
6 5 1934
7.4 19.35
7.9 19.36
7,8 19.35
7.1 19.34
7.3 19.34

8 19,36
7.3 19.37
7.2 19.37

7 19.37
6 4 19 38
6.3 19.37
6.3 19.37
6,6 19 38
6 4 1937
6,3 19.36
6.6 1936
6.3 19.36
6.5 19.4

7 19.44
6.5 1947
6 6 1949
6.8 19.48
6 6 19.43
6.6 19.47
71 19.47

6 6 19.45
6 4 19.43
6.1 1942
5,9 19.43
58 19.42
5.7 19.4
5.8 19.4
5.7 19.42
56 1943
5,7 19.43
5.8 19,44
58 19.41
58 19.4
59 19.39
5.8 19.35
58 19.33
56 19.3
56 19.31
5.5 19 32
55 19.3
5.3 19.31
5.3 19.3
53 19,25

Toi Tsi
5,2 19 38
5.3 19.36
5.2 19 35
5.3 19.35
5.3 19,36
5.5 19,35
5.4 19,36
5.3 19 35
5.3 19 34
5.4 19.35
5.5 19.36
5.4 19.35
5.4 19.36
5.5 19.36
5.8 19 35
6.5 19.34
7.4 19.35
7.9 19,36
7.8 19.35
7.1 19.34
7.3 19.34

8 19.36
7.3 19,37
7.2 19.37

7 19.37
6.4 19.38
6.3 19.37
6.3 19.37
6,6 19 38
6.4 19.37
6.3 1936
6.6 19.36
6.3 19.36
6,5 19.4

7 19.44
6.5 19,47
6,6 19.49
6 8 19.48
6,6 19.43
6 6 19.47
7.1 19.47

6 6 1945
6 4 19.43
6.1 19.42
5 9 19.43
58 19.42
5.7 19.4
58 19.4
5.7 19.42
5,6 19.43
5.7 1943
58 1944
58 19,41
5,8 19.4
59 19,39
5.8 19.35
58 19.33
56 19.3
56 19,31
5.5 19,32
55 19.3
53 19.31
5,3 19.3
53 19.25

1
6 4 4 0

2
6 4 t0

29
6116

30
6 IS 6

31
6 2 0 9

Table 5-2 Illustration of relative data windows (Lag Windows - LW] used in the NTL calculation for 
each sum of squares (SS)

Plotting the Lag in d ex  value for each  o f the LW  periods in 15 m inute increm en ts typ ically  

resu lts in a concave (i.e. d isp laying a m inim um  value) curve as sh ow n  in Figure 5-2 and as 

th ese  are p lotted , a m inim um  value em erges as is ev id en t from the various p lots in 

A ppendix D, w hich  conta ins a p lot for each day se lected  over the full year. H ow ever, 

d ep en d in g  on a num ber o f factors, the curve does not a lw ays exhib it th e  characteristic  

trough, causing  that day to be om itted  from the analysis. This is d iscu ssed  in m ore detail 

in 5.2.1.
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The minimum point is used to indicate the natural therm al lag for this particular range of 

external tem peratures. This value can be read from the graph in Figure 5-2 and is in 

general agreem ent with the earlier estimate of 18 lags or 4.5 hours in Figure 5-1. Further 

analysis shows tha t  the variation in the NTL value or lag varies over the course of a year, 

with the changing outside tem pera tu res  [the building envelope characteristics do not 

change).

A series of plots w ere completed (shown in full in Appendix D), showing this variation 

over a period from July 2012 to August 2013.

It is instructive to view the variation of NTL w hen compared to a 7-day averaged running 

mean outside tem perature . The 7-day running mean tem pera tu re  index, referred to as 

Trm, is outlined in more detail in Chapter 2 Eqn 2.20. It is an index comprised of

tem pera tu res  averaged over each of the past 7 days with a decreasing weight applied to

the older averages. Each value of outside tem perature , Trm, will have a corresponding lag.

The gaps in the data exist, due to non-compliance with the aforementioned eligibility 

conditions, such as, occupancy, solar gain, etc., and these gaps have been retained in 

plotting the data. The criteria for omitting these day’s lags are discussed in m ore detail in 

5.2.1.
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Sum of ^200 
Squares 6000
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Figure 5-2 Natural thermal Lag (NTL) curve for PI on 31^ March, 2013

From the plots in Appendix D, the minimum points from each of these curves w ere  plotted 

against the  corresponding outside tem pera ture  running mean value, Trm, and this is 

shown in Figure 5-3.
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Figure 5-3 Running mean external temperature Trm (blue) and the corresponding NTL (red) July 
2012 to August 2013

From Figure 5-3, the NTL value variation with outside tem pera ture  can be observed and 

the graph shows that the NTL is largest during the sum m er months when, generally, the 

A7 between internal and external tem pera ture  is smallest. Likewise, for the same reason 

of higher AT,  the winter months show the smallest NTL values. It is evident that the 

approximate average NTL variation from winter to sum m er is between 4 and 6 hours. 

While a 7-day running mean has been used in Figure 5-3, using the daily mean 

tem pera tu re  or a 3-day running mean would have yielded the same trend comparison 

result, that  of lower average tem pera tures  in w inter and higher in summer.

in summary, therefore, a relationship appears to exist between the external tem perature  

and the size of the natural thermal lag. Further validation of this relationship is discussed 

later when the building energy equations are derived following an analysis of the 

correlation strength between external tem pera ture  and energy usage.

The relationship between the external tem pera ture  Trm and PI Lag variables is now 

examined using simple regression with a single predictor variable.

As explained in Chapter 3, all statistical analyses in this project are carried out using 

Minitab, which is one of the more commonly used statistical software packages. In 

presenting the analysis of the simple regression of the running mean external 

tem pera tu res  and the corresponding NTL values, an explanation is given for the important 

parametric  results in the analysis.
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A hnear relationship betvi^een these tvi^o variables (referred to as Trm and Lag) is inferred 

by the solving of the least squares normal equations. Given that  the correct application of 

linear regression depends on the residuals being Normally distributed, it is im portan t that 

they are show^n to be Normal. The verification of Normality is achieved through the 

analysis of residuals or errors  and Minitab provides a series of four graphs which enable 

the inspection of the necessary residual relationships, thus testing data Normality. First, 

hovi^ever, it is useful to examine a simple scatterplot of the data to visually check for a 

relationship, shown in Figure 5-4.

There is an evident linear relationship between these two variables. The lag values are 

manually read from the various plots in Appendix D, and are, therefore, rounded to the 

nearest lag value or 15 minute period. This is the reason for the horizontal grouping of 

the data points at each lag value in Figure 5-4.

Scatterplot of PI Lag vs PI Trm

25 .0 -

22.5 -

3  17.5

15.0 -

Figure 5-4 Scatterplot of Trm and Lag variables (as measured within a typical open-plan area in PI]

The residual plots shown in Figure 5-5 indicate a num ber of im portant features of this 

data. The Normal Probability plot shows that  residuals remain substantially linear which 

supports  Normality. The Histogram does not show serious departure  from the Normal 

data distribution. The Residual versus Fits is interesting in that data groups are clumped 

in clusters of angled linear patterns.

This has occurred as a result of the aforementioned grouping of data points a t  particular 

lag values. Given the residual is the difference between the data value and the 

corresponding point on the line of regression, the further the data point is from the 

regression line, the larger the residual value. Plotting these residuals creates an angled 

pattern  for various lag values. If data had been available in, say, one minute intervals, this 

feature would not be so evident. In itself, it does not affect the outcome of the analysis.
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Residual Plots for P I  Lag
Normal Probability Plot Versus Rts

15.0 17.5 20.0 
Fitted Value

22.5 25.0
Residual

Versus OrderHistogram

1.6■1.6 ■0.8 0.0
Residual

0.8
O bservation Order

Figure 5-5 Graphical residual analysis for the Trm and Lag regression data

The Fits data exhibits well scattered random  data. The Residual versus (observation) 

Order shows a random  pattern  above and below the zero line with no particularly 

stronger grouping on either side. Based on this simple graphical analysis, it is reasonable 

to conclude that the residuals are substantially Normal. Of the 116 data points collected, 

70 are plotted in these graphs, with 46 being omitted for reasons outlined in the next 

section.

5.2.1 Data selection and management of outliers

The identification of outlier data is an im portant element in determination of a strong 

statistical relationship between predictor variables. Outliers can be the result of 

erroneous experimentation, or data gathered during times of different conditions and it is 

im portant that  any data pair, identified as outlying, is examined to determine if omission 

is justified. For the Trm and Lag dataset, data for 116 points w ere collected over 

weekends and Christmas during the period July l^t 2012 to August l l ‘̂  2013. Criteria for 

periods of suitable data collection were outlined in Chapter 4. These included low to no 

occupancy, low solar gain (less than 1 hour) and no mechanical heating or cooling. During 

the project, as data became available, two others were added -  missing data over 

weekends for the BMS internal tem pera ture  profile and an unsuitable external 

tem pera tu re  profile, such as a profile not exhibiting a peak or trough.

Occupancy, solar gain and mechanical heat or cooling cause a different lag profile, 

normally with a long lag value since the internal space can appear to be losing heat more 

slowly. Where longer lag values were found, as summ arised in Appendix E, the solar
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activity record was examined and if found to be g rea ter  than 1 hour, the point was 

omitted. If there  was less that  1 hour of solar gain for that  day, the heating and cooling 

header tem pera tu res  were examined from the BMS logs and certain cases w here heating 

was on over a weekend, because of occupancy, were found to exist. Again, these points 

w ere  omitted.

The external tem pera tu re  profile needs to exhibit a rise and fall, that  is, a peak, in o rder  

for the internal space tem pera tu re  to show a response. At times, the external tem pera ture  

did not exhibit a daily maximum over the course of the day, but continued to rise or fall. If 

this occurs, the characteristic concave curve does not materialise for the day in question. 

Any one or a combination of these reasons caused the omission of that particular data 

point, resulting in a sample size of 70 validated data points.

5.2.2 Regression analysis report

The regression analysis in Minitab produces a short repo r t  which gives a powerful insight 

into the strength of the correlation and the importance of the predictor variable (in this 

case, the external tem pera tu re  running mean, Trm), see Table 5-3.

Where single regressor variable models are presented in this thesis, an accompanying 

table of the model, with a statistical test of the regressor, the variance and coefficient of 

determ ination (R-Sq] are included. For models involving multiple predictor or regressor 

variables, the table presented also includes the Sequential Sum of Squares analysis to 

show  the influence or relative importance of each regressor, along with a test to ensure 

multicollinearity is not present.

Model
The regression equation is 
PI Lag = 12.8 + 0.564 PI Trm

Statistical Test
Predictor Coef SE Coef T P
Constant 12.7777 0.2847 44 .88 0. 000
PI Trm 0.56376 0.02088 27.00 0.000

Variance and R-Sq
S = 0.885740 R-Sq = 91.5%
Table 5-3 Regression analysis of Trm and Lag values Jul 2012 to Aug 2013

Based on this particular dataset, the regression equation or prediction model has been 

calculated as:
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PI Lag Periods = 12.8 + 0 .564 PI Trm ± 1.77 EqnS. 2

The erro r  term  in Eqn 5.2 of ± 1.77 or 2S, is an approximate model erro r  (from the T- 

Statistic table and given a sample size of 70], where S, or standard deviation, is a measure 

of chance around the regression line (shown in Table 5-3 as S = 0.8857). Mean Square 

Error (MSE) is an important measure of model variance and in the case of SLR models, the 

Root Mean Square Error (RMSE) simply equals S. Given there is only one predictor 

variable, making it possible to visualise the relationship in two dimensions, a fitted line 

plot may serve to help illustrate the model in Figure 5-6. Again, note the horizontal 

grouping of points due to the rounding of lag values to the nearest 15-minute period. The 

R-Sq value of 91.5% represents  a strong correlation between the predictor and response 

variables.

The prediction interval calculation contains an extra variance term when compared to the 

confidence interval, which makes it significantly wider than the confidence interval. The 

confidence interval (Cl) indicates the limits of the predicted long-run mean of observed 

values of Lag for any given Trm, while the prediction interval (PI) indicates the limits of 

predicted long-run single values of Lag based on values of Trm.

PI Lag = 12.78 + 0.5638 PI Trm

27.5-

25.0-

22.5-

in 20.0-

»
17.5-

15.0-

5 10 15 20 25
P I Trm (•’C)

Figure 5-6 Fitted Line Plot with Confidence and Prediction intervals of PI Trm and PI Lag

Statistical packages, in general, tend to retain as many digits in their calculations as 

possible to avoid losing any accuracy due to intermediate rounding. To engineers, this can 

often seem to imply very accurate results, but this is not necessarily the case.
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This model is predicting tha t  for every one degree rise in Trm, the value of Lag will rise by 

0.564 lag periods (of 15 minutes). So for a Trm of, for example, 15°C, the value of Lag is 

predicted to be 21.3 ± 1.77 units of 15 minutes with 95% confidence. In o ther words, for 

a Trm value of 15°C, the natural thermal lag is predicted to lie betw een 293 and 346 

minutes

The Null Hypothesis for this model states that the slope of the regression line is zero and it 

is this hypothesis tha t  is tested by examination of the regressor or predictor variable, in 

this case, Trm. This is the same Null Hypothesis for all regressions, where, simply stated, 

the existence of a relationship is being examined. The results of this test  are contained in 

the T-Statistic and the corresponding P-Value in Table 5-3. As the result of the T-Statistic 

calculation of 27.00 is far grea ter than the critical value T  ̂ of approximately 2.0 [from the 

T-Statistic table and given a sample size of 70), the predictor Trm is very statistically 

significant and causes a strong rejection of the Null Hypothesis that the slope of the 

regression line is zero. The corresponding P-Value at 0.000 shows the probability of 

finding a more extreme value of Trm than those included in the data, assuming the Null 

Hypothesis is true, is negligible. For simple linear regression, the non-zero slope of the 

regression line indicating the existence of a relationship is obvious in this case and, 

therefore, the testing of data with T-Statistics and P-Values can seem facile, but for more 

complex multiple linear regressions, this relationship can be impossible to visually 

determ ine and, therefore, these tests m ust be relied upon in those circumstances.

The value of S or residual Standard Deviation [square root of Variance and RMSE) is 

shown a t 0.886 in Table 5-3 and is the average of the squared deviations around the 

regression line. The coefficient of determination R-Sq and R-Sq[Adj) values are given as 

91.5% and 91.3% respectively, w here 0% represents  no correlation betw een the 

pred ic tor  and response variables, and 100% represents  perfect correlation. The R- 

Sq[Adj) value takes account of the num ber of predictors in the model and therefore the 

difference between the R-Sq and R-Sq[Adj) should be zero. The value of R-Sq at 91.5% 

rep resen ts  a strong correlation betw een the predictor and response variables.

The ANOVA or Analysis of Variance facilitates a breakdow n of the contribution of the 

various elements in the model. In this simple case [in Table 5-3), over 91% of the data is 

explained by the model or Regression Sum of Squares [SSR) leaving under 9% 

unexplained as indicated by the Error Sum of Squares (SSE). The total Sum of Squares is 

simply the addition of SSR and SSE. The F-Test is redundan t in a regression containing
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one predictor variable and is simply the square  of the T-Stat value of 27.00. For multiple 

predictors, the F-Test is a goodness-of-fit test  and checks for a relationship betw^een the 

response and the group of predictor variables.

5.2.3 Reduced dataset used to predict energy use

The m ethod chosen to determ ine the influence of each of these three  external param eters  

is a widely used statistical m ethod called Multiple Linear Regression or MLR. MLR is 

useful for this purpose as it can separate  the effect of the three variables and calculate the 

relative contribution of each one to a statistical forecasting model. The derivation of the 

reduced datase t of external param eters  will be guided by determ ination of the strongest 

correlation betw een energy use and these external param eters. In o ther  words, the 

reduced dataset is the set of external param eters  which yields the m ost accurate 

forecasting model of energy use, while keeping the availability of w eather  forecasts of 

these param eters  in mind.

External tem pera tu re  has an accepted effect on energy use in buildings and this is 

apparen t with heat tu rned  off in buildings over the sum m er period. Solar gain is also 

apparen t in some buildings particularly w here spaces within that  building are exposed to 

sum m er sunshine during the day. Relative humidity [rhj has been included given the 

belief that  w here  local control of an internal environm ent is possible in buildings, certain 

occupants may set these controls for lower tem pera tu res  during humid sum m er days and 

it is of interest to see the effects of these actions on energy use in the pilot and test 

buildings, w here possible. Furthermore, it is recognised tha t  solar activity and external 

tem pera tu re  may not be independent param eters  and this too will be examined.

5.3 Statistical analysis of the PI building energy data pre-April 2011

The energy reduction program m e commenced in April 2011 and it is im portan t  to 

examine the PI energy usage prior to this commencement. As explained in Chapter 4, the 

PI benchm ark  year was agreed as 2010 and monthly data for various energy usage 

categories are available during this period. Over the course of the energy reduction 

program me, it was discovered tha t  daily manual m eter  readings had been taken by 

facilities and security staff since April 2010 and this presented  the opportunity  to analyse 

the energy performance of PI prior to any interventions over full heating and cooling 

seasons. The m eters being read included the main incoming gas from Bord Gais Eireann
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(BGE) supp ly ing  th e  P I  boilers, the  a ir  chiller e lectric ity  m eter ,  th e  CHP hea t m e te r  and, 

finally, th e  ab so rp tio n  chiller h ea t  m eter .  Both of th ese  h ea t  m e te r s  w e re  used  by the CHP 

o p e r a to r  to m e a s u re  cooling and  hea tin g  de livered  by the  CHP for billing pu rposes .  On 

ex am in a tio n  of th is  m e te re d  data, and  based  on  the  o b se rv ed  o p e ra t io n  t im es of the  p lan t  

p r io r  to  the  red u c t io n  p ro g ram m e , it can  be a ssu m ed  th a t  th e  hea ting  and  cooling p lan ts  

a re  o p e ra t io n a l  on a 2 4 -h o u r  basis  du r in g  th e  o b se rv ed  April 2010  to  April 2011  period.

The P I  en e rg y  red u c tio n  p ro g ra m m e  has  focussed  com ple te ly  on  th e  large plant, o r  so- 

called lan d lo rd ’s plant. This p lan t  has  b ee n  su b -m e te re d  and  th e  m anua l  read in g  of the  

m e te r s  has  m ad e  it possib le  to  ana lyse  an d  co m p are  th e  land lo rd  load before  an d  af te r  the 

re d u c t io n  p ro g ram m e . This ana lysis  will include s u m m e r  cooling from May 3 '‘‘* to 

S e p te m b e r  12^h 2 0 1 0  and  w in te r  hea ting  from  S ep tem b er  13t>> 2010  to April 29 *̂̂  2011.

T he ro o f-m o u n ted  w e a th e r  s ta t io n  w a s  com m iss ioned  in P I  d u r in g  June 2012, and  th e re  

a re  15 m in u te  in terva l d a ta  available for th e  re lev an t  2 0 1 2 -2 0 1 3  period. For d a ta  p r io r  to 

th is  period, daily  av e rag e  t e m p e ra tu re s  have b een  collected from the  Met E ireann  Dublin 

A irpo r t  s ta t io n  ( so m e tim es  re fe rred  to as EIDW w hich  is the  In terna t ional  Civil Aviation 

A u th o r i ty ’s call sign for Dublin a i rp o r t] .  To e n su re  s im ilar  s ta tis tics  a re  being com pared ,  

th e  2 0 1 0 -2 0 1 1  and  2 0 1 2 -2 0 1 3  en e rg y  use  d a ta  have b o th  b een  ana lysed  using the  

av e rag e  daily t e m p e r a tu re  available from  Met Eireann. This also m ak es  it possib le  to 

exam ine  any  im p ro v e m e n t  in fo recasting  accuracy  in using lagged local w e a th e r  

p a r a m e te r s  r a th e r  th a n  th e  conven tiona l Met E ireann  daily  ave rage  data.

5.3.1 Heating analysis 2010-2011

During th e  p e r io d  from  S e p tem b er  IS'h 2010  to  April 29^^ 2011, th e rm a l  en e rg y  w as  

supp lied  to P I  from  b o th  th e  CHP an d  the  P I  boilers. The P I  hea ting  and  cooling energy  

usage  d a ta  is ta b u la ted  in A ppendix  G on a daily basis  for th is  period. The table  con ta ins  

d a ta  for th e  P I  bo ile rs  w hich  has  b een  co n v e r ted  to kW h and  the  CHP th e rm a l  in p u t  to P I,  

as re ad  from  th e  CHP h e a t  m e te r  (a lso in kWh). The sum  of th ese  tw o  is the  to tal daily 

eq u iv a len t  h e a t  in p u t  to  P I .  As m en tioned ,  th e  analysis  w as  ca rr ied  o u t  using  the  Met 

E ireann  daily  av e rag e  te m p e r a tu r e  from  th e  A irpo r t  Station.

The fitted line p lo t  in Figure 5-7 sh o w s  th e  re la tionsh ip , if any, b e tw een  th e  variables: Avg 

Hourly  W in te r  H eat 20 1 0  an d  th e  Met E ireann  average  daily tem p e ra tu re .
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Avg Hourly Winter Heat 2010 = 552.4 - 21.65 Avg Met E Daily Temp
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Figure 5-7 PI fitted line plot of average hourly winter heat input versus Met Eireann external daily 
average temperature for winter 2010

The purpose of this plot is to visually determine if a relationship might exist. A weak 

relationship is evident from the plot and there is considerable variation in energy use for 

any particular outside average tem perature. If an external tem pera tu re  is chosen, say 5°C, 

the range of average hourly usage values varies from approximately 300kWh to 720kWh, 

indicating high variance in the relationship.

The variables were then regressed to determine the statistical model and strength of the 

relationship. The residual analysis of this data is presented in Figure 5-8. The Probability 

and Frequency plots show no serious departure  from Normality. The residuals are evenly 

scattered above and below the zero line and the Order plot shows no unusual patterns 

above or below the zero line. This would suggest that a regression analysis is a reasonable 

approach. There is, however, slight evidence of differing variances from the Residual 

versus Fits plot, given the expanding pattern  from left to right, but some of the more 

extreme data pairs on the right may be outliers.

During December 2010 and again in January 2011, very cold conditions were experienced 

in Dublin. The effect can be seen on the plot in Figure 5-7 with the daily average 

tem pera tu res  recorded as low as -8°C. There are no records available for PI to indicate 

weekend or late night occupancy during w inter 2010, so it was decided to retain all data- 

points in the regression analysis.

150



Chapter 5 -  Derivation of reduced d a tase t and P I energy equations
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Figure 5-8 Normality and Variance test residual plots for Avg Hourly Winter Heat 2010 vs Avg Met 
Eireann daily temperature

Correlating the w in ter heat energy use for 2010 against the Met Eireann average daily 

tem pera tu re , the relationship  is found to be relatively weak, w ith an R-Sq (Adj) of 38%, as 

show n in the Minitab regression analysis rep o rt in Table 5-4. As m entioned, the inclusion 

of certain  outliers may badly affect this value of R-Sq. The T-Stat of -9.7 and P-Value of 

0.000 w ould indicate th a t the  predictor, average Met Eireann daily tem pera tu re , is 

strongly  statistically  significant in predicting the energy use.

There is no intention to use this statistical model for forecasting but the level of e rro r  in 

the m odel betw een the p red ictor and response variables [RMSE or S) is of im portance.

Model

The regression equation is
Avg Hourly Winter Heat 2010 = 552 - 21.7 Avg Met E Daily Temp 

Statistical Tests

Predictor Coef SE Coef T P
Constant 552.43 19.08 28.96 0.000
Avg Met E Daily Temp -21.654 2.228 -9.72 0.000

Variance and R-Sq (Adj)

S = 133.052 R-Sq = 38.2%

Table 5-4 Regression analysis of Average Daily Winter Heat 2010 and Average Met Eireann Daily 
Temperature September 13th 2010 to April 29th 2011
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Heating energy dependence on chilling in 2010

During the first visit to PI in early 2011, it had been speculated that the am ount of heating 

being used in PI could affect the  requirem ent for chilling, even during the w^inter. A 

further regression was carried out to determine if any relationship might exist betv\/een 

the average hourly heat and the average hourly chilling over the w inter of 2010. A 

practical example of this relationship might be: if the building’s response to overheating 

was to lower PI boiler ou tput as opposed to increasing the chiller output, then no 

relationship should exist. If a relationship does exist, then it could be argued that the level 

of heat present in PI in w inter is affecting the am ount of required cooling and this is not a 

desirable relationship. It would be more energy efficient if the response to overheating 

was to lower heating, ra ther  than increase chilling.

The results of the regression analysis shown in Table 5-5 indicate a relationship does exist 

between the average hourly heat and average hourly chilling. Both of the predictor 

variables, average daily external tem pera tu re  and average hourly chilling, are statistically 

significant within this dataset [from the Statistical Test section), with the tem pera ture  

being m ore significant. The R-Sq (Adj) or adjusted coefficient of determination has 

increased from the previous 38% to 45% when daily chilling energy is added to the model. 

While this increase in R-Sq [Adj) may not seem large, the fact that the addition of the 

chilling param eter  has any effect a t  all, is important.

Model
The regression equation is
Avg Hourly Winter Heat 2010 = 485 - 24.0 Avg Met E Daily Temp

+ 4.66 Avg Hourly Chilling

Statistical Tests
Predictor Coef SE Coef T P VIF
Constant 484.73 23.18 20. 91 0.000
Avg Met E Daily Temp -24.045 2.157 -11.15 0.000 1.061
Hourly Chilling 4.663 1. 012 4 . 61 0.000 1.061

Variance and R-Sq (Adj)
S = 125.040 R-Sq = 45.8% R-Sq(adj) = 45.0%

Sequential Sum of Squares Analysis
Source DF Seq SS
Avg Met E Daily Temp 1 1672748
Avg Hourly Chilling 1 332030

Table 5-5 Regression analysis of Average Daily Winter Heat 2010 against Average Met Eireann Daily 
Temperature and Avg Hourly Chilling - September 13th 2010 to April 29th 2011
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Within the model, the regressor variables are of differing proportions and, as such, the 

coefficients are not indicators of importance. In order to examine the relative importance 

of multiple regressors, the Sequential Sum of Squares analysis is examined.

The Sequential Sum of Squares (Seq SS), which is im portan t for regression models with 

m ore than one predictor variable, indicates the relative importance of each predictor. 

This analysis can be relied upon if the regressors are not strongly correlated. The 

presence of multi-collinearity will artificially inflate the variance of the regression 

coefficients as predictors are added. The results in Table 5-5, show the addition of Hourly 

Chilling param eter  has a VIF value of 1.061 which would not imply any correlation 

betw een the two predictors. This would indicate the sequential sum of squares analysis is 

valid.

Both predictors are shown to be im portant but with average daily tem pera tu re  

dominating by contributing 83% of the regression Sum of Squares (SSR), and 17% from 

the average hourly chilling p redictor variable.

In conclusion, there  is predictive power in the chilling data when forecasting of heating 

energy is examined. This has been determined by the Sequential Sum of Squares analysis, 

w here  a w eak correlation between chilling data and heating data has been found. Within 

this data, it can be concluded that the level of chilling energy depends in part on the level 

of heating.

5.3.2 Chilling analysis 2010

As a separa te  exercise, chilling was also analysed during the sum m er period of 3 '‘‘* May 

2010 to 12th Septem ber 2010 to determine the strength of the relationship between 

average hourly chilling and the Met Eireann average external tem perature.

After the initial inspection period from January 2011 to March 2011, as previously 

explained, it was believed that  PI was being overheated by the CHP. This was 

com pensated for by providing an abundan t am ount of chilled w ater  to help reduce 

internal tem pera tu res  which, of course, is highly inefficient. The dataset for this analysis 

is contained in Appendix H.
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The a ir ch ille r in P I is a multi-stage chilling system. Under supervision o f its own control 

system, the ch ille r can tu rn  on up to 8 ind ividual ch illing stages. The controlling 

parameter is the chilled water set-point and more stages are required i f  there is a heavy 

load on the unit. This load manifests itse lf as a larger difference between supply and 

re turn chilled water temperatures, or ch ille r hT. As the chiller AT gets larger, the unit 

must w o rk  harder to maintain the desired chilled w ater set-point. As a result, the 

performance curve o f the P I a ir ch iller is non-linear when use of energy is compared to 

chilled water output temperature. For this reason, the a ir ch iller energy use data often 

exhibits a skewed pattern which is consistent w ith  a disproportionate ly higher energy use 

during warm  days. This skew can be ‘corrected’ or transformed using a Log function. This 

has the effect of normalising the energy use data into the more common normal 

d is tribution  curve. In contrast, the absorption chiller has a single compressor whose 

speed can be ramped up or down depending on requirements and is, therefore, more 

linear in its performance. During 2010 and 2011, the absorption ch ille r carried most of 

the P I ch illing load, backed up by the a ir chiller. The raw  data, when plotted, exhibits a 

slight non-linear skew and this is visible in Figure 5-9. The analysis was repeated using a 

Log function on the average hourly  chilling predictor as a transform ation function to 

normalise the data (see Figure 5-10).

The relationship shown in the fitted line p lot in Figure 5-10 appears more linear. The 

residual analysis for the transformed data is shown in Figure 5-11. The data has been 

normalised but there are some outliers at the extrem ities o f the Probability and 

Frequency plots.

Avg Chill Summer 2010 = - 25.51 + 6.697 Daily Avg Temp 2010
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Figure 5-9 Fitted line plot of average chilling energy versus Met Eireann daily average external 
temperature in summer 2010
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Log Avg Chill Summer 2010 = 1.034 + 0.05418 Daily Avg Temp 2010

s 0.141473
R-Sq 54.1%
R-Sq(adj) 53.7%
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Figure 5-10 PI fitted line plot of average hourly chill transformed using Log function versus average 
external temperature from Met Eireann during summer 2010

As u'ith the 2010 w inter heating analysis, no records exist in PI for this period to inform 

M^hether these outliers can be omitted and, therefore, they remain as part  of the dataset.

The regression analysis in Table 5-6 shows the Met Eireann average daily tem pera tu re  is 

statistically significant with a T-Statistic of 12.23 and corresponding P-value of 0.000. 

With a model R-Sq value of 54%, over half of the chilling energy used is explained by the 

average daily Met Eireann external tem perature . The balance is included in the model 

error, as there  is only one predictor.

The R-Sq value shows a weak correlation between these variables. The model would not 

be deem ed suitable for prediction.
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Figure 5-11 Residual analysis of Log average hourly chilling energy and average Met Eireann external 
temperature in summer 2010

155



Chapter 5 -  Derivation of reduced dataset and PI energy equations

Model
The regression equation is
Log Avg Chill Summer 2010 = 0.996 + 0.0542 Daily Avg Temp 2010 

Statistical Tests
Predictor Coef SE Coef T P
Constant 0.99593 0.06234 15.98 0.000
Daily Avg Temp 2010 0.054176 0.004428 12.23 0.000

Variance and R-Sq
S = 0.141429 R-Sq = 54.1%

Table 5-6 Regression analysis of Log of average hourly chilling 2010 versus average daily Met 
Eireann daily average temperature in summer 2010

The model was generated to indicate the relative strength of the relationship between 

average hourly chilling energy and the average daily Met Eireann tem pera ture  prior to the 

energy reduction programme.

In the next section, the 2012-2013 heating and chilling data are examined following the 

completion of the energy reduction programme. As part of this examination, the 

importance of the average local tem pera ture  and the particular tem pera ture  index are 

both explored. This is done by comparing the regression results from [1) the energy use 

data versus the average Met Eireann tem pera ture  data, [2] the energy use data versus the 

locally m easured average daily tem pera ture  and [3) the energy use data versus the locally 

m easured tem pera ture  index derived in the first section of this chapter, the lagged 

tem pera ture  index (see Section 5.2). This facilitates a more like-for-like statistical 

comparison for heating and chilling performance pre and post energy reduction.

5.4 Statistical analysis of the post-June 2012 energy usage period

The energy use data post June 2012 after completion of the energy reduction programme 

is analysed and regressed against the Met Eireann daily average external temperature. 

The object of this analysis is to examine w hether or not the statistical relationship 

between these two variables has changed with the completion of the energy reduction 

programme.

Analysis of the heating and chilling data, post-June 2012, shows significant changes from 

that of pre-April 2011. Since July 2012, P I  has been relying completely on the PI boilers 

and air chiller for the provision of heating and cooling to deliver occupant comfort. Prior 

to this time, the CHP and P i 's  own plant were working in tandem with the CHP taking the 

lead for most of the working day. The following analysis takes the heat and chilling energy 

data in 2012-2013 and regresses them separately against the Met Eireann sourced
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external tem pera tu re  average for the days in question. As before, the chilling season 

commences when the boilers no longer supplied heat to the building for the summer. The 

boilers re-commence operation in mid-September and this marks the beginning of the 

heating season.

5.4.1 Heating analysis 2012-2013

A scatterplot of the average hourly heating data is shown in Figure 5-12 and the data 

tables used for this analysis are contained in Appendix 1.

The m ost obvious observation is the much reduced variation when compared to the same 

graph for 2010 [Figure 5-7). The variation in hourly heat energy usage for an external 

tem pera tu re  of 5°C now appears to be approximately betw een 350 and SOOkWh, much 

reduced from the 2010 scatterplot w here the estimated variation was between 300 and 

720kWh. A strongly linear relationship is evident from the scatterplot. In comparing the 

graphs from Figure 5-7 and Figure 5-12, the data does not cover the same tem pera ture  

range.

Avg Hourly Heat 2012-2013 = 563.4 - 29.48 Met E Tout

700- Regression 
95% Cl 
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39.6175
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Figure 5-12 Fitted line plot of average hourly heat energy versus Met Eireann external temperature 
in winter 2012

This is because the 2010 data covers a very severe w inter w here average daily 

tem pera tu res  of -8°C are evident from Figure 5-7. This was not repeated during the 

winter of 2013, w here  the lowest recorded average tem pera tu re  was approximately -2°C.

The residuals are reasonably Normal as indicated by the residuals plots in Figure 5-13.
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Residual Plots for Avg Hourly Heat 2012-2013
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Figure 5-13 Residual analysis of average hourly heat energy and Met Eireann external temperature in 
winter 2012

The Frequency and Normal Probability plots appear  reasonably Normal. The Residuals 

versus Fits show good random  scatter above and below the zero line. The simple 

regression analysis for this relationship is shown in Table 5-7. The statistical test  shows 

the single regressor variable. Met Eireann average daily tem pera tu re  to be very significant 

with a T-Stat value of -30.98.

In comparing the heating analysis from 2010 (Figure 5-7) with this graph in Figure 5-12, 

the  values of R-Sq cannot be directly compared given the plots come from two different 

datasets. The e rro r  contained in the  model or the residual variance (RMSE] for these two 

datasets, however, can be com pared and show an im provem ent from 133kWh to 

39.62kWh and the Standard Error of the regression coefficient of linear slope has 

decreased from 2.23 to 0.95 showing a considerable decrease in predictor variance.

Model
The regression equation is 
Avg Hourly Heat 2012-2013 = 563 .4 - 29 48 Met E Tout

Statistical Tests
Predictor Coef 
Constant 563.444 
Met E Tout -29.4763

SE Coef 
6.868 

0.9514

T
82.04 

-30.98

P
0.000 
0. 000

Variance and R-Sq
S = 39.6175 R-Sq = 86.9%

Table 5-7 Regression model Average Hourly Heat 2012 versus Met Eireann Average Daily Temp in 
winter 2012

The prediction model is:
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Avg Hourly Heat 2012 -  2013 = 563.4 -  29.48 Met E Tout  ± 79.2 EqnS.3

w here  the e rro r  inheren t in the  model defines the prediction limits which are calculated 

as ± 2S or ± 80kWh. This model predicts tha t  for every one degree fall in external 

tem pera tu re , there  is a corresponding rise in average hourly heat energy used of 

29.48kWh. There is an equivalent fall in heat energy used for every one degree rise in 

external tem pera ture .

5.4.2 Chilling analysis 2012-2013

The chilling energy used during the sum m er of 2013 has also been analysed to determine 

the relationship with the Met Eireann sourced external average tem pera tu re  data. As 

explained, the air chiller in PI is a multi-stage chilling system with a non-linear 

perform ance curve betw een chilled w ater  tem pera tu re  and energy use. This can result in 

skew ed energy use data consistent with much higher energy use during warm  days. Given 

the total reliance on the air chiller alone, post June 2012, the  energy use variable has been 

transform ed  using the Log function in an effort to normalise the data. The fitted line plot 

show n in Figure 5-14 betw een average hourly chilling energy and average daily Met 

Eireann external tem pera tu re  show  the resulting model using a Log linear relationship. 

Data for this plot is shown in Appendix |. The plot shows a pa ttern  which could be best 

served with a non-linear regression line. It was decided to fit a quadratic  regression line 

to this data and the resulting fitted line plot is shown in Figure 5-15.

Log Summer 2013 CHW = 1.282+0.03105 Met To
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Figure 5-14 Log linear regression models for chilling energy versus Met Eireann daily average 
temperature in summer 2013
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Summer 2013 CHW = 76.87 - 9.231 Met To 
+ 0.5163 MetTo**2
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Figure 5-15 Fitted Line Plot of average hourly chilling energy versus Met Eireann average daily 
external temperature in summer 2013

The quadratic model shown in Figure 5-15 is a be tter  fit of this data w^ith a resulting R-Sq 

of 73.1% and decrease in S to 10.43. The use of the quadratic model allowed the use of the 

raw chilling data rather than having to use the Log transformation. In an effort to 

maintain simplicity of models, it was decided to retain the use of the raw  chilling data for 

all sum m ary comparisons. The residual analysis of this model indicates a reasonably 

Normal distribution of residuals in Figure 5-16. The residuals versus fits would indicate a 

wider variance at the middle section of values of external tem perature .
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Figure 5-16 Residual analyses of average hourly cooling energy versus Met Eireann external average 
temperatures in summer 2013

160



Chapter 5 -  Derivation of reduced dataset and PI energy equations

This non-uniform shape p resen t in the Residuals versus Fits plot indicating possible non

constant variance may have its source in the lack of data at the lower and higher external 

tem pera tu res  given the analysis period is during the sum m er months only.

Table 5-8 shows a regression report  of the quadratic relationship between the average 

hourly chilling energy and the Met Eireann external tem pera ture  and the square  of this 

regressor variable. Both regressors  are shown to be statistically significant with T-Stat of 

-3.93 and 5.74 respectively [critical value of T-Stat is approximately ± 2.0 for this sample 

size). The value of R-Sq (Adj) has been calculated at 73.1%. As a means of determining 

the influence of the solar activity on the PI building, during this time, the solar daily total 

variable was added to the regression model. This yielded an R-Sq (Adj) value of 73.9%, 

slightly higher than the 73.1% achieved with the Met E To tem pera ture  param eter  and its 

square. The residual variance has dropped slightly from 10.43 to 10.27. It can be 

assumed that the solar activity param eter  does not add any predictive strength to this 

model.

Model
The regression equation is
Summer 2013 CHW = 7 6 .87 - 9 231 Met To + 0.5163 Met To**2

Statistical Tests
Predictor Coef SE Coef T P
Constant 76. 87 14.54 5.29 0.000
Met To -9.231 2.349 -3. 93 0.000
Met To Sq 0. 51629 0.08998 5.74 0.000

Variance and R-Sq
3 = 10.4324 R-Sq = 74 . 0% R-Sq(adj) = 73.1%

Table 5-8 Polynomial regression analysis of average hourly chilling energy versus daily average Met 
Eireann external average daily temperature in summer 2013

5.5 Statistical analysis using thermal lag and building energy equation 
derivation

In this section, the natural therm al lag, derived in section 5.2, is used in the regression 

relationship for 2013 heating and chilling energy use data. This is the same energy 

consumption data that  was used in the previous section.

5.5.1 2012-2013 Winter heating model

This section examines how the regression model’s prediction accuracy of thermal energy 

consumption can be s trengthened  by examination of the principal predictor variable.
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external tem perature . Firstly, the local tem pera tu re  averaged over the full day (recorded 

on the roof of PI)  is used in a direct comparison v̂ îth that tem pera ture  recorded by Met 

Eireann at Dublin Airport. Secondly, the lagged tem pera ture  average, guided by the NTL 

calculations, as explained in Section 5.2, is calculated by averaging the 10 hour w indow of 

tem pera tu re  readings in line with the 4 hour lag [winter), that  being from 0400 to 1400 

each day. The aim is to examine the effects of using these tem pera ture  indices as the 

principal predictor ra ther  than  the commonly used average daily tem pera tu re  from the 

w eather  service.

The rationale behind this analysis is to try to find the particular window of external 

tem pera tu res  which has m ost influence on the heating load of PI. The hypothesis is that 

the NTL informs the choice of tem pera tu re  window to use. This is because the NTL is 

strongly linked to the building characteristics and these characteristics determine the 

am ount of heat required to maintain occupant comfort in winter. The NTL is, therefore, 

used to determine the particular window of external tem pera tures  which contain most 

information about the heat energy usage in PI.

The average hourly heat energy in PI was regressed against the average locally recorded 

external tem pera ture  and the fitted line plot is shown in Figure 5-17.

Avg Hourly Heat 2012-2013 = 678.7 - 32.24 Avg Daily WS To

—  Regression
— 95% Cl

95% PI

S 31.4539
R-Sq 91.7%
R-Sq(adj) 91.7%

2 4 6 8 10 12 14 16 18
Avg Daly WS To (°C)

Figure 5-17 Fitted line plot of PI average hourly heat energy versus local weather station daily 
average temperature index for winter 2012

The data for this regression is in Appendix K. The use of the locally recorded tem perature 

has a positive effect on the regression model. The value of R-Sq has increased from 86.8°/c 

to 91.7% and the RMSE (S) has decreased from 39.6kWh to 31.5kWh, w hen compared to 

the model with the average daily tem pera tu re  from Met Eireann.
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Based on vi^ork already described in Section 5.2, vi^here it was shown that  PI has an NTL of 

approximately 4 hours in winter, the 4 hour lagged average tem pera tu re  was regressed 

against average hourly therm al energy. A fitted line plot of this relationship is shown in 

Figure 5-18, based upon data in Appendix K. The plot is showing a strong linear 

relationship with smaller levels of variation than was apparen t with any of the previous 

heating analyses. At 5°C, the variation can be visually estimated at approximately 

lOOkWh, com pared to approximately ISOkWh in Figure 5-12 [post efficiency program me) 

and 420kWh in Figure 5-7 (prior to efficiency program me).

It is likely tha t  the result of this data analysis would indicate that the PI building is coming 

under m ore positive control and is responding to outside tem pera tu re  in a more 

predictable manner.

Avg Hourly Heat 2012-2013 = 669.9 - 30.38 Tout 4H Lag

700-1 Regression 
95% Cl 
95% PI

600- 27.0308
94.1%
94.0%

o  500-

400-

i .  300-

□I 200-

100 -

Tout 4H Lag (°C)

Figure 5-18 Fitted line plot of average hourly heat energy versus 4 hour external lagged temperature 
in winter 2012

The fitted line plot has been shown to illustrate two things: (1) the improved coefficient of 

determ ination to 94%  and (2) the m ore narrow  prediction interval (which indicates the 

95% limits for the prediction of single values of energy usage) to approximately lOOkWh. 

Of the three  analyses carried out post the energy reduction program m e in PI, with 

predictors of: the Met Eireann daily average tem perature , the locally recorded daily 

average tem pera tu re  and finally, the locally recorded 4 hour lagged average tem perature , 

the locally recorded 4 hour lagged tem pera tu re  index would appear to give the most 

accurate model with the smallest am ount of variation (lowest RMSE or S). The visual tests 

for Normality of the residuals used for the statistical model are shown in Figure 5-19.
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The data points are aligned reasonably well on the probability plot while the histogram 

indicates a distribution not excessively different from Normal. The residuals versus fits 

shows a random spread of data points above and below the zero line with consistent 

variance and the time or observation order shows no particularly strong pattern of 

readings above or below the zero line.
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Figure 5-19 Residual plots of average hourly heat energy versus 4 hour lagged temperature in Winter 
2012

The simple regression relation is summarised in Table 5-9.

Model
The regression equation is
Avg Hourly Heat 2012-2013 = 669.9 - 30 38 Tout 4H Lag

Statistical Tests
Predictor Coef SE Coef T P
Constant 669.939 6.820 98.23 0.000
Tout 4H Lag -30.3846 0.6729 -45.15 0.000

Variance and R-Sq
S = 27.0308 R-Sq = 94 . 1%

Table 5-9 Regression analysis of average hourly heat energy versus 4 hour lagged average external 
temperature in winter 2012

This gives a simple one parameter linear model where the heat energy can be forecast by 

just one external parameter -  the lagged 4 hour external temperature or Tout 4H Lag. The 

lagged 4 hour external temperature index is very statistically significant with a T-Stat o f - 

45.15 and a corresponding P-Value of 0.000. The coefficient of determination or R-Sq is 

high at 94.1%, and it follows that this model should have a high degree of forecasting
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accuracy for this external tem pera tu re  range. The residual variance has fallen from 

31.45kWh to 27kWh.

The prediction model is:

Avg Hourly Heat 2012 -  2013 = 669.9 -  30.38 Tout 4H Lag ± 54.0kWh EqnSA

w here  average hourly heat energy is forecast by a single external param eter:  4 hour 

lagged external tem pera tu re . The erro r  inherent in the model has been calculated to be 

± 2S or ± 54.0kWh. In summary, the model predicts tha t  for every one degree rise in 

lagged external tem pera ture , the average hourly heat energy used by PI ŵ ill decrease by 

approxim ately  30kWh. In the next section, in o rder  to show  how  the lagged tem pera tu re  

index is related to energy consumption, an analysis is carried out to regress the energy 

consum ption against all of the lagged tem pera tu re  indices from 0 hours to 8 hours, 1 hour 

apart  and examine the results to see if they are in agreem ent w ith the NTL calculations in 

the  earlier  section.

Application of NTL to energy regression

it is im portan t  to note tha t  w hen the heat energy in PI is regressed against the  various 

lagged tem pera tu re  indices, in o rder  to find the particular tem pera tu re  index which offers 

the best predictive pow er in the model, the result shows the marginally s trongest to be the 

4 hour lagged index, see Table 5-10. The 4 hour lagged index is in agreem ent with the 

NTL calculations for PI.

Temp
Index

Tout
8H
Lag

Tout
7H
Lag

Tout
6H
Lag

Tout
5H
Lag

Tout
4H
Lag

Tout
3H
Lag

Tout
2H
Lag

Tout
IH
Lag

Tout
OH
Lag

R-Sq
(Heat) 87.6% 89.8% 91.9% 93.4% 94.0% 93.6% 92.1% 89.9% 87.8%

Table 5-10 Regression of PI heat energy versus 0 to 8 hour lagged temperature indices

In o rder  to explain w hy  this should be the case, it was shown in the NTL calculation 

(Section 5.2) tha t  there  is a causal relationship betw een  the external and internal 

tem pera tu re s  of the pilot building, and this can be determ ined  while the building is at rest. 

It would be of in terest to determ ine if a corresponding relationship could be found 

betw een a lagged external tem pera tu re  index and building energy use, as it would explain 

the result  in Table 5-10. Taking heat energy as an example, the am ount of energy required
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to reach and maintain an internal set-point could be graphically represented as in Figure 

5-20. The black graph is the internal tem pera ture  on a day when the PI building is at rest. 

As explained in the first section of this chapter, while the PI building is at rest, the internal 

tem perature  will respond to the rise in external tem pera tu re  (shown in blue), albeit, on a 

much smaller scale. Given the lower external tem perature, it could be expected tha t  PI 

should continue to cool down internally over any given weekend.
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Figure 5-20 External temperature (blue), internal space temperature in PI while the building is at 
rest (black) and the desired space temperature set-point (red)

There is approximately 96kW of electricity consumption over the weekend, every 

weekend and most of this power usage will result in some heat generation. This could 

help to explain the slight rise in internal tem perature , which appears to be from the 

slowing down of heat loss due to the rising external tem perature . The graph shows a 3°C 

rise in external tem pera ture  while the response is approximately a 0.2°C of a rise in 

internal tem perature . The 22°C internal tem pera tu re  set-point is shown at the top of the 

chart and the hatched area between the set point and the internal space tem pera tu re  

represents the heating energy required to reach and maintain tha t  set-point. The am ount 

of heat energy required will depend on how influential the external tem pera ture  is on the 

internal space tem perature. The larger the rise in external tem perature , the less heat 

energy is required.
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The NTL calculation m ethod is an examination of the trend in the building’s 

responsiveness to external tem pera tu re  given all the factors m entioned in Section 5.2, 

including, but not limited to the envelope, permeability and the difference between 

external and internal tem pera tures , AT. When the building is at rest, the NTL method 

examines the time trend  for the building to lose heat to the outside air. Likewise, if the 

building is being mechanically heated, this trend reflects the am ount of mechanical heat 

required  to compensate for the heat lost to the external environm ent in order to maintain 

the desired building tem pera ture . The heat energy required  by the building and supplied 

by the plant, to reach the set-point, is in response to average external tem pera tures  which 

occurred in the past, the am ount of t ime in the past is approximated by the NTL, which 

varies over the course of the year because of the varying difference in the AT between 

external and internal tem peratures.

Addition of Solar Gain and rh to 2012 heating model

Over the w inter of 2012-2013, the most accurate heating model has been derived by using 

only the 4-hour lagged external tem pera tu re  average. It is of interest to determine if o ther 

external param eters, namely Solar Activity and relative humidity (rh), might contain some 

information which will further help the model’s ability to forecast. The interval data is 

available to allow such an analysis to be performed. For the period in question, rh was 

plotted in Figure 5-21 and found to be consistently above 85% for the w inter of 2012 (see 

Appendix K for the actual values].

The roof-mounted w eather  station collects data for the  level of both direct rad ian t and 

diffused sunlight at 15 m inute intervals. The system reports  this combined radiation level 

which varies betw een 0 and 99, w here  0 represents  darkness and 99 full sunshine.
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Figure 5-21 Plot of relative humidity (rh) over the winter of 2012 recorded on the roof of PI
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A Solar Index is der ived  by sum m in g  total m easu red  so lar  rad ia tion  levels over the full 24 

h o u r  day. This m eth o d  forms a proxy index to Total Global Radiation, as m easu red  and 

issued  by Met Eireann. The o u tp u t  from Minitab in Table 5-11 show s th e  m ore  com plex 

m odel w ith  tw o  new  predic tors ,  Solar Index and  re lative humidity.

The analysis  show n  for the tw o  p a ram ete rs ,  indicates the re la tive hum id ity  re g re sso r  as 

being  statis tically  insignificant, w ith  a T-Stat of -1.03. The Solar Index p a r a m e te r  is 

sta tis tica lly  significant w ith  a T-Stat of -3.43, bu t  is very  m uch w e ak e r  in its con tr ibu tion  

to th e  m odel w h en  co m p ared  to th e  lagged 4 h o u r  te m p e ra tu re  re g re sso r  (T-Stat of -45.82 

ve rsu s  -3.43). For an analysis w ith  th is  sam ple  size of 130, th e  critical value  of T-Stat, T(. of 

1.96, th e  Solar Index p a ra m e te r  is significant. However, on exam ina tion  of the  Sequential 

Sum of Squares, the  Solar Index p a ra m e te r  is seen  to co n tr ib u te  app rox im ate ly  0 .55%  of 

th e  pred ic tive  s t ren g th  of the  m odel and  could be d iscoun ted  based  on this small 

con tr ibu tion .  This can be justified over  an Irish w in ter ,  given the low level of so lar activity 

and  th e  constancy  of hum id ity  in Dublin du ring  th is  period. The values of the  Variance 

Inflation Factor (VIF) (see C hap ter  3, Section 3.4.4) sh o w  th a t  the  reg resso rs  a re  not 

co r re la ted  w ith  each o th e r  to any  large ex ten t and  based  on statis tical guidelines of VIF 

less th an  5, the Sequential Sum of Squares (SSS) analysis is valid and  can be relied upon. 

The SSS analysis show s the hum idity  and  so lar  gain having little influence on th e  final 

model. The 4 h o u r  ex ternal lagged te m p e ra tu re  index is sh o w n  to have by far the  largest 

influence in the Sequential Sum of Squares analysis in Table 5-11.

Model
The regression equation is
Avg Hourly Heat 2012-2013 = 706 - 30.0 Tout 4H Lag

- 0.315 Avg Hourly rh
- 0.0165 Solar Index

Statistical Tests
Predictor Coef SE Coef 
Constant 705.92 29.21 
Tout 4H Lag -30.0437 0.6557 
Solar Index -0.016470 0.004802 
Avg Hourly rh -0.3149 0.3062

T
24 .17 
-45.82 
-3.43 
-1.03

p
0. 000 
0. 000 
0. 001 
0.306

VIF

1.594
1.586

Variance and R-Sq
S = 25.9064 R-Sq = 94.7% R-Sq(adj) = 94 5%

Sequential Sum of Squares Analysis
Source DF Seq SS 
Tout 4H Lag 1 1489587 
Solar Index 1 8251 
Avg Hourly rh 1 710

(SSS)

Table 5-11 Multiple regression analysis of average hourly chilling energy versus 4 hour lagged 
average temperature, PI Solar index and relative humidity for wnnter 2012
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Also note tha t  the R-Sq (Adj] value has only slightly increased (94.0%, from Table 5-9, 

versus 94.5% due to the influence of R-Sq (Adj) calculation which takes account of the 

extra predictors, see Chapter 3) with the addition of the new parameters.

A conclusion can be draw n that  there  is sufficient prediction accuracy for PI in the lagged 

4 hour external tem pera tu re  acting as a lone predictor, post energy reduction, in 

predicting therm al heat energy usage over the w inter months. This single pa ram eter  

forms the minimal dataset for the PI w in ter heating.

Multicollinearity and the PI energy models

As explained in Chapter 3, the problem of multicollinearity [MC] can arise w hen  two 

regressors are correlated to an extent making it possible to predict one regressor from the 

o ther  with a non-trivial level of accuracy. The graph in Figure 5-22 shows the average 

daily outside tem pera tu re  and the solar activity levels summ ed over the full day, from 2"'* 

June 2012 to 30' *̂' June 2013. The units of Solar Activity are explained in Section 3.3.2. The 

solar activity graph is intended as a proxy for total daily solar radiation. Both graphs 

appear  to generally follow the same trend and, therefore, may contain similar trending 

information. From a statistical viewpoint, both graphs can be said to contain Mutual 

Information. Given the effect of MC is the reliability of the Sequential Sum of Squares 

analysis in determining the contribution of each regressor, this is an im portan t 

consideration.

3500

3000

„  2500Daily
to tal 2000 
solar 1500 

activity

500

13 { C)

Figure 5-22 PI External temperature [blue) versus solar activity (red) ft-om June 2nd 2012 to June 
30th 2013

If the average outside tem pera tu re  and the solar activity are viewed over a long enough 

period, the trend in Figure 5-22 appears. Once that period begins to shorten, the trend
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will eventually disappear. The strength of the relative trending can be analysed by 

regressing the external tem pera tu re  data against the solar activity data, for decreasing 

periods. The coefficient of determination analysis in Table 5-12, shows how the resulting 

R-Sq varies with the decreasing period length for this data.

Review Period Period R-Sq
From To M onths

Ol-Jun-12 31-Jul-13 14 0.253
Ol-Jun-12 30-Jun-13 13 0.211
Ol-Jun-12 31-May-13 12 0.182
Ol-Jun-12 30-Apr-13 11 0.184
Ol-Jun-12 31-Mar-13 10 0.245
Ol-Jun-12 28-Feb-13 9 0.278
Ol-Jun-12 31-Jan-13 8 0.290
Ol-Jun-12 31-Dec-12 7 0.228
Ol-Jun-12 30-NOV-12 6 0.156
Ol-Jun-12 31-Oct-12 5 0.131
Ol-Jun-12 30-Sep-12 4 0.112
Ol-Jun-12 31-Aug-12 3 0.109

Table 5-12 Indication of the varying relationship between average daily outside temperature and 
solar activity as measured by the regression R-Sq

The relationship is relatively w eak for all periods, but particularly below 7 months. It 

could be assum ed that when examining these two variables for this short period that the 

two variables are not correlated strongly enough to upset the regression procedure (see 

Guan, 2007). This correlation m ust be considered for future use of this analysis method. 

If the period is longer than 7 months, the correlation grows stronger and, therefore, it can 

be assumed there  is a relationship between these two variables, albeit very weak.

As explained in Chapter 3, the inclusion of a correlated regressor does not necessarily 

weaken the model but it can affect the variance. From a statistical analysis point of view, 

the question that  m ust be considered is: does the statistical model become appreciably 

stronger with the inclusion of Solar Activity or does the model become appreciably 

weaker with its omission, because of collinearity. Collinearity can be detected by the 

Variance Inflation Factor (VIF) which is discussed in Chapter 3, Section 3.4.4. In this 

thesis, VIF is applied to all statistical analyses involving m ore than  one regressor. In the 

previous case, shown in Table 5-11, with a VIF less than 5, the inclusion of solar activity is 

not of any benefit to the prediction ability of the model.
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5.5.2 2013 summer cooling model

This section shows the progression of the analysis for the PI  cooling energy used over the 

course of sum m er 2013. The analysis progresses from a simple model relating energy to 

the locally recorded daily average tem pera tu re  and the 6 hour lagged tem pera ture  

average to the more complex model involving the o ther external w ea ther  param eters  

under review, comprising relative humidity and solar gain. The results from the statistical 

analysis and resulting values of several im portan t statistical m easures are discussed as 

each model is considered. Finally, a model which takes account of the  curvature evident in 

the air chiller scatterplots in previous sections, is examined.

Based on the analysis shown in the 2012 chilling energy usage in Section 5.4.2, w here the 

quadratic model was shown to be most suitable, the analyses are continued using the 

locally recorded tem pera tu res  on the roof of PI. The first of these is the local daily 

average tem pera tu re  which uses an average of the entire 24 hour period, as is common in 

much of the reviewed research work. The fitted line plot of this is shown in Figure 5-23. 

Comparing this model with the model derived for the Met Eireann average daily 

tem pera tu re  in Figure 5-15, the value of R-Sq (Adj) has improved from 73.1% to 84.8%.

Based on the earlier discussion in Section 5.2 which showed a lag of 6 hours for the 

external tem pera tu re  to be valid for the sum m er months in PI, the 6 hour lagged index 

was regressed against the average hourly chilling energy usage.

Sumnttef 2013 CHW = 110.6 -12 .00  WS Avg Daily To 
+ 0.4786 WS Avg DailyTo*»2

120
95% Cl 
95% PI

£  100-
R-Sq
R Sq(adJ)

20 -

WS Avg D aly To

Figure 5-23 PI fitted line plot of average hourly chilling energy versus local daily average 
temperature for the period May 1st 2013 to July 31st 2013

This represents  a simple linear regression model. The fitted line plot of this quadratic 

relationship is shown in Figure 5-24. The model is based on data shown in Appendix L and
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has substantially improved over the previous model based on average daily tem perature, 

with a useful rise in the value of R-Sq (Adj) from 84.8% in Figure 5-23 to 90.8%. The 

variance [RMSE or S) has also fallen 7.89 to 6.10kWh.

Summer 2013 CHW = 118.6 - 13.92 6h To CHW 
+ 0.57% 6hToCHW**2

Regression 
95% Cl 
95% PI

110 -

• / /„  100 - 6.10706
91.1%
90.8%

R-Sq
R-Sq(a<iJ)"  • •

80-

70-

50-

40-

30-

20 -

ehToCHW

Figure 5-24 Fitted line plot for a quadratic relationship between average hourly chilling energy use 
and 6 hour lagged outside temperature in summer 2013

The model was statistically tested to determine if the data exhibited Normality and 

constant variance. This analysis is shown in Figure 5-25. The residual plots show 

reasonably Normal data from the two left-hand plots of Probability and Frequency. The 

probability plot would imply a relative lack of data points at the extremities of the 

distribution. The random spread of data points in this plot does not exhibit the lozenge 

shape evident in the earlier sum m er cooling models.

Normal Probabflity Plot Versus Rts

-10

100-20 -10
Residual Fitted Value

Histogram Versus Order

-10

-12
Observation Order

Figure 5-25 Residual analysis of the quadratic average hourly chilling energy versus 6 hour lagged 
external temperature in summer 2013
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The Fits and  O bserva tion  plots also exhibit  a m ore  ran d o m  pa tte rn ,  w^ith rough ly  equal 

d is t r ib u tio n  of d a ta  po in ts  above and  below  th e  ze ro  axis. A s u m m a ry  of the  Minitab 

re p o r t  is p re se n te d  in Table 5-13 and  includes th e  quadra t ic  model.

Model
The regression equation is 
Summer 2013 CHW = 118.558 - 13.9204 6h To CHW + 0.579618 Sq To 6H

Statistical Tests
Term Coef 
Constant 118.558 
6h To CHW -13.920 
Sq To 6H 0.580

SE Coef 
13.6540 
1.7632 
0.0548

T
8.6830 

-7.8950 
10.5783

P
0.000
0.000
0.000

Variance and R-Sq
S = 6.10706 R-Sq = 91. 08% R-Sq(adj) = 90.78%

Sequential Sum of Squares
Source DF Seq S3 
6h To CHW 1 18668 
Sq To 6H 1 4173

Table 5-13 Multiple linear regression of Log average hourly chilling energy versus 6Hour lagged 
temperature and 6Hour Lagged Temp Squared for summer 2013

The tw^o p red ic to r  var iab les  of 6 h o u r  lagged te m p e ra tu re  and  its sq u a re  a re  both  

s ta tis tica lly  s ignificant w ith  respec tive  T-Stat values of -5.04 and  7.58 and P-Values of 

0 .000  for each {T̂ . is ap p ro x im a te ly  2 for this sam ple  size of 63). The Sequential Sum of 

S quares  sh o w s the  6 h o u r  lagged t e m p e r a tu re  index to be th e  m ain  c o n tr ib u to r  to the 

m odel a t  81 .7%  w hile  the  sq u a re  of this index co n tr ib u tes  a lm os t  18.3%. The q uadra t ic  

p red ic t io n  m odel is calculated  as:

S u m m e r  2013 CHW
= 118.56 -  13.926ETO CHW + 0.5796 Sq To 6H ± U . I k W E  EqnS.S

w h e re  th e  e r ro r  in h e re n t  in th e  m odel is ± 2S or ± 12.2kWh.

In o rd e r  to s u p p o r t  the  hypo thes is  th a t  the NTL, in PI, for the  s u m m e r  m o n th s  of 6 hours  

is d irec tly  re la ted  to the  chilling ene rgy  req u ired  and, there fo re ,  the  p ar ticu la r  p red ic to r  

w ith  m o s t  in fo rm ation  ab o u t  chilling ene rgy  usage shou ld  be the  6 h o u r  lagged 

t e m p e r a tu re  index. The log of chilling ene rgy  w as  reg ressed  aga ins t  th e  various  lagged 

t e m p e r a tu re  indices (and  th e ir  respec tive  sq u a re s )  to d e te rm in e  the  index w hich  

co n t r ib u te s  the  g re a te s t  pred ic tive  s tren g th  to the  model. The re su lt  o f  this ana lysis  is 

sh o w n  in Table 5-14. To recap, the  h ea t  analysis of the  var ious  lagged te m p e ra tu re  

av e rag es  reg ressed  aga ins t  h ea t  ene rgy  sh o w ed  the  s t ro n g es t  p re d ic to r  to be the  4  h o u r  

lagged tem p e ra tu re .
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Summer
2013
CHW

8h To 
CHW

7hTo
CHW

6hTo
CHW

ShTo
CHW

4hTo
CHW

3hTo
CHW

2hTo
CHW

IhT o
CHW

Oh To 
CHW

R-Sq adj 
(chill) 89.7% 90.4% 90.8% 90.1% 88.1% 85.7% 82.3% 78.6% 76.7%

Table 5-14 Regression of the PI chilling energy versus the 0 to 8 hour lagged temperature indices

For this chilling analysis, the result show^s the strongest correlation to be the 6 hour 

lagged tem pera tu re  average. Given the sum m er 6 hour lag calculated by the NTL method 

in Section 5.2, this result is explained by the same reasoning used earlier in the heat 

energy analysis. The building is responding to high sum m ertim e external tem pera tures  

from 6 hours ago, and, therefore, the am ount of chilling energy used should also follow the 

external tem pera tu re  index from 6 hours ago. This assumes the building is highly 

dependent on external tem pera ture  in the first place, w^hich PI has been shown to be.

While the statistical analysis in Table 5-13 shows a very reasonable level of R-Sq(Adj) of 

over 90%, based on external tem pera tu re  alone, it is im portant that  the possible 

contributions of Relative Humidity (rh) and solar radiation are examined to determ ine if 

they add strength to the predictive model for chilling in sum m er 2013.

Analysis of relative humidity and solar gain

It was proposed in Chapter 3 that both relative humidity and solar gain may influence 

cooling energy use over the sum m er months in PI. It has been observed on site tha t  the 

sun does not en te r  the building after 9-lOam during July and August because of the solar 

shading on the outside facade. For this reason, solar gain may be less of an influencing 

factor than originally thought. Also, it was known that  low emissivity glass has been used 

in its construction. This has been confirmed by the maintenance company who w ork  on 

the periodic replacem ent of glass panels, which have a shading coefficient of 0.35. The 

early design documentation refers to a desired total glazing shading coefficient of 

approximately 0.35 (see Chapter 4 Section 4.6.5 for discussion on this topic).

As previously explained, the Total Daily Solar index was derived by summing the recorded 

15 minute readings of solar radiation levels over the full 24-hour period. This was then 

added to the quadratic regression model along with the Relative Humidity variable. The 

consequences of adding both of these regressor variables to the quadratic model are 

shown in Table 5-15.
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Model
The regression equation is
Summer 2013 CHW = 117.384 - 14.854 6h

Total Daily Solar +
To CHW + 0.613668 Sq To 6H - 0.0020918 
0.14 6319 rh Avg

Statistical Tests
Predictor Coef SE Coef T P VIF
Constant 117.38 15.43 7. 61 0.000
6h To CHW -14.854 1.725 -8. 61 0.000 76.658
Sq To 6H 0.61367 0.05405 11.35 0.000 77.944
Total Daily Solar -0.002092 0.001246 COVOr—1 1 0.099 1.284
rh Avg 0.14632 0.09689 1.51 0.136 1.158

Variance and R-Sq
S = 5.84683 R--Sq = 92.09% R- Sq(adj) = 91.55%
ANOVA and Sequential Sum of Squares
Source DF SS MS F P
Regression 4 23096.9 5774.2 168 .91 0. 000
Residual Error 58 1982.8 34.2
Total 62 25079.7

Source DF Seq SS
6h To CHW 1 18668.5
Sq To 6H 1 4173.4
Total Daily Solar 1 177.0
rh Avg 1 78.0
Table 5-15 Multiple linear regression of summer 2013 chilling energy versus 6Hour lagged 
temperature, the square of that temperature Sq To 6H,, Total Daily Solar and rh

The R-Sq (Adj) re su lt  has  n o t  increased  by an apprec iab le  a m o u n t  (91 .5%  v e rsu s  90.8% ) 

following the  add it ion  of th e se  tw o  pred ic to rs ,  Total Daily Solar and  rh Avg.

Both are  sh o w n  to be on, o r  close to, s tatis tica l insignificance w ith  respec tive  T-Stat values 

of -1.68 and  1.51 and  c o r re sp o n d in g  P-Values of 0 .099 and  0.136. The value of T .̂ is very 

close to 2.0 for th is  sam ple  size of 63. Both add itional p red ic to rs  can be said  to  be 

s ta tis tica lly  insignificant and  ad d  v irtually  no add it ion  pred ic tive  p o w e r  to the  model.The 

VIF figures sh o w  th a t  the  add it ion  of each of th e  tw o  n ew  var iab les  has had a very  small 

effect on the  inflation of reg ress ion  coefficient variance, 1.284 for Total Daily Solar and 

1.158 for rh. T hese  figures do no t  give any  cause for concern  regard ing  the  use  of these  

p a ra m e te rs  in th e  model.

Finally, th e  ana lysis  sh o w n  in th e  Sequentia l Sum of Squares  indicates th e  relative 

co n tr ib u tio n  of each reg resso r .  Both of the  n ew  reg resso rs ,  rh and  Solar Index a re  very  

small in co m p ar iso n  to e i th e r  of  the  t e m p e r a tu re  p red ic to rs .

To e n su re  th a t  th e  o rd e r  of  th e  re g resso rs  does  n o t  s ignificantly change the  outcom e, and 

also to e n su re  th e  Total Daily Solar re g re s so r  is no t s ta tis tica lly  significant if the o rd e r  is 

changed, it w as  dec ided  to ru n  a final reg ress ion  w ith  ju s t  th e  so la r  pred ic tor,  th e  6 hour 

o u ts ide  t e m p e ra tu re  and  it’s sq u a re  in th a t  o rder.  Note th a t  the  statis tical analysis
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software Minitab allows the user  select the predictor order, unlike o ther  software 

packages. The T-Statistic result for the  Total Daily Solar in this analysis was -2.25 with a 

corresponding P-Value of 0.028, just about significant bu t it is unlikely to contain any 

additional information not a lready included in the tem pera tu re  predictors.

Since both regressors  add very little to the predictive strength  of the model, it was decided 

to revert back to the simple quadratic  model which includes the 6 hour lagged 

tem pera tu re  and its square.

The omission of the  solar pred ictor is justified from a statistical viewpoint. It is likely that 

certain solar gain data is already contained in the outside tem pera tu re  index since these 

regressors are related as shown in Figure 5-22. The fact that  PI is so well shaded  with the 

externally m ounted shading devices, and the glazing has a very low shading coefficient 

(0.35), results  in very little direct solar gain and this appears  to be borne out by the data 

from the 2013 chilling season. It is proposed that  Eqn. 5.5 form the P I  chilling energy 

model and that  this model be used to test  forecasting accuracy. It is further proposed that 

the 6 hour lagged tem pera tu re  index forms the minimal dataset for PI chilling.

5.5.3 Statistical model comparisons

Table 5-16 shows a comparison for heat and chilling models, of 2010-2011 and 2012- 

2013 data (both using Met Eireann average daily tem pera tu res),  followed by the same 

2012-2013 energy usage data regressed using the locally recorded average daily 

tem pera tu re  and, finally, the appropria te  lagged tem pera tu re  index. The final chilling 

plots show  the quadratic  regressor  forecasting models.

The purpose  of this comparison is to show the diminishing variation as the  models are 

developed and the increasing value of the coefficient of determ ination or R-Sq (Adj), 

which has a direct bearing on the model's ability to accurately forecast heating and cooling 

energy use in PI. However, in comparing models using the same energy data, the 

reduction in RMSE is the prim ary interest.

The particular external tem pera tu re  index used is of im portance since the lower the 

variance and the higher the model R-Sq (Adj) value, the be tte r  is the prediction strength. 

The heat energy analysis was found to be s trongest using the 4 hour lagged external 

tem perature .
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Avg HourV Heat 2012-2013 = 669.9 - 30.38 Tout 4HI3 9

TOO-

^  100 -

S  500-

S  400-

ro ^  300-

o  200-

CM
Tout 4H Lag (<>C)

R-Sq (Adj) : 90.8% 
(quadratic)

RMSE:
27.0kWh

RMSE:
6.10kWhR-Sq: 94.1%

Table 5-16 Graphical fitted line plots showing final R-Sq (Adj) and RMSE comparison -  heat and
chilling 2010/2011 and 2012/2013 (regression models with temperature data source is as shown)

This resulted in a model which has an R-Sq (Adj) value of 94% while the commonly used 

Met Eireann daily average yielded an R-Sq (Adj) of 86.8%. RMSE or residual variance has 

fallen from 39.6kWh to 27kWh. The chilling energy model for PI showed a larger increase 

in going from 73.1% to 90.8% for the R-Sq (Adj) value, using the 6-hour lagged 

tem pera ture  average with RMSE falling from 10.43kWh to 6.10kWh.

Both heat and chilling energy use in PI is strongly dependent on the particular lagged 

tem pera ture  indices which are in agreem ent with the NTL calculations in Section 5.2. The 

tem pera ture  indices have made the models strong enough to be used to forecast energy 

use accurately later in this chapter.

The first two plots, showing the heating and chilling models before any energy reduction 

interventions were made, have wide variation in their energy use for any given external 

tem pera ture  and show relatively weak correlations betw een energy use and the average 

daily Met Eireann external tem perature. As the main energy reduction program m e 

concluded, with the CHP shutdown in June 2012, the relationship betw een energy usage 

and external tem pera ture  shows a m arked increase in correlation and decrease in 

variance.

This reduction in variance is most apparent in comparing the first row  plots with the 

second row, for both heating and chilling. These latter plots are for the  period of w inter 

2012 and sum m er 2013 representing the heating and chilling usage periods after the 

energy reduction program me was concluded.
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The final tw o  sca t te rp lo ts  re p re s e n t  th e  sam e  ene rgy  use  data, b u t  this tim e corre la ted  

w^ith the  lagged ave rage  daily te m p e ra tu re ,  4 h o u r  lag for w in te r  and  6 h o u r  lag for 

su m m er.  Again, the  co rre la t ion  coefficient of d e te rm in a tio n  has inc reased  in bo th  cases 

and  var ian ce  has  fu r th e r  red u ced  as ind icated  by the  red u c tio n  in Root Mean Square  Error 

(RMSE). This ana lysis  exercise  has  y ie lded  tw o  m odels  [Eqn 5.4 for hea ting  and  Eqn 5.5 

for chilling, sh o w n  here] ,  r e p re se n t in g  th e  variab le  p a r ts  of ene rgy  use  in PI, as d iscussed  

in C hap te r  4.

Avg Hourly Heat 2012 -  2013 = 6 6 9 .9 -  30.38 Tout 4H Lag ± S4.0kW ^

S um m er 2013 CHW = 118 .56- 13.92 6 ^ T o  CHW + 0.S796 Sq To 6H ± 12.2kWU\

The following sec tions  deal w ith  the  forecasting  accuracy  of these  tw o  statis tica l m odels 

and  include a co m p ar iso n  of the  en e rg y  forecasting  o u tco m es  for the  s im ula ted  m odels 

w hich  w e re  d iscussed  in C hap te r  4. in o rd e r  to g en e ra te  an accu ra te  ene rgy  fo recast  from 

a s im ula tion  m odel, it w as  n ecessa ry  to develop  a ca lib ra ted  m odel of P I.  The in ten tion  

w as  to  p rov ide  an accu ra te  co m p ar iso n  of resu lts  for th e  statis tical m odels  ju s t  discussed. 

The following sec tion  ou tl ines  the  m e th o d  used  to t ran s fo rm  the  design m odel into a 

ca lib ra ted  m o d e l  (CM). As explained, the  CM uses d a ta  re co rd ed  in th e  P I  building, to 

help th e  m odel to m o re  accura te ly  p red ic t  ene rgy  consum ption .

5.5.4 PI calibrated model simulation

In C h ap te r  4, th e  s im u la tion  m odels  of  P I  w e re  in tro d u ced  and  discussion  has taken  place 

on th e  design m odel pred ic tions . The second  m odelling  scenario  is to calibrate  the  design 

m odel w ith  m e a su re d  d a ta  from th e  live and  occupied building in its p re s e n t  form. 

A dditional en e rg y  fo recasting  accuracy  should  be a t ta in ed  by rep lacing  th e  es tim ated  

values  from th e  CIBSE s tan d a rd ise d  usage tab les  w ith  real data, including w ea ther ,  

re co rd ed  locally on  th e  ro o f  of PI.

To p rov ide  a like-for-like co m p ar iso n  w ith  the m odel assu m p tio n s  used  in C hap ter  4, 

Section 4.6.4, th e  s im ula tion  a ssu m p tio n s  m ad e  for the  design m odel a re  explored  u n d e r  

th e  s am e  head ings  for the  ca lib ra ted  model.

• Geometry and Fabric

G eom etry  is identical to  th e  Design Model.

• Weather Profile
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Changed from IWEC averaged w eather  files to local data collected from the PI 

roof-installed w ea ther  station over the simulation period.

• Internal Gains

Core office hours of Sam to 6pm. Lighting and office equipm ent energy usage 

num bers have been taken from the electricity metering from each floor. Other 

usage figures for unoccupied floors, e.g. car-park, are taken from the NCM usage 

tables. Occupancy densities are the same as used in the design model.

• Fabric therm al properties

Construction details -  Shading coefficient was decreased from 0.65 to 0.35. No 

data exists definitely indicating the shading coefficient of the glass used in the PI 

glazing, but given the high quality of the construction and finishes, the figure of 

0.35 is commonly used for buildings regarded as prestige.

• Lightweight Internal partitions 

Same as the design model

• HVAC and Mechanical Systems

• Full Apache HVAC Network simulation of the actual HVAC arrangem ents to 

include the boilers, chiller, AHUs, Fan coils and radiators.

• Use of all schedules from the BMS to accurately reflect plant usage. The 

Calibrated Model does not make use of metered data for plant usage m easured 

on site. This allows the model to freely react to simulated building conditions.

• The Diversity factor in the PI calibrated model was changed from 1.0 to 0.6 for 

the August period simulation. This allows for a lower than usual level of 

occupants and equipm ent use providing internal gains. This was done to 

reflect the natural occupancy over the sum m er holiday period. All o ther 

factors have been held constant between the April and August simulation 

periods. This change was based on experience gained by lES modelling 

experts.

•  Whole building Constant Air Volume (CAV) mechanical supply was in place 

while the AHU systems were operating at full power. This simply means the 

AHUs run at a constant speed supplying the same volume of air while in 

operation. Post April 2012, since the installation of the variable speed drives 

on the AHU supply fans, the system has effectively changed to a Variable Air 

Volume [VAV] system. This has occurred because the VSDs can modulate on 

tem pera tu re  and change the fan speed and, therefore, the air volume can 

change in response to rising or falling internal tem pera ture  conditions such as 

occupancy. There is a minimum fan speed to maintain adequate air flow while 

the building is occupied.
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Metered data used in the calibrated model

The following data taken from m easurem ents  within PI during 2012-2013, were used to 

replace some of the CIBSE s tandardised usage data:

• Small pow er equipment:

Half floor m etered  data was summ ed to give actual total floor small pow er energy 

and assigned on a per floor basis.

• Lighting:

Half floor m etered data was summ ed to give actual total floor lighting energy and 

assigned on a per floor basis

• AHU supply tem peratures:

These are set based upon the tem pera tu res  recorded through the BMS.

• Mechanical air flow rates:

AHU volume flow rates w ere  set constant at the design time as determ ined from 

the building system schematics and updated to include the variable speed drive 

installation as explained in the previous section

• FCU flow rates:

These were assum ed flow rates based upon load calculation as this was not 

available from design drawings. Running times determ ined from the FCU pump 

schedule in the BMS

• Radiator sizes:

As indicated on the as-built M&E drawings. Operation linked to radiator pump 
schedules from the BMS

• AHU running times taken from the BMS schedules 

Taken directly from BMS schedules

Simulation results for the PI calibrated model

The following tem pera tu re  profiles were produced by the calibrated model. The profile in 

Figure 5-26 represents  the open plan area therm al response over a weekend w hen there 

was low levels of occupancy, no mechanical heating or cooling and low solar gain (< 1 

hour). The red graph is the actual m easured space tem pera tu re  at the sou thw est corner 

of Level 1 [LOl) in PI while the green graph is the simulated space tem pera tu re  in the 

same open plan area, using the calibrated model. The simulated tem pera tu re  response in 

Figure 5-26 uses a residual heat load of 450W  for the space under examination. This is an 

estimate of the am ount of heat entering the space due to office equipment. The response 

was improved by changing this value to 1.6kW as indicated in Figure 5-27.
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These results suggested that  this open-plan space on the first floor was being well 

simulated while the building was at rest. The prim ary influences on internal tem pera tu re  

are the w eather  param eters  and small internal gains due to office equipm ent during this 

time. The PI building is cooling down from approximately 22.7°C to 21.0°C during this 

weekend. The dip in actual tem pera ture  at m idnight on Saturday, evident on the charts, is 

because of a sporadic logging erro r  in the BMS, which recorded this data.

The same space in PI was then examined while the  building was occupied and heating and 

cooling were running. The result of this simulation is shown in Figure 5-28. The graph of 

simulated versus actual recorded tem pera tu re  shows a good correlation. The overnight 

actual tem pera tu re  shows a 0.25°C dip below forecast, bu t once the heating comes back on 

in the early morning, the graphs resum e their close correlation.

It was believed that Figure 5-26 and Figure 5-27 show the CM behaving well when the 

building fabric is being examined. In o ther words, only the envelope is being tested  with 

real w ea ther  effects during this weekend simulation.

The effects of the variation in internal gains w ere  examined to tes t  the effects on the heat 

gains within the building envelope. In Figure 5-26, the level of internal heat gain from 

office equipm ent has been set at 450W within the space being simulated.
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Figure 5-26 Calibrated model forecast (green) versus actual space temperature (red) while PI is at 
rest (January 26th and 27th, 2013). This simulation used 450W of residual heat from office 
equipment
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Figure 5-27 Calibrated model forecast [green] versus actual space temperature (red), while PI is at 
rest (January 26th and 27th). This simulation used 1.6kW of residual heat from office equipment

The CM is also behaving well when examined with real weather and the building is in 

operation, with heating, cooling and occupation (Figure 5-28). This result was helped by 

the various refinements of the plant and mechanical services as indicated above.

A simulation was carried out, using the CM, with actual recorded weather for the two 

periods April 2013 and August 2013, representing one month from each of the heating 

and chilling seasons, respectively. The results of these DM and CM simulations are 

presented in the next section along with the results of the statistical model developed for 

PI.
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Figure 5-28 Calibrated model forecast (green) versus actual space temperature (red) while heating, 
cooling and occupancy are present (March 22""̂  to March 26̂ *’)
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The results of the energy consumption simulations are explored in the next section when 

the forecast simulation figures for both the DM and CM are compared with the forecast 

figures from the statistical method proposed in this thesis.

5.6 Validation of forecasting accuracy of the 2013 PI energy models 
and comparisons with the simulated models

In this section, the forecast results of the two simulations (design model and calibrated 

model), are compared with the forecast results from the reduced dataset statistical model. 

Since each method has been used to forecast a month which is already past, the actual 

data is also available. The three models have been used to forecast the average hourly 

heating loads in April 2013 and the average hourly chilling loads in August 2013, for PI. 

As explained previously, the design model uses averaged weather, so the data for the April 

and August months of this average w eather year have been used. For both the calibrated 

model and the statistical model, the w eather  is as recorded on the roof of PI.

5.6.1 Forecasting using the 2012-2013 heating model

The results of the statistical models derived using the lagged predictors are considered 

first. The most accurate statistical model was derived or trained using heat energy data 

from lO^h September 2012 to 30^'’ March 2013. The forecast period immediately followed 

this training period and covers the month of April 2013. The model is a single linear 

regression using the 4 hour lagged external tem pera ture  as the sole regressor.

For the selected forecast period of 2"'* April 2013 to 30'*’ April 2013, the 4 hour lagged 

tem pera tu re  index is known. This data can be used to assess the accuracy of the model in 

forecasting heat energy use. The confidence and prediction limits are also calculated 

along with the forecast (or Regression Fit values) on an average hourly basis, and these 

are shown in Appendix M. Appendix N contains the daily total figures. The forecast values 

are along the line of regression with the calculated e rro r  margins indicated by the 

confidence limits (average or mean value prediction) and prediction limits (single value 

prediction). Figure 5-29 shows a graphical comparison between actual and forecast 

average hourly heat energy usage during this period.
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Figure 5-29 Total daily heat energy usage prediction (red) from 2'" ^  April 2013 to 30“' April 2013
versus actual (blue). Calculated confidence limits (dots) and prediction limits (dashes) are also 
indicated. For reference, external temperature is shown in green.

As usual, the p red ic tion  limits a re  w id e r  than  the  confidence limits w ith  the additional 

var iance  te rm  in the  m athem atica l  form ula (outl ined  in section 5 of C hap ter 3). In o rd e r  

to b e t te r  explain the  shape  of th e  actual ene rgy  usage graph, the 4 h o u r  lagged ou ts ide  

te m p e ra tu re  is also show n, as th a t  indicates the  only re levan t  influence on p redic ted  h ea t  

ene rgy  in PI, based  on the statis tica l model.

The p red ic tion  of average hourly  hea t ene rgy  du ring  th is  one m on th  period  show s good 

corre la tion  w h en  co m p ared  to actual values. Of the  21 days average  hourly  h ea t  energy  

forecasted , 20 days are  well inside the  p red ic tion  limits calculated w ith  this model.

As a m eans  of d em o n s tra t in g  w h e th e r  or no t the p red ic ted  m on th ly  average  hea ting  total 

yields accu ra te  resu lts  w h en  co m p ared  to the actual figures, the  w eekly  p red ic tion  totals 

have also been exam ined  for the  total daily h ea t  energy, as given in Table 5-17. As 

expected , som e of the  w eekly  figures vary  by m ore  than  the  m on th ly  total.

The total m on th ly  h ea t  ene rgy  use  du ring  th is  one m on th  period  is p red ic ted  at 

106 ,349kW h co m p ared  to an actual to tal energy  use  of 102,112kW h. This re p re se n ts  a 

m on th ly  forecast h ea t  energy  use  accuracy  of + 4%  co m p ared  to the  actual use  for April, 

th a t  is, it slightly over-p red ic ts  th e  actual usage. This high level of forecast accuracy  is 

s ignificant for the  P I  building o p era to r ,  in th a t  the ability to m easure , forecast and  be 

a le r ted  to issues or p rob lem s  on a m o n th  to m on th  basis, is d eem ed  im portan t.  The
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opera tor  can use this model to determine if any past m onth’s energy usage represents  a 

typical or unusual consumption pattern, and respond accordingly by examination of plant 

schedules, BMS set-points, etc.

A m ore comprehensive discussion of the use of this model, and the caveats associated 

with its use, is summ arised in the final section of this chapter.

Actual total Forecast total
Accuracy as 

percentage of 
actual

Week 1 Total 30,842 30,558 -0.9%

Week 2 Total 37,051 40,095 + 8.2%

Week 3 Total 14,355 15,471 + 7.8%

Week 4 Total 13,651 14,098 + 3.3%

Monthly Total 102,112 106,349 + 4.2%

Table 5-17 PI Daily total heat energy forecast versus actual summary for April 2013 (using statistical 
model)

5.6.2 Forecasting using the 2013 chilling model

The average hourly chilling energy use was analysed in a similar way. The 2013 chilling 

season ended in early September. In order to allow a like-for-like comparison with the 

simulated prediction methods, a forecasting analysis of the chilling data over the course of 

August 2013 was performed. The chilling model has been trained on data from l^t May 

2013 to 31^t)uiy 2013.

In section 5.2, the derivation of the lagged index was discussed and it was found that a 6 

hour lag was appropriate  for sum m er energy prediction in PI. Again, the actual figures for 

daily total chilling energy use (from the air chiller electricity meter) w ere  used to compare 

to the forecast figures from the statistical model in Eqn 5.4, using the known locally 

recorded lagged 6 hour external tem pera tu re  index data (see Appendix 0). The results 

are charted in Figure 5-30.

This shows that  the forecast results follow the actual figures quite accurately. On one 

occasion, the 24‘h August, the actual figure drops slightly below the prediction limit. By 

examining the forecast and actual graphs, both tend to follow the external temperature. 

The various peaks in external tem perature, during April 2013, are reflected in the air 

chiller usage, both forecast and actual.
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Figure 5-30 Daily chilling energy prediction (redj from 1®* August to 31®* August 2013 versus actual 
[blue). Confidence limits [dots) and prediction limits [dashes) are shovra. External temperature is 
shown in green.

It is very im portant to point out that the accuracy of this model is completely influenced 

by the accuracy of the external tem pera tu re  parameter. For the prediction shown in 

Figure 5-30, the tem pera ture  data is correct [m easurem ent e rro r  apart), as it is known for 

time past. Had the model been used to forecast chilling energy consumption based on a 

w eather  forecast, then the accuracy would not be expected to be as good, given the errors 

inherent in the w eather  forecast. This will be explored further in a later section on 

w eather  forecasting.

The results data shown in Appendix P and Appendix Q contains the forecast results for 

August 2013 in average hourly and daily total formats. In summing the full August usage 

and comparing the actual and forecast, effectively averaging the usage over the month, it 

might also prove instructive to examine the weekly summations. Again as expected, 

during times of rapid external tem pera tu re  change, the forecasts are less accurate.

A brief sum m ary of the weekly and monthly forecast totals compared to the actual figures 

is shown in Table 5-18. The model predictions are slightly higher than the actual level of 

chilling energy use during August 2013. Probably the most difficult months to forecast are 

those a t the beginning and end of a heating or chilling season. This is because the outside
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Actual total Forecast total
Accuracy as 
percentage 

of actual

Week 1 Total 3,044.0 3,100.8 +1.9%

Week 2 Total 2,987.7 3,130.4 +4 .8%

Week 3 Total 4,287.3 4,345.7 +1.4%

Week 4 Total 3,765.9 4,251.4 +2.9%

Week 5 Total 2,442.1 2,301.2 -5.8%

Monthly Total 16,527.0 17,129.6 +3 .6%

Table 5-18 Statistical model total chilling energy forecast summary, divided by week, compared to 
actuals and forecasting accuracy for August 2013 (calculations are as a percentage of actuals)

tem pera ture  is changing rapidly. On these days, manual interventions in turning on or off 

plant are not unusual but are impossible to forecast.

During these days, the chiller may be manually scheduled for longer than required 

running periods. Effectively, the BMS is between its sum m er and winter schedules, and, 

therefore, subject to possible daily manual changes in reacting to outside conditions.

The monthly use for August 2013 has been summed over the full month and a simple 

comparison between forecast (17,129kWh3 and actual [16,527kWh) over the full month 

shows a good degree of accuracy in the forecast at + 3.6% of actual figures. One use of this 

forecast, however, is that building operators may be alerted to excessively high or low 

usage, based on this one simple external parameter, lagged external tem pera tu re  and its 

square. The various possible uses of this forecast are discussed in more detail in Chapter 

7.

The next section of this chapter deals with a comparison between the statistical model 

results for heating and chilling and the results from the two simulations -  design model 

and calibrated model.

5.6.3 Forecasting accuraq^ comparisons for simulated design, calibrated and 
statistical models

On completion of both the simulated design model [DM] and calibrated model (CM), data 

was produced for a PI energy forecast for heating and chilling over the relevant periods. 

This involved using averaged IWEC w eather  for April and August in the DM and actual PI
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recorded 2013 w eather  within the CM and the statistical model, developed in Section 5.5. 

This facilitated a direct comparison between the three models for forecasting accuracy.

When w ork  commenced on the calibrated model, it was believed that the quality and 

depth of detailed data available for PI could result in an accurate calibrated model. It was 

also recognised, however, that the complexity of the building, given that it contains over 

300 separate  spaces/offices, would present a challenge in achieving high levels of 

prediction accuracy. The charts shown in Figure 5-27 and Figure 5-28, indicate how well 

the CM is able to predict internal tem pera tures during no occupation and during full PI 

use. Once this accurate space tem pera ture  prediction was achieved, the model was 

deemed ready for energy prediction.

PI Heat energy forecast comparisons

It is of in terest to compare the design model energy usage predictions with the actual 

figures. To re-cap, the design model was simulated with IWEC averaged w eather  and 

standardised usage figures for occupancy from CIBSE Guide A. These figure guide the 

simulation in term s of lighting and small power estimates, and space tem pera ture  

requirem ents for the assumed occupant numbers. The DM further assumes there is 

adequate  heating, chilling and ventilation capacity but does not simulate actual plant. The 

DM is primarily a test model for the building envelope and given the requirem ent to 

maintain a space tem pera ture  during office hours, the simulation calculates the energy 

required to deliver this tem perature , given the envelope properties. The model was 

simulated over a full year to try  to ascertain the heating, chilling and ventilation 

requirem ents for a full average w ea ther  year and these figures, including the April heating 

data (for averaged April weather)  are included in Appendix R.

On the o ther  hand, the calibrated model simulation used actual w eather  data recorded on 

the roof of PI. The simulation also used data, available from PI, regarding the plant, BMS 

schedules and internal space tem pera tu re  profiles to refine the model. Energy usage 

figures w ere  produced for both DM and CM models and are sum m arised in Table 5-19 and 

Figure 5-31. The full m onth’s data are shown in Appendix N. The energy figures are 

compared to the thesis’ statistical model and the actual figures for April 2013 heating and 

August 2013 chilling.
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Starting with the first, and least accurate design model, the DM simulation has been based 

on averaged weather. This averaged w eather is an agreed format referred to earlier as an 

IWEC or International W eather for Energy Calculations format and is recommended for 

use in design simulations by CIBSE and other organisations involved in energy simulation, 

such as the US Department of Energy, for use with EnergyPlus.

The calibrated model forecast results, based on actual w eather parameters, listed by 

week, indicates a relatively closely following trend when compared to the statistical model 

and the actual energy usage figures. The trend, however, also indicates an over-shoot for 

lower outside tem pera tures  in early April, 2013 and an under-shoot for the higher 

external tem pera tures  in late April 2013.

The tabulated design model energy forecast results are charted for comparison purposes 

in Figure 5-31. For the first half of April 2013, the graphs in Figure 5-31 show a good heat 

energy forecast compared with the actual figures. Both the CM and the Statistical model 

forecast the downw ard trend in the second half of the month, but as already explained, the 

DM is responding to different weather.

The w eather  used in the DM was extracted from the IWEC file in o rder  to examine the 

differences and a chart showing the comparison between actual external tem pera tu re  in

Daily Heat Totals
Design model 

Forecast 
fkWh]

Calibrated model 
Forecast 
(kWhl

Statistical model 
Forecast 
fkWh)

Actual Heating 
Energy total 

CkWhl
Week 1 Total 28,295.16 34268.26 30,558.75 30,842.47

Accuracy -8.3% + 11.1% -0.9%

Week 2 Total 45,382.79 45307.33 40,095.46 37,051.85

Accuracy + 22.5% + 22.3% + 8.2%

Week 3 Total 36,780.80 18712.46 15,471.96 14,355.23

Accuracy + 156.2% + 30.4% + 7.8%

Week 4 Total 40,648.26 8875.26 14,098.05 13,651.97

Accuracy + 197.8% -35.0% + 3.3%

Monthly Total 161,008.96 111180.75 106,349.67 102,112.01
Monthly
Accuracy + 57.7% + 8.9% + 4.2%

Table 5-19 Summary of weekly and monthly PI total heat energy (kWh) showing actual versus 
forecasts by simulation and statistical models in April 2013 [Accuracy is the percentage difference 
from Actual]
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Figure 5-31 PI heat energy usage comparisons for April 2013 - Actual (blue), statistical (red), 
calibrated (black), design model (grey)

April 2013 (used in the statistical model), and IWEC averaged external tem pera tu re  (used 

in the DM) is show n in Figure 5-32.

The IWEC averaged tem pera tu re  show s a significantly colder trend  over m ost of April 

than  the actual tem pera tu res recorded for April 2013. From Figure 5-31, the design 

model graph predicts that significantly m ore heat energy is required  in the second half of 

April, w hereas the actual April 2013 tem pera tu res (in red) are seen to rise.
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Figure 5-32 Comparison between actual external temperature (red) and IWEC averaged temperature 
(blue) for April 2013. Also shown is the DM heat energy forecast (green)

The tem pera tu re  variations show n in Figure 5-32 would explain the large deviation of the 

DM energy prediction graph from the o ther m odels and the actual energy usage.
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PI Chilling energy forecast comparisons

In most buildings, w here there  is a multi-stage boiler system or perhaps more than one 

boiler unit (which for maintenance purposes is quite common), the control of heating is 

regarded as a well understood, self-contained problem. Chilling, on the o ther hand, is 

provided by specialist self-contained units which are pre-packaged and pre-program med 

for a particular mode of operation. As discussed in Chapter 4, some of these chillers, such 

as that installed in PI, are non-linear in their energy use performance. For such 

circumstances, there is a convenient feature of the simulation software which allows the 

CM to use the chiller m anufacturer’s performance graph to ascertain energy use over the 

range of operating loads. W hat are not known by the CM, however, are any programming 

or software configuration changes which may have been made by the chiller unit's 

maintenance team, over time.

The statistical model, on the o ther hand, does not use specified chiller performance data to 

calculate energy usage, but it does require past energy use data to help it learn from past 

usage.

The chilling energy figures presented in daily total format in Appendix Q can be further 

broken down into weekly and monthly totals to assess the forecasting accuracy over 

August 2013. In Table 5-20, the actual weekly and total monthly figures are compared 

with the three models: design, calibrated and statistical.

In general, both the statistical and calibrated models perform well, but as before, the 

design model using averaged weather, shows large variability. The three  models daily 

total results along with the actual figures, all for August 2013, are charted in Figure 5-33. 

As with the heating prediction results chart, the calibrated and statistical models both 

follow the trend of the actual figures with reasonable accuracy.

The design model for chilling in August, however, as with the April heat design model, is 

significantly higher in its predictions. The averaged w eather  was compared to the 

recorded w eather  for August 2013, to see if this difference is causing the large difference 

in these results, and this is examined in the next section.
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Daily Chilling 
Totals

Design model 
Forecast 
(kWh)

Calibrated model 
Forecast 
(kWh)

Statistical model 
Forecast 
(kWh)

Actual Chilling 
Energy total 

(kWh)
Week 1 Total 6,006.9 3070.4 3100.8 3044.0

Accuracy + 97.3% + 0.9% +1.7%
Week 2 Total 7,256.1 4198.8 3130.4 2987.7

Accuracy + 142.9% + 40.5% +4.8%
Week 3 Total 8,982.7 4397.5 4345.7 4287.3

Accuracy + 109.5% + 2.6% +1.4%
Week 4 Total 8,489.4 4031.3 4251.4 3765.9

Accuracy + 125.4% + 7.0% +15.9%

Week 5 Total 5,033.3 2200.0 2301.2 2442.1
Accuracy + 106.1% -9.9% -3.3%

Monthly Total 35,768.3 17898.1 17129.6 16527.0
Monthly
Accuracy + 116.4% + 8.3% +3.6%

Table 5-20 Weekly and monthly accuracy comparison for statistical, calibrated and design models 
versus actual for chilling in August 2013 (Accuracy is percentage difference between forecast and 
actual)

To try  to explain this design model result, tv^o model param eters vi^ere understood to have 

substan tial effects on the chilling energy use in PI: so lar gain through the overall glazing 

reflectance and the outside tem pera tu re . The actual total reflectance of the glass in P I is 

known to be 0.35 and this would help explain why the solar radiation param eter was not a 

significant con tribu to r to the statistical model, bu t 0.65 w as used in the DM sim ulation.
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Figure 5-33 PI chilling energy use in August 2013 - actual (blue), statistical model (red), calibrated
model (black), design model (grey) using IWEC averaged weather and solar reflectance of 0.65
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To examine the outside tem pera ture  variations for this period, the averaged tem pera tures 

used in the IWEC files for the design model have been plotted against the actual recorded 

tem pera tures used in the calibrated and statistical models. This comparison is shown in 

Figure 5-34.

Ext.
T e m p

(°C)

Figure 5-34 IWEC averaged August temperatures (blue) versus actual August 2013 (red] external 
temperatures

The actual tem pera ture  is seen to be higher, every day throughout August 2013, than the 

IWEC tem perature. This would not explain the substantially larger chiller usage in the 

design model. On further examination of the DM, the use of the 0.65 Solar Shading or 

reflectance ratio was suspected of having caused high chilling energy usage and another 

simulation was carried out with reflectance set at the known level of 0.35 for the month of 

August with the same IWEC averaged weather. This simulation has produced the results 

shown in Figure 5-35.

2,000.0

Daily
to t a l

chilling
kW h

Figure 5-35 Design model simulation with lower reflectance of 0.35 for IWEC August weather - actual 
(blue), statistical model (red), calibrated model (black), design model (grey) using IWEC averaged 
weather and solar reflectance of 0.35

The result of the lower reflectance param eter  simulation has caused a substantial drop in 

predicted chilling usage for the design model. The design model appears very sensitive to 

solar gain and by lowering the reflectance value for all PI glazing, the chilling energy 

forecast by the design model has substantially fallen. This result does point to large
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sensitivities in the modelling process, particularly with certain building-wide param eters  

such as envelope thermal conductance or U-Values, overall building infiltration or 

permeability and glazing thermal properties such as solar reflectance.

The design model results are often used by designers to estimate the sizing of heating or 

chilling plant. This can be done by assuming a very cold day in winter, say -10 to -15°C 

average external tem perature , and running the model simulation for that day. The heat 

energy required can be used to estimate the necessary thermal capacity of the boilers. A 

similar exercise is common for the calculation of chilling equipm ent by taking an 

unusually hot day in summer, say + 30°C. Based on these results and the overall annual 

heating and chilling results presented in Chapter 4, Table 4-11, a scenario could be 

envisaged w here the plant may be understandably oversized, during the design phase. 

Learning from the energy reduction experience in PI, post-construction, the operation of 

over-sized plant in itself does not necessarily mean energy wastage. What is required, 

however, is that the operation of this over-sized equipm ent can be controlled on an 

incremental basis. In o ther words, if the full boiler is not required, the BMS can use what 

is needed or if ten occupants are present in a large office building at the weekend, then the 

required use of the air handling units can be scaled back to match these occupants’ needs.

5.6.4 Weather forecasts and effects on energy predictions

The Met Eireann website provides an up-to-date w eather  forecast comprising rainfall, 

tem pera tu re  and wind. There are various forecasts available for specific uses such as 

land, marine, aviation and agricultural. Land-based forecasts are available for the entire 

island and also regionally which approximately cover the four provinces. A 5 day forecast 

of hourly predicted tem pera tu res  is freely available. For Dublin, this is based on data 

forecasted by com puter model for the Met Eireann Airport or the EIDW w eather  station.

The energy prediction model for the pilot building has been shown to be accurate to 

within 4% for both heating and cooling. Given the model is a correlation between energy 

used and a particular external tem pera tu re  index, the prediction accuracy of the model is 

very heavily dependent on the accuracy of the tem pera tu re  forecast. The previous 

sections used cross-validation to check the model’s accuracy, where all relevant data is 

known, being entirely in the past. If the actual w ea ther  forecast had been used to predict 

energy usage, it would be interesting to examine how much deviation would be observed 

from the actual measured tem peratures.
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The daily forecast data has been collected since late january 2013. The data available for 

this ten month period is, therefore, a 24 hour forecast and actual recorded temperatures, 

both on an hourly interval. Both of these tem pera tures  are for the EIDW airport w^eather 

station operated by Met Eireann. The previous section examined the heating model 

accuracy for April 2013 and the external tem pera ture  index is shown on Figure 5-29 for 

clarity. Since the hourly interval tem pera tu res  (both forecast and actual] are available for 

the EIDW airport station, it is possible to calculate a lagged tem pera ture  index for each. 

The lagged tem pera ture  is used because that produced the most accurate prediction 

model. To re-cap, the 4 hour lagged tem pera tu re  index is simply the average of the 10 

hour window of tem pera ture  data points from 0400 to 1400 each day. It is interesting to 

note the differences between the forecast and actual tem pera tures over the course of April 

2013. Figure 5-36 shows the forecast and actual 4 hour lagged tem pera tu res  and also the 

4 hour lagged tem pera ture  index as recorded on the roof of PI by the local weather 

station.

There is a consistent 3°C to 4°C difference between the actual recorded EIDW 

tem peratures and the PI w eather  station, but a similar trend is apparent. The weather 

station therm om eter  is listed as having an accuracy of ± 1.5°C. The difference in 

tem pera tures  between the Airport Station and PI could partly be explained by the lower 

tem pera tures  experienced at the wide open space of the Airport versus a w eather  station 

mounted approximately 1.5m above an asphalt roof on PI, in the centre of a densely 

packed site of office buildings.

Figure 5-36 Forecast 4 hour lagged (blue) versus actual 4 hour lagged (red) recorded EIDW 
temperatures. Also shown is the 4 hour lagged temperature recorded on the roof of PI (green)
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Met Eireann validate their forecasts by comparing the daily average forecast with the 

recorded actual values and a constant record of this comparison is available on their 

website. From Figure 5-37, Met Eireann are achieving an 87%  forecast accuracy for the 

maximum temperature and 82%  for the minimum temperature. These figures relate to 

single highest and lowest predictions of temperature. In discussions with the computing 

centre responsible for producing these forecasts, the complexity of the Irish weather has 

been cited as one of the main reasons for the level of accuracy.

In order to examine the effects of these differences on energy usage prediction, the P I 

heat model was derived from Met Eireann recorded actual temperature data over the 

course of October 2012 to March 2013 and the derived model used to forecast the April 

2013 average hourly heating load. The objective is to examine the difference in predicted 

energy usage by using the actual Met Eireann weather forecast versus the actual recorded 

Met Eireann temperature data. For comparison purposes, the predicted energy usage 

using the local weather station is also shown versus actual usage.
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Figure 5-37 Forecast accuracy of the Met Eireann temperature predictions between July 2013 and 
February 2014 (Source - http://www.metie/forecasts/forecast-accuracv.asp~l

The data is summarised in Table 5-21 and weekly comparisons show the extent to which 

prediction errors are introduced by using the EIDW forecast data. The model results 

based on the 24 hour weather forecast is the least accurate for the heating month of April 

2013, at almost + 13% of actual. This would significantly call into question the accuracy of 

these m.odels if relying on hourly weather forecasts available free of charge on the Met 

Eireann website.

Maximum Temperature Accuracy (24 hour Forecast)

3  3  3  3  3

5 8 i « I
Minimum Temperature Accuracy (24 hour Forecast)
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Figure 5-38 PI total daily heat energy predictions versus actual (blue] for April 2013: PI local 
recorded weather (red], Met Eireann EIDW observed weather (dashed), Met Eireann forecast 
weather (dotted)

It may be concluded that actual local weather data is highly desirable for high prediction 

accuracy. Projects are underway or soon to commence in Met Eireann which w ill provide 

temperature and sunshine forecasts for a grid size of IKm .

Daily Heat Totals
Local Observed 

(kWh)
EIDW Forecast 

(kWh)
EIDW Observed 

(kWh)
Actual Heating 

(kWh)

Week 1 Total 30,558.75 33177.03 33,290.93 30,842.47

Accuracy -0.9% +7.6% +7.9%

Week 2 Total 40,095.46 41370.64 40,906.91 37,051.85

Accuracy +8.2% +11.7% +10.4%

Week 3 Total 15,471.96 18488.29 15,909.31 14,355.23

Accuracy +7.8% +28.8% +10.8%
Week 4 Total 14,098.05 15286.98 14,583.25 13,651.97

Accuracy +3.3% +12.0% +6.8%

Monthly Total 106,349.67 114983.19 111,448.28 102,112.01

Monthly
Accuracy

+4.2% +12.6% +9.1%

Table 5-21 Comparison of the predicted results using the Met Eireann data model and the locally 
measured weather station model (Accuracy is percentage difference between forecast and actual)

These forecasts w ill be made available for purchase. It must be pointed out, however, that 

energy forecasting for buildings is normally restricted to the accurate estimation of 

energy usage for retrofit or energy efficiency projects, as outlined in Chapter 2. Therefore, 

the models are relying on past weather in most instances.
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5.7 Summary and conclusions

Various statistical analyses have been developed and carried out to examine if accurate 

predictions of heat and chilling energy usage in PI w ere possible. The analyses also 

included a determination of a minimal dataset of external param eters  required for this 

prediction.

5.7.1 Summary

The following section outlines a sum m ary of the results in this chapter.

Natural thermal lag

The Natural Thermal Lag [NTL] of PI was calculated and plotted over a full year. The NTL 

is a relationship which is unique to any building which indicates how a building's internal 

tem pera tu re  responds to the external temperature. The NTL has facilitated the 

calculation of a lagged average tem pera ture  index which has been used in the regression 

analysis in later sections. The equation to determine the minimum point of each day's lag 

analysis was formed as Eqn 5.1:

p

L aglndexi^w  = ^  (T’s; -
i = 2 p

From visual inspection of an annual chart of data, the NTL for PI was estimated to be 4 

hours in w in ter  and 6 hours in summer. The variation of the NTL over the year is due to 

the changes in the difference between external and internal tem pera tu res  or AT.

PI energy use analysis

The energy use data from before the energy reduction program m e was examined using 

the Met Eireann external average tem pera ture  as a predictor variable. Weak correlations 

were found to exist with the relationships for both heating and chilling.

The exercise was repeated for the energy use data post energy reduction, again using the 

relevant Met Eireann average tem pera tu re  data. The reduction program me was found to 

have had observable, improving effects on the variance and the predictive strength of the 

regression relationship. This analysis involved splitting variable and fixed parts of P i ’s
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energy use. In effect, the splitting of energy in this w^ay divides energy into landlord and 

tenant sections. The variable parts are of interest for the development of the thesis’ 

statistical analysis method.

Derivation of PI energy equations with a minimal dataset of predictors

The post reduction programme energy use data w^as further examined using the lagged 

tem pera ture  index [4 hours for heating and 6 hours for chilling) and further 

improvements in lowering variance and better  predictive strength (R-Sq(Adj)) were 

achieved. This analysis yielded the heating and chilling energy equations for PI. It also 

allowed for the determination of the smallest num ber of predictors in the models, or the 

afore-mentioned, minimal dataset.

The PI energy equations for heating and chilling were stated in Eqn 5.4 and Eqn 5.5, 

which are repeated here:

Avg Hourly Heat 2012 -  2013 = 669.9 -  30.38 Tout 4H Lag ± S4.0kWS

Su mm er  2013 CHW = 118.56 -  13.92 60  To CWW + 0.S796 Sq To 6H ± 12.2kW^

The average hourly chilling energy was found to have a curved response scatterplot 

(Figure 5-24), best fitted by the response variable of average hourly chilling energy and 

regressors comprising of the 6 hour lagged external tem pera ture  index and its square. 

The erro r  inherent in each model is approximated by twice the Standard Deviation or 2S.

The various lagged external tem pera tu re  indices [8 hours to 0 hours) w ere  each 

substituted into Eqn 5.4 and Eqn 5.5 to find the particular lagged index with the strongest 

predictive strength. The strongest correlation was shown to occur for the 4 hour index for 

heating and the 6 hour index for chilling. This was explained in that the lag relationship 

not only informs how quickly the building responds to external tem pera tu re  while at rest, 

but also how quickly the building loses or gains heat whilst being mechanically heated or 

chilled. The exact same heat transfer principles apply, but in reverse. As it is possible to 

determ ine the NTL while the building is at rest, the NTL is not related to the operation 

efficiency of plant usage, it is believed, however, that  the strengthened relationship 

between energy usage and the appropriate  lagged tem pera tu re  index may become more 

evident in buildings where energy reduction through improved BMS control has been 

implemented.
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It has been  d e te rm in ed  that, pos t  energy  reduction, P I h ea t  ene rgy  p red ic tion  only 

req u ire s  an ex ternal t e m p e ra tu re  index as a p red ic to r  and  th a t  chilling energy  p red ic tion  

req u ire s  an ex ternal t e m p e ra tu re  index and the  sq u a re  of th a t  index as predic tors .  This 

se t  of ex ternal pa ram e te rs ,  m aking up the m inim al datase t,  m ay vary  from building to 

building. The exam ina tion  of ex ternal hum id ity  and  th e  so lar  gain show ed  a very  w eak  

re la tionsh ip  in helping th e  pred ic tive  accuracy of the  models. The e lim ination of so lar 

gain as a p red ic to r  has been  explained by: (1) the  very  effective external shad ing  and  a 

low shad ing  coefficient of th e  glazing in place in P I,  (2) the daily ex ternal t e m p e ra tu re  

rise is, in large part, a t t r ib u tab le  to so lar  gain, so the  t ren d in g  inform ation  is in part, 

a lread y  p re se n t  in the  models, th ro u g h  the  external t e m p e ra tu re  index and  (3) the 

ex ternal te m p e ra tu re  index and  Solar Index a re  partia lly  corre la ted  w h en  exam ined  o v er  a 

long enough tim e period. The s h o r te r  per iods of hea ting  and  chilling used  to form the 

m odels  for P I  do not show  th is  co rre la tion  bu t  the m odels  are  assum ed  m ore  ro b u s t  with 

the  exclusion of Solar Index, w i th o u t  any  loss of forecasting  accuracies. The collinearity  

b e tw een  ex ternal t e m p e ra tu re  and  so lar  gain w as ra ised  as a po ten tia l  issue which m ust  

be considered  w hen  applying this m ethod  to  buildings in general. If a building w as 

exam ined  which had very  high levels of influence from so lar  gain, the  Solar Index variable 

m igh t have to be t ran s fo rm ed  to reduce  collinearity. Collinearity has  been  d e tec ted  w ith  

the  use  of the  Variance Inflation Factor [VIF}. Nonetheless, the  p resen ce  of collinearity  

does  no t  necessarily  reduce the m o d e l’s forecasting ability, so the  resu lt ing  m odel for any 

build ing m u s t  be considered  on its ow n un ique  merits.

PI energy forecasting

Finally, it has been  show n  th a t  these  tw o  energy  equa tions  o r  m odels  can be used  to 

fo recast  ene rgy  use once k now n  o r  forecast  ex ternal te m p e ra tu re s  a re  available. Over one 

m o n th  of hea ting  and  chilling energy  w as  forecast. Relatively accura te  forecasting was 

sh o w n  to be possible w ith  th is  m ethod, w ith  p red ic tion  accuracy of + 4.2% for hea ting  and 

+ 2.7% for chilling w h en  co m p ared  with  the  actual m on th ly  totals.

For com parison , the  P I  build ing w as  m odelled  using the Virtual E nv ironm ent so ftw are  

package. Tw o m odels  w e re  developed, an as-built  design m odel (DM] and  a ca librated  

m odel (CM). Environm ental d a ta  a lread y  m easu red  and  reco rd ed  in P I w as  used  to help 

guide th e  CM sim ulation. Heating and chilling energy  fo recasts  w ere  p ro duced  for bo th  

m odels  using averaged  IWEC April and A ugust w e a th e r  for th e  DM and locally reco rded
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w^eather for the CM. The results w ere compared and the statistical model was found to be 

most accurate for PI for the period and the tem pera ture  range in question.

For buildings in Ireland, the simplicity of these models is im portant when the model is 

used to forecast energy usage. This is because the availability of comparatively accurate 

tem pera ture  forecasts is commonplace but the forecasting of accurate Irish solar activity, 

particularly on a local scale, is not generally available and research is underway in Met 

Eireann, for this purpose. Met Eireann has explained they are working on a statistical 

forecasting model, based on the last 40 years of data, to try  to determ ine forecasting 

accuracy of both cloud cover and sunshine on a IKm scale, but this is not yet available (as 

of January 2014). With the Irish cloud pattern, accurate sunshine forecasts are difficult. 

In o ther parts of the world, however, the sunshine forecasts are highly predictable and, 

therefore, usable where required by a particular building energy model.

Weather forecasts and statistical energy forecast models

To illustrate the importance of an accurate tem pera ture  forecast with these models, the 

heating month of April 2013 for the pilot building was re-examined using the Met Eireann 

w eather  forecast over this month, along with the observed tem pera tures at Dublin Airport 

and compared to the locally recorded tem pera tures on PI. The results of this exercise 

showed that  using a 24 hour w eather  forecast resulted in a monthly prediction accuracy of 

almost + 13% when compared with the actual energy usage. This compares with + 4% for 

the model derived from locally recorded data. This would call into question the ability to 

use these models without more accurate (or, indeed, actual] and localised w eather 

forecasts.

Statistical forecasting models are, in general, used to accurately calculate financial savings 

generated by the implementation of an energy efficiency programme. This is normally 

achieved by generating an accurate model, derived from energy consumption data from 

before the programme commenced and then forecasting energy consumption for the 

period following the programme. This is compared to forecast results generated from the 

new model trained on data following the programme. The difference represents  the 

savings based on known weather.
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5.7.2 Conclusions

Certain conclusions which collectively may be deemed to form a hypothesis can be drawn 

from the w ork described in this chapter. The purpose of the thesis is to determine a 

minimal dataset of predictors to accurately forecast energy usage in buildings, following 

an energy efficiency programme. As part of that objective, an examination was carried out 

of the statistical relationship between certain w eather  parameters: temperature, solar 

activity and relative humidity, and a building’s energy consumption. Given the 

overwhelming influence of external tem pera ture  on energy consumption, the importance 

of the tem pera ture  as a predictor was examined in some detail. For the pilot building, the 

following conclusions can be drawn:

Natural thermal lag

An im portant building therm al param eter has been shown to be derived by statistical 

means, therein referred to as the Natural Thermal Lag (NTL). This param eter was derived 

from data gathered over one full year and at times while the building was at rest, with no 

forced heating or cooling. The NTL is a whole building param eter  which reflects the actual 

building as constructed and, therefore, can only be established post-occupancy. For PI, 

the param eter varies from season to season and follows a sinusoidal trend which has been 

shown to closely follow the external tem pera ture  trend. It is hypothesised that (i) this 

param eter  can be determ ined for most buildings, and (ii) that it might guide the selection 

of the particular external tem pera ture  index which has most influence on the 

consumption of both electrical and thermal energy in buildings.

Locally observed weather

The historic w eather  data available from the Irish w eather  service or Met Eireann is 

recorded in one of a num ber of stations positioned around the country in a m anner to 

yield a broad and general view of the weather. For buildings, it was hypothesised that  the 

local w eather  conditions experienced directly by the building will be som ew hat different 

when compared with these w eather  service recordings and this will influence the 

predictive power of the models. Three w eather  param eters  were examined comprising 

tem perature , relative humidity and solar activity. It was further hypothesised that these 

local param eters  might be bette r  predictors of energy consumption.
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PI energy equations

The pilot building had an energy efficiency programme carried out on it, leading to 

substantial reductions in energy consumption. Following this programme, simple 

statistical models for heating and cooling were derived, and both models were shown to 

be relatively accurate in forecasting energy usage. The efficiency programme appears to 

have reduced the variance in these statistical relationships. The use of the NTL guided 

tem pera ture  index has further reduced the variance such that accurate forecasting of 

energy use is possible using actual w eather data.

It is believed that this method can be applied more generally, and for this purpose, two 

test buildings have been selected. It has been shown that simple regression using one 

predictor, external tem perature, on the pilot building does not produce an accurate 

forecasting model prior to an energy efficiency programme. It is, therefore, hypothesised 

that with the application of an efficiency programme and the selection of the most 

influential tem pera ture  index, tha t  a simple statistical model can be made relatively 

accurate and useful in forecasting energy usage.

In Chapter 6, the same statistical modelling methods will be applied to these two test 

buildings, T1 and T2. Both buildings have had energy reduction program mes carried out 

as part of this research and, therefore, it is possible to compare the modelling accuracy 

before and after these programmes.
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Chapter 6 Use of reduced dataset and derivation of Tl, T2 
energy equations

The hypothesis that a reduced dataset can be used to accurately forecast heating and 

cooling energy consumption for a building, post energy reduction, has been presented in 

Chapter 5, w^ith results for a pilot building, PI. This hypothesis is now applied to two test 

building projects, T l  and T2, to examine the potential of the method for more universal 

use on large buildings. As explained in Chapter 3, the first of these projects relates to the 

landlord’s supply of cooling services in T l .  The second is the landlord’s supply of both 

heating and cooling services in T2, which is similar in size to PI, but with the added 

complication of multiple office and retail tenants. The external param eters  used to derive 

the minimal dataset resulting from the pilot building analysis in Chapter 5 are again used 

for both T l  and T2 projects. The forecasting accuracy of the models is then tested against 

known past data, as per the cross-validation technique discussed in Chapter 3.

T l  and T2 have been chosen as test  cases for a num ber of reasons. Permission to access 

internal BMS data is im portant but it was also of interest to determine if the application of 

an energy efficiency program me would positively affect the statistical relationship 

betw een energy usage and certain w eather  parameters, for a very large scale building 

such as T l. In the second instance, T2 was chosen because during the energy reduction 

phase, no access to individual tenan ts’ data was available and, again, it was deemed 

im portant to determine if the statistical effects were similar to PI, given this lack of 

influence over tenant energy consumption. In both cases of T l  and T2, the construction 

m ethods and materials were of a lighter variety compared to PI, and it was of interest to 

examine the natural thermal lag for each test building.

6.1 Introduction

The results from Chapter 5 have indicated that simple statistical models, based on limited 

external param eters, can be sufficient to accurately forecast energy use in the pilot 

building. During the appropriate  season, the heating and chilling loads in the pilot 

building have been separately analysed and results have yielded two building energy 

equations which have been tested for forecasting accuracy. In order to examine the 

applicability of the approach in PI, it was necessary to separate  out the landlord and 

tenan t usage, with sub-metering.
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In both T1 and T2, the landlord loads are already separated  out by way of a separate 

landlord electricity meter. T1 is a large multi-tenanted retail mall while T2 is occupied by 

four separate office tenants and eight retail tenants, in both buildings, this separation of 

landlord's energy usage was necessary at design time in order to allow for the correct 

allocation of landlord’s services, such as heating, chilling and ventilation, amongst the 

tenants. This has made the m easurem ent and analysis of power usage data in both T1 and 

T2 buildings less complex than PI.

It has been shown for PI that  certain statistical relationships become significant after the 

completion of an energy reduction programme. As explained in Chapters 4 and 5, this 

programme has been developed in a unique m anner for each building, as it is assum ed 

that not all buildings will have the same opportunities for energy reduction and not all 

buildings are starting from the same point of energy use efficiency. As with PI, both T1 

and T2 were examined for energy reduction opportunities and the resulting actions w ere 

implemented over time. A summ ary of these opportunities and actions are discussed later 

in this chapter, along with the effects on energy usage, pre- and post-implementation.

Access to data related to the T1 and T2 landlord’s metered electricity, gas and BMS space 

tem pera tures was permitted for the purpose of this research.

Both of these buildings entered service in the last decade: T1 in 2003 and T2 in 2010. 

Both buildings are part of the same development and, as such, share a num ber of common 

features regarding materials, glazing and finishes. T1 has been effectively fully occupied 

with retail tenants since opening and T2 has had full occupation with both retail and office 

tenants since early 2011. The T1 and T2 proximity has allowed the recorded data from a 

local w eather station to be applied to both buildings.

For the purpose of clarity and to avoid confusion when reading the descriptions and 

analyses of both test buildings, the two buildings have been treated  completely separately 

in the following sections. Lessons learnt from each building are described in the final 

section along with a summ ary of the findings. The chapter is structured as follows:

(1) Data collected from the T1 and T2 buildings. Data was collected to allow the 

comparison and analysis of the energy usage with regard to the environmental 

parameters.
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(2) Test building project description. For each test building, the following will be 

provided:

a. A brief description of the construction details, glazing and Building 

Management System used to environmentally control the test building.

b. A description of the energy reduction programme and presentation of 

energy usage reduction results. A unique program me was implemented 

for each test building given the differences in occupational use and 

functionality.

c. The derivation of the test building energy equation, using simple statistical 

models. The method developed in Chapter 5 for building PI is applied to 

the test buildings. The three chosen environmental param eters of 

tem perature, relative humidity and solar gain are analysed to determine 

their relative contributions to the final energy equations. Statistical 

analysis of the data from before and after the reduction programme is 

presented, w here a comparison is possible

d. An examination of the forecasting accuracy of the derived building energy 

equations. As with PI, the derived energy equations for the test buildings 

are used to forecast heating in April 2013 and chilling in August 2013. 

Data used to ‘tra in ’ the statistical model used in forecasting does not 

include the forecasting periods.

(3) Summary of test  building results and conclusions: Having formed a hypothesis in 

Chapter 5 regarding the formation of an accurate forecasting method from a 

minimal num ber of external predictors, conclusions can be drawn on whether or 

not the two test buildings upheld the research hypothesis.

(4) Lessons learnt from the implementation of the proposed forecasting method to the 

test buildings. The two test buildings are different in their configurations, usage 

patterns and occupational requirem ents from each other and the analysed 

prototype building PI. The lessons learnt from the implementation of the 

proposed method to these buildings are compared, and if necessary, a refinement 

to the energy equation derivation proposed from a s tudy of PI will be introduced.

207



C hapter 6 -  Test buildings descrip tion  and energy  equa tion  derivation

6.2 Data collected from T1 and T2

The da ta  collected in P I com prised  of a com bination  of data  logs from the BMS and  the 

en v iro n m en ta l  logging m onito rs  installed for this re search  project. For the  te s t  buildings, 

only th a t  da ta  rela ting  to the  calculation of the  N atural Therm al Lag (NTL), and  data 

re la ting  to the application  of the statistical m ethod  to these  buildings, has been  collected. 

T hese data  are  ou tlined in Table 6-1.

T1/T 2 Energy reduction period data collection chronology

Equipm ent Install Date M easurem ent Intent Location

T1 Electricity (1 No.) 
Pulse Counters

October 2010 to 
Decem ber 2013

Pulse coun ter logging landlord’s 
transfo rm er pow er usage on a 15 
min basis

T1 Red Trafo 
roof electrical 
room

Micron Ultrasonic Flow 
m eter

August 2011 
and N ovem ber 
2011

T1 Flow rate data for prim ary and 
secondary condenser w ate r loops

T1 landlord’s 
roof plant 
room

T2 ESB Electricity m eter October 2011 to 
D ecem ber 2013

Interval data fo rT 2  landlord 
supply from ESB N etw orks on a 15 
m inute basis

T2 electrical 
room

T2 H eat m eter and 
pulse counter

Septem ber
2012 to April
2013

Daily reading for T2 heat supply T2 roof plant 
room  heat 
pipew ork

T2 Pow er m eters April 2013 to 
August 2013

Daily reading for T2 chilling 
supply

T2 roof plant 
room  chillers

T 1/T 2 Autom ated 
W eather Logger

June 2012 to 
Decem ber 2013

Local w eather on 15 m inute log Exposed 
T1/T2 roof

T 1/T 2 External 
Humidity

July 2012 to 
Decem ber 2013

Local external relative hum idity 
on 15 m inute log

Exposed 
T1/T 2 roof

T 1/T2 BMS data collection chronology

Data item Collection Dates M easurem ent Intent Location

T1 Internal space 
tem p era tu re  from south 
atrium

October 2013 to 
Jan 2014

Trend BMS logging Level 3 space 
tem pera tu re

No perm anen t logging of data

L3 south 
atrium

T2 in ternal space 
tem p era tu re  from 
T enant A

January 2013 to 
Decem ber 2013

Cylon BMS logging 6'*' floor ten an t 
A open-plan area tem pera tu re

6*'' floor 
Tenant A

Table 6-1 Test buildings T1 and T2 installed supplem ental m easurem ent equipm ent for data 
collection
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The reco rd ed  d a ta  includes the  locally reco rd ed  ex ternal tem p e ra tu re ,  local re la tive 

hum id ity  and  the local light levels, all re co rded  from the installed w e a th e r  station. Access 

to d a ta  in T1 and  T2 w as  m ore  limited than  PI, given the  m u lti - tenan ted  n a tu re  of bo th  

te s t  buildings. As can be seen  from Table 6-1, the du ra tio n  of da ta  collection is no t  

un iform  across  all m e a s u re m e n t  points. However, having lea rn t  valuable lessons from PI 

regard ing  the  im portance  of certa in  data, such  as chiller and  boiler outputs ,  it w as  

possib le  to focus carefully on exactly w h a t  da ta  w as  req u ired  and  sufficient data  has b een  

collected to allow the tes ting  of th e  hypothesis .

6.3 Test Building T1

The first te s t  building, T l ,  is located in South County Dublin. Com prising approx im ate ly  

120,000m ^ of enclosed retail and  landlord  space, the  existence of only one small s e t  of 

o p erab le  w in d o w s effectively m akes T l  a fully a ir-conditioned  (AC) building. Figure 6-1 

sh o w s  the scale of the  building by aerial view and  an in terna l view of one of the two atria, 

w hich  a re  located a t  e i th e r  end  of the  m ain retail building. The decision to include T l  in 

th is  p ro jec t  w as  m ade  to en su re  th a t  th e  m ethod  deve loped  in C hapter 5 could be applied  

to o th e r  buildings of this scale and  complexity. The construc tion  of the  building is to  a 

high specification. The building is s teel f ram ed consisting  of columns, beam s and  t ru sse s  

w ith  in-situ cast concre te  floor slabs.

Figure 6-1 Aerial view of T l and a view of one of the internal five level atria showing the partially 
glazed roof T l  extent is outlined in yellow, while the atrium shown on the right is outlined in black 
on the aerial view on the left
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The roof is a multi-layer insulated construction on reinforced concrete suspended slabs 

with arched glazing over both atria and interconnecting strips. Perimeter walls are 

mainly constructed in precast concrete panels, a small am ount of glazed curtain walling, 

with the rem ainder in rendered  block or brickwork. Envelope insulation is in 

conformance with Part L of the Irish Building Regulations, applicable at the time of 

construction (Irish Building Regulations, Part L TGD, 2005).

Vertical glazing is not an extensive feature in T l.  The landlord areas are vertically glazed 

where possible, such as at the main entrance, but as a percentage of total envelope area, 

vertically glazing comprises a small percentage, estimated at under  10%. There is no 

vertical glazing in the retail sections. There are, however, three glazed roof sections 

covering both atria and the interconnecting walkway. The specifications for this glazing 

are listed in Table 6-2.

Tl Roof Glazing P a ra m e te r s

Shading Coefficient 0 .40

Light Transmission 0.66

Glass colour re fe rence Pilkington 'Suncool' Clear

Total Solar Heat Gain 0.34

U-Value 1.6W /mV°C
Table 6-2 Tl Roof glazing specified parameters

The shading coefficient and total solar heat gain param eters  would indicate that  the 

designers were aware of possible overheating due to sunshine at the top level shopping 

areas and specified glazing materials to deal with this potential issue. These are highly 

reflective glazing panels and, as such, the expectation is that the T l  building should not 

experience undue overheating due to solar activity. More images of the construction 

details of T l  are shown in Appendix S.

6.3.1 T l plant and BMS

An overview of the landlord’s plant on the roof of T l  is shown in Figure 6-2. All of this 

plant is dedicated to the provision of cooling to the landlord and tenan t areas of the 

building. T l  does not normally require heating from the landlord’s plant, even though 

that plant is capable of providing such heating. Since 2009, the landlord’s w inter heating 

has only been used during the extremely cold spell of w in ter 2010. For this reason, the T l 

analysis is limited to the landlord cooling function. The heat sources in T l  are comprised 

of: heat coming from the individual tenant units through open entrances, large occupancy
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levels during certain periods, lighting and solar gain. The landlord's plant has a primary 

role of rem oving this unwanted heat from T l.

The condenser w ater system  is the m echanism  used in T l to carry unwanted heat from 

the retail and landlord spaces. Each retail unit operator is expected to install their ow n air 

conditioning equipm ent and connect to the condenser w ater system , which is then used to 

channel unwanted heat away from that unit. There are over 120 retail units perform ing in 

this way. Separately, the chillers provide chilled w ater to tem per air going through the 

landlord’s air handling units. Excess heat from the chillers is also channelled into the 

condenser w ater system . All of this excess heat is exchanged to the air via the 4 no. 2- 

section  evaporative coolers. Supply of fresh air to the public areas is via the landlord's air 

handling units and these can heat or cool air for appropriate tem perature delivery to 

these areas. The landlord’s plant, show n in Figure 6-2, is pow ered from one electrical 

transform er which is also located on the roof.

Evaporative 
Coolers x 4

Condenser W ate r  (CCW) low-loss h ead e r

Primary CCW 
punnps X 5

Secondary CCW 
pum pse ts X 4

Retail #4Retail #1 Retail ni Retail #3

Chilled W a te r  Primary p u m p  x 3

Condenser Condenser
Chiller Units X 2Evaporator Evaporator

AHU#1 Air Handling Units 
X 10

AHUfflO

Figure 6-2 Tl landlord plant showing a simplified view of the cooling function, comprising the 
condenser water system (CCW), chilling system, evaporative coolers and air handling units, and all 
ancilliary pumps
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This has made the m easurem ent of the electrical energy required to provide these 

services a straight-forward task since only this transform er needs to be m etered and 

logged. As part of this project, access to that transform er's  15 minute electricity interval 

data was permitted from early 2011 along with access to the T1 BMS data.

The 10 no. air handling units can supply heated fresh air, when required, but as explained, 

this is not a commonly used function. The heating function is built into the AHUs, whose 

burners  are individually supplied with natural gas. To summ arise Figure 6-2, the 

condenser w ater  system comprises the bulk of the building’s cooling system and provides 

a medium into which the tenan t’s air conditioning equipm ent and the landlord’s chillers 

can dissipate unwanted heat. This unwanted heat is removed from the condenser w ater 

system by way of the evaporative coolers, which can be brought into service in sections as 

required -  each of the 4 no. evaporative coolers has two sections which can operate 

independently. All of this plant is controlled by the landlord BMS.

The energy reduction program me in T l, which is described in the next section, has been 

focussed on this plant. Consequently, the analysis of power usage in T l  is focussed on the 

principal electricity use -  that of landlord’s cooling.

6.3.2 Tl energy reduction programme

The energy reduction programme commenced in T l  in October 2011 and was completed 

in spring 2012.

T l  is a prestige shopping location and it was necessary that any energy reduction did not 

adversely affect the customer or tenant experience. During late 2010 and early 2011, 

following a detailed analysis of the various services provided by the landlord to the retail 

tenants, it was decided to focus on the condenser w ater  system, as it is the most likely 

plant to provide good energy reduction opportunities. It was also recognised that  in 

reducing the building’s cooling demands by way of the condenser w ater  system, other 

related down-stream energy reductions could also materialise, particularly with the 

evaporative cooling towers.

In early 2011, the installation of variable speed drives [VSD) on the prim ary and 

secondary condenser pumps was proposed by the author. This VSD installation project 

commenced in autum n 2011 and was completed on all 13 no. pumps by December 2011.
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The installation of a VSD on a w ater pump allows for the reduction in flow when 

appropriate  and, therefore, a reduction in the energy used by the pump. The pumps 

installed in T1 to handle both primary and secondary condenser loops w ere  of a 

considerable size and power, measuring an aggregate of 176.5kW for the secondary 

pumps and 147kW for the primary pumps. On the secondary side, the pumps are 

organised in pairs which operate in a Duty/Standby sequence, meaning only one of the 

pair opera tes at any time (see Figure 6-2). These pairs are normally referred to as 

pumpsets. The pumpsets are rotated each weekend with only one of the pair in Duty 

mode for the week. The Duty/Standby configuration gives full redundancy in case of 

pump failure, failure to start, during maintenance periods, etc.

Prior to and during VSD installation, the following findings were made by the au thor to 

enable the reduction of condenser w ater  system energy usage:

(1] Secondary condenser loop flowrates: The design engineering documentation 

indicated a certain minimum flowrate at each of the major four legs of the 

secondary condenser w ater system [these are indicated in Figure 6-2 as Retail#l 

to Retail#4). The indicated design flowrate ensured the correct flow would be 

delivered to each of the downstream  tenant units in that  leg. When measured, the 

flowrate, in certain instances, was found to be substantially higher than the design 

figures. This provided some scope to reduce the flowrate. Following reduction at 

the main source pump, some individual tenant units w ere checked and verified for 

minimum flowrate delivery.

(2) Secondary condenser loop down-time: The condenser w ater  system had been fitted 

with an air and dirt separa tor system to try  to alleviate the problem of air in the 

secondary loops. The aeration could be clearly heard and pump cavitation was 

resulting. The air separators  did not solve the problem. Once per month, 

maintenance staff had to power down the entire primary and secondary 

condenser pump systems and manually vent built-up air. At this time, the 

secondary condenser system was running 24/7 . It was identified that during two 

overnight time windows, there was little or no demand for condenser w ater  and, 

therefore, an opportunity  emerged to both reduce energy use and alleviate the 

aeration problem by turning the secondary pumps off for two 90 minutes periods 

during the 11pm to 7am time window. This down-time solved the aeration
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problem as it was discovered that the operating secondary pumps were 

overwhelming the air separation system.

(3) Primary condenser loop flowrates: It had been assumed in the design 

documentation that the rate at which w ater  was being removed from the 

condenser w ater CCW Low Loss Header (see Figure 6-2) by the five primary 

pumps should match the rate at which w ater  was being delivered to the Header by 

the four secondary loops. Once the VSDs w ere installed on the primary side, this 

was found not to be the case. The tem pera ture  of w ater  in the Header was found 

to be maintained at 28°C with a significantly lower primary flowrate. 28°C is the 

accepted tem pera ture  for delivery of condenser w ater  to retail outlets and this 

tem pera tu re  had to be maintained.

(4) Changes and corrections to the T1 BMS: The installation, commissioning and 

subsequent operation of the condenser w ater  system, post VSD installation, has 

required substantial changes to the BMS control strategies. These changes have 

also extended to the operation of the landlord’s air handling units. As control 

issues were encountered during routine inspection of the T1 plant's operation, 

several BMS strategy changes were implemented, normally to remove an out-of- 

control situation such as air handlers heating and cooling simultaneously.

The resulting landlord’s energy usage was substantially reduced, commencing in early 

2012 and fine tuning of the VSD systems continued during the spring of 2012. The 

electricity usage for the T1 landlord’s supply is shown in Figure 6-3.
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Figure 6-3 T1 landlord electricity usage from January 2011 to December 2013 showing usage 
decrease commencing in January 2012
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Decreases are evident from January 2012 onw^ards but note the increase in usage from 

April 2013 to August 2013, compared to the same period in 2012, caused by the w arm er 

summer. This may indicate a landlord cooling system which is under be tter  control in 

responding so definitively to higher external tem peratures. Figure 6-4 shows the usage 

from one year prior to VSD installation to one year afterwards. Fine tuning of the 

landlord’s system has continued and this is evident with the on-going reductions on a 

month to month basis.
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Figure 6-4 T1 landlord energy use one year before and after condenser water system VSD installation

A tabulated sum m ary of annual usage (Table 6-3) helps to examine the changes in energy 

consumption due to the implementation of the energy efficiency programme.

It is evident that the rate of decrease of the chilling energy consumption has slowed 

considerably after the first year of operation in 2012 from a reduction of 16.4% to 18.7% 

in 2013. The 2013 usage figures would have been lower but because of the unusually 

warm  sum m er from April to August, 2013, the landlord’s energy usage has increased 

when compared to the same period in 2012. Because of these higher average 

tem peratures, the am ount of chilling required by T1 in controlling the indoor tem pera ture  

has increased and this has resulted in higher chilling energy consumption.

Given the nature of the energy reduction program m e in T l,  being the installation of VSD 

systems on the condenser w ater  pumps, it is not expected that significant additional 

savings will be made over those shown in Table 6-3 in the coming years.
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T l Lane lord's Plant Energy Consumption (kWh)
Billing
Period 2011 2012 2013

Jan 262,157 203,066 173,983
Feb 226,190 182,620 148,882
Mar 250,781 216,894 177,506
Apr 258,239 184,688 199,642
May 266,160 224,714 242,424
Jun 287,542 246,824 252,269
Jul 329,860 267,436 295,717
Aug 307,799 271,783 279,483
Sep 280,040 256,116 234,444
Oct 255,801 240,312 228,835
Nov 250,777 202,039 185,975
Dec 232,436 184,962 188,848
Total 3,207,782 2,681,454 2,608,008

% Savings 16.4% 18.7%
Table 6-3 T1 Landlord's plant energy consumption from January 2011 to December 2013

6.3.3 Derivation of T1 energy equation using a minimal dataset

The energy equation derivation method proposed in Chapter 5 for PI was applied to both 

T1 and T2. For T l ,  the energy usage data is taken from the supply of landlord’s heating 

and cooling services. These landlord’s services are supplied by a single transform er and 

this has been m etered and logged since September 2010. As explained previously, the 

heating supplied by the landlord in T l  is effectively zero.

Tl Natural Thermal Lag calculation

With T l  operating every day of the year except Christmas Day, it was not possible to use 

the same method for the calculation of the T l  Natural Thermal Lag [NTL] to that used for 

PI. This indicates that  slightly different forms of the NTL may be required depending on 

the building use. This is particularly the case with non-office buildings which operate on a 

7 day schedule and, therefore, it is not possible to examine data during long periods 

(greater than one day), when the building is at rest, with no mechanical heat or cooling, 

low occupancy and low solar gain.

A variation on the original concept of the NTL was tried on T l  data in order to determine 

the building lag. The T l  building is supposed to shut down for only one day per year (this 

shutdow n was overlooked in 2013), so there  is no data available to show how the building 

responds over a full day during which the building is at rest. However, the roof of T l  is
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almost entirely glazed at level three, facilitating long-v\/ave radiative cooling overnight, at 

this level. To try to calculate the NTL with limited BMS data, a num ber of overnight 

datasets were analysed to try to ascertain if the overnight low in external tem perature  

was reflected in the internal space tem pera ture  around the m easurem ent point, which 

was at the top level and under glazing. Effectively, the analysis shows w hether  or not the 

external night-time low tem pera tures  exhibit causality with the internal space 

tem perature . This is in contrast with the PI scenario, w here the analysis requires this 

causality to be found between the internal and external daytime high tem peratures. Given 

that  the air handlers remain off overnight, from 8pm to 9am, this provides a 13 hour 

overnight window in which to examine this low tem pera tu re  causal relationship.

Figure 6-5 shows the internal and external tem pera ture  data recorded over a mid-week 

period in November 2013. Examination of the lowest tem pera tu res  on each of the four 

days, shows that the internal tem pera tu re  follows the outside tem pera tu re  very closely in 

time. In o ther words, the NTL appears to be quite short.
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Figure 6-5 T1 External (red) and internal (blue) temperatures recorded at the top level of one of the 
Atria (November 2013)

A closer examination of one of these days is shown in Figure 6-6 and the lag is indicated to 

be less than one hour. This is in contrast to PI and could be explained by two possible 

reasons: (i) the T1 building is of lighter construction and, therefore, may have a lower 

thermal mass and [ii) the m easurem ent point is only one point in a very large building and 

is located at the top level directly below the roof glazing and is, therefore, subject to long

wave radiative cooling.

The same NTL equation (Chapter 5, Eqn 5.1) is used but because of the shortened 

overnight analysis, a shortened Lag Window is used. In the PI analysis, a weekend day
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was chosen during which the building was at rest for the entire day, and the 10 hour Lag 

Window required 2p data or 20 hours, as explained in Chapter 5, Section 5.2. There is not 

sufficient time overnight in T1 to allow for this length of Lag Window, so it has been 

shortened to 5.5 hours, thus requiring 11 hours of data. As explained at the beginning of 

this section, the available time window in which the NTL analysis can occur is 13 hours, 

that being the period the plant is off overnight.
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Figure 6-6 T1 one-day analysis of external [red] and internal temperatures [blue] 8th November 
2013

The lag plot for this particular overnight period is shown in Figure 6-7.
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Figure 6-7 T1 Natural Thermal Lag plot for overnight November 7/8th 2013
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if T1 had a large NIL, because of large thermal mass, this shortened Lag Window may not 

w ork  correctly, and this points to a shortcoming of this NTL method for certain buildings 

such as those of heavy construction which operate 24/7 , such as old hospitals.

The lag plot shows a minimum point which indicates a T1 NTL of about 2-3 periods or 30 

to 45 minutes. As previously explained, a substantial am ount of roof glazing exists in the 

vicinity of the m easurem ent point, leading to radiative cooling, and the fact that the lag 

analysis is concentrating on overnight data, when radiative cooling is at its maximum, 

would help encourage this outcome. Appendix T contains a short series of these NTL 

graphs. The internal tem pera tu re  data is not logged by the BMS and must be manually 

extracted on a daily basis.

As with PI, the NTL has guided the selection of the particular lagged tem pera ture  index. 

In the case of PI, this was 4 hours in winter, so the 4 hour lagged external tem perature  

was used. For T l,  the NTL is indicating a very short lag of less than 1 hour and thus the 0 

hour lagged external tem pera tu re  index, that is, the instantaneous external tem pera ture  

will be used as the regressor in the correlations in the next section. This implies that the 

curren t (0 hour) external tem pera tu re  has the largest influence on predictive strength of 

the regression model. If the outcome observed for PI, where the NTL calculation and 

subsequent determination of the lag [or NTL) was supported  by the selection of the 

particular lagged tem pera ture  index to maximise the model’s predictive strength, then the 

0 hour lagged tem pera ture  index should be the strongest of the lagged tem perature  

indices in the model, with the highest value of R-Sq (Adj).

T l before and after energy reduction statistical analysis

The condenser w ater  system upgrade with the installation of VSDs was completed during 

early w inter 2011. It is of interest to examine the pattern  of energy usage prior to that 

time. Certain days have been omitted from this analysis, namely maintenance days which 

have been identified by facilities personnel in T l.  A full dataset, including data from 

known maintenance days, is shown in Appendix U. The landlord’s energy use data, 

recorded prior to any energy reduction interventions, is presented in scatterplot format in 

Figure 6-8, plotted against the average daily Met Eireann external tem pera ture  as 

recorded at the Dublin Airport station. Data is available for average tem pera tures as low 

as -8°C, occurring during the w in ter of 2010. During this period, the much reduced
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demand for chilling would result in lower energy usage by the chillers, condenser pumps 

and evaporative cooling towers.
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Figure 6-8 T1 fitted line plot of hourly average energy use versus Met Eireann daily average external 
temperature from September 2010 to September 2011

However, the air handling units were running 24 hours per day in an effort to keep 

occupants in relative comfort while average external temperatures fell as low as -8°C, so a 

slight rise in energy usage is evident in Figure 6-4 for January 2011.

It is not intended to use this model to forecast energy use. The relationship does not 

appear to be linear but its inclusion is simply to indicate the level of variance between 

these two variables during this period in time. For a chosen external temperature, say 

10°C, the range appears to be approximately 300-350kWh per hour.

Electricity usage data was collected for the period following the commissioning and fine 

tuning of the VSD devices on the T1 condenser water system. This occurred during the 

May 2012 to August 2013 period. This data was scatter plotted against the Dublin Airport 

Met Eireann average daily external temperature for the same period. The result is shown 

in Figure 6-9. The scale used in the previous plot (Figure 6-8 - before the VSD 

commissioning) has been retained to allow an easier visual comparison.

The dataset which was used to form this scatterplot is contained in Appendix V. Certain 

essential maintenance days have been removed where that information was available 

from facilities in T l, and these days are indicated in the dataset in the Appendix. The plot

S 66.0310
R-Sq 26.3%
R-Sq(adj) 26.2%
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in Figure 6-9 shows substantially less variable energy usage when regressed with external 

tem perature , that  is, the variance in the relationship has reduced.

T1 Avg Hourly E = 318.0 + 19.37 T l  Met E Avg
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Figure 6-9 Tl fitted line plot of average hourly energy use versus Met Eireann average daily external 
temperature for the post VSD installation period of May 2012 to July 2013

At 10°C, the variability has fallen from 300-350kWh per hour to approximately 250kWh 

per hour. This is because the cooling system in T l  has become bette r  controlled and the 

variance evident in Figure 6-8 due to out-of-control or faulty control loops has been 

reduced because of the w ork  completed as part  of the energy reduction programme.

A local w eather  station was installed in May, 2012 to collect external tem pera ture  data 

and humidity for both T l  and T2 simultaneously [given their proximity]. This facilitated a 

replacement of the Met Eireann average daily tem pera tu re  with both the locally recorded 

daily average tem pera tu re  and the lagged tem pera tu re  index, as guided by the NTL 

calculations.

T l Avg Hourly E = 299.2 +21.11 WS Avg Daily To
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Figure 6-10 Tl fitted line plot of average hourly energy usage versus the local weather station daily 
average temperature
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In keeping with the procedure in Chapter 5, the same average hourly energy data plotted 

in Figure 6-9 is plotted against the local average daily temperature and is shown in Figure 

6 - 10 .

Figure 6-10 shows how the T1 energy model improves with the use of locally recorded 

weather data. The fitted line plot uses the average daily temperature as a direct 

comparison with that daily average recorded by Met Eireann at Dublin Airport. The R-Sq 

(Adj) has improved from 75.4% (RMSE 53.83kWh) to 84.6% (RMSE 42.63kWh). The 

same scale has been retained to facilitate a visual comparison.

The analysis was continued and the various lagged temperature indices were calculated. 

The graphs in Figure 6-6 and Figure 6-7 have guided the use of a 0 hour lagged 

temperature index. The same average hourly energy data was regressed against the 0 

hour lagged temperature index. The resulting plot is shown in Figure 6-11.

it is evident from Figure 6-11, that the variation in average hourly energy usage plotted 

against the 0 hour lagged temperature index has decreased from the Met Eireann analysis 

in Figure 6-9. The variation at 10°C now appears to be approximately ISOkWh per hour, 

down from 300-350kWh per hour from before the VSD installation and commissioning. 

The relationship is closer, implying that the 0 hour lagged temperature index is a more 

relevant regressor than the Met Eireann temperature index which is an average of the full 

day. The locally measured external temperature would necessarily contain more 

information about the actual weather as experienced by this building, when compared to 

the temperature recorded at Dublin Airport.

T1 Avg Hourly E = 284.2 + 19.%  0 Hr Lag To

Regression
95%CI

800-

700- J.33S3
R-Sq
R-Sq(adJ) 87.5%

£  600-

2 500-

<  400-

300-

200-1
-10

0 Hr Lag To (°C)

Figure 6-11T1 fitted line plot landlord average hourly energy usage versus the 0 hour lagged 
temperature index from May 2012 to July 2013
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Given the landlord’s energy consumption has been show^n to correlate ŵ ell with external 

tem perature , the more representative this external tem pera tu re  is, reflecting actual local 

conditions, the more accurately the local external tem pera ture  should predict energy 

usage and it follow^s that the range of variance should be lower. The results of the Minitab 

analysis of these data are shown in Figure 6-12.
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Figure 6-12 Graphical analysis of the residuals for the T1 landlord hourly average energy data and 
the 0 hour lagged temperature index

The residuals indicate a Normal distribution based on previous examinations with a 

strong normal frequency plot and good adherence to the straight line in the Normal 

Probability plot. The residual plots shov.^ good above and belovv  ̂ the line values for 

residuals. The Residuals versus Fits plot shows a reasonable adherence to constant 

variance. The Observation Order plot shows a definite cyclical pattern  which might imply 

that further future analysis of this data might yield an improved model.

The model or energy equation is shown in Table 6-4. The equation is a single linear 

regression relationship and shows a strong 87.5% R-Sq (Adj) coefficient of determination. 

This is a particularly satisfactory result given the collection period spanning over one year 

of daily figures.

The strong statistical significance of the 0 lagged outside tem pera ture  index [calculated 

from the locally recorded external tem pera ture) is indicated with a T-Statistic value of 

53.55 and an expected P-Value of 0.000.
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Model
The regression equation is
Tl Avg Hourly E = 284 + 20.0 0 Hr Lag To

Statistical Tests
Predictor Coef SE Coef T P
Constant 284.249 4.550 62.47 0. 000
0 Hr Lag To 19.9602 0.3727 53.55 0. 000

Variance and R-Sq
S = 38.3353 R-Sq = 87.6% R- Sq(adj) = 87.5%

Table 6-4 Minitab analysis of T1 average hourly energy usage versus average daily external 
temperature with zero lag

The average hourly energy usage was regressed against the various lagged tem pera tu re  

indices, in order to determine the strongest predictive regressor (of the lagged indices). 

The relationship strength results are shown in Table 6-5. Similar to the result in PI, the 

marginally s trongest regressor is the lagged tem pera ture  index derived for the T1 NTL, at 

the beginning of section 6.3.3, that being the 0 hour lagged tem pera tu re  index. The 

relationship between the particular lagged tem pera ture  index, as calculated by the NTL, 

and energy usage has been discussed in Chapter 5.

Lag
8 Hr 

Lag To
7 Hr 

Lag To
6 Hr 

Lag To
5 Hr 

Lag To
4 Hr 

Lag To
3 Hr 

Lag To
2 Hr 

Lag To
1 Hr 

Lag To
0 Hr 

Lag To

R-Sq 70.2% 73.1% 76.2% 79.2% 81.9% 84.2% 86.0% 87.2% 87.6%
Table 6-5 Regression of T1 energy usage against the lagged temperature indices

The results from both PI and T1 are indicating that the particular lagged index, as 

calculated by NTL, are also showing marginally strongest predictive powers in the model. 

To re-cap, this was the 4 hour lagged index in PI. This appears to support  the hypothesis 

that the NTL guides the selection of the lagged index with most predictive strength.

It was also desirable to establish w hether or not the o ther recorded external param eters  

are significant in adding to the predictive strength of the regression relationship. These 

param eters  included a solar index and relative humidity, both recorded on the roof of T l.  

The additional regressors w ere added one at a time and the regression analysis 

performed. The analysis for the rh param eter is shown in Table 6-6. The rh param eter  

can be eliminated from the equation based on a T-Statistic value of -1.21 and a 

corresponding P-Value of 0.226, far g reater than the critical value of 0.05. The average rh 

regressor is not statistically significant within this dataset.
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The Variance Inflation Factor or VIF [discussed in Chapter 5 and Chapter 3, Section 3.4.4) 

of 1.003 is indicating the rh regressor exhibits almost no collinearity with the lagged 

external tem pera tu re  regressor. This implies the Sequential Sum of Squares is a valid 

result and show^s rh as contributing virtually nothing to the model’s predictive strength. 

On the basis of this analysis, with a large sample num ber (408), the rh regressor can be 

eliminated from the model.

Model
The regression equation is 
Tl Avg Hourly E = 308 + 20.0 0 Hr Lag To - 0.2 67 Tl Avg Rh

Statistical Tests
Predictor Coef 
Constant 307.54 
0 Hr Lag To 19.9945 
Tl Avg Rh -0.2669

SE Coef 
19. 64 

0. 3746 
0.2203

T
15. 66 
53.37 
-1.21

P
0.000 
0.000 
0.226 1

VIF 

. 003

Variance and R-Sq
S = 38.3055 R-Sq = 87.6% R-Sq(adj = 87.6%

Sequential Sum of Squares Analysis
Source DF Seq S3 
0 Hr Lag To 1 4182922 
Tl Avg Rh 1 2155

Table 6-6 Minitab analysis to determine the contribution of humidity in the T1 energy equation

The solar gain regressor was now added to the model and the result of this analysis is 

shown in Table 6-7. The statistical tests indicate that  the Solar Index regressor is 

statistically significant with a T-Stat of 4.46 and corresponding P-Value of 0.000. The VIF 

value of 1.698 would indicate that  the Solar Index variable is partially correlated with the 

average 0 hour lagged tem pera ture  regressor, but not excessively [VIF is less than 5). As 

explained in Chapter 3, Section 3.4.4, a VIF value of 1.000 indicates no correlation between 

the regressors  and a VIF value up to 5 would represen t a reasonably low level of 

correlation betw een regressors. A VIF of 1.698 would, therefore, imply that  the Sequential 

Sum of Squares analysis is valid. The Solar index regressor is statistically significant, as 

expected, given the large am ount of roof glazing in T l.

However, the relative contribution of the Solar Index regressor is small when compared to 

the 0 hour lagged tem pera ture  index, given the T-Stat strength of 39.18 versus 4.46 and 

particularly given the Seq SS shows a relative contribution of the Solar Index of 27,943 

versus 4,214,088 in the breakdown of total Sum of Squares. In summary, the Solar Index 

regressor  adds little to the model but is statistically significant. This has helped increase
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the R-Sq (Adj] from 87.5% to 88.1% and the model variance dovi^n from 38.3 to 37.5. Both 

of these two outcomes are desirable, even if the improvements are marginal.

Model
The regression equation is
T1 Avg Hourly E = 285 + 18.6 0 Hr Lag To + 0.0135 T1 Solar Index

Statistical Tests
Predictor Coef SE Coef T 
Constant 284.530 4.449 63.96 
0 Hr Lag To 18.6026 0.4748 39.18 
T1 Solar Index 0.013511 0.003029 4.46

P
0.000
0.000
0.000

VIF

1.698
Variance and R-Sq
S = 37.4752 R-Sq = 88.2% R-Sq(adj) = 88 .1%

Sequential Sum of Squares Analysis
Source DF Seq SS 
0 Hr Lag To 1 4214088 
T1 Solar Index 1 27943

Table 6-7 Minitab analysis to determine the contribution of the Solar Index in the T1 MLR energy 
equation

As was discussed in Chapter 3, the order in which the regressors are added to a model is 

im portant when considering the relative contribution of each regressor. The software 

package, Minitab, allows the user to define the order and this facilitates an examination of 

relative contributions. It was, therefore, decided to regress average energy in T1 against 

Solar Index without the 0 hour lagged tem pera ture  regressor to examine the predictive 

strength of the Solar Index alone. The results are shown in Table 6-8.

Model
The regression equation is
T1 Avg Hourly E = 408 + 0.0896 T1 Solar Index

Statistical Tests
Predictor Coef SE Coef T P VIF
Constant 407.721 6.874 59.32 0.000
T1 Solar Index 0.089595 0.005077 17.65 0.000 1.000

Variance and R-Sq
S = 81.8454 R-Sq = 43.3% R-Sq(adj) = 43.2%

Table 6-8 T1 average hourly energy versus Solar Index

The analysis shows a comparatively weak relationship between average hourly energy in 

T1 and Solar Index, however, the relationship is significant with the T-Stat of 14.52 and 

corresponding P-Value of 0.000.

The R-sq (Adj) for the relationship is 43% which is considerably smaller than the R-Sq 

(Adj) achieved with the 0 hour lagged tem pera ture  regressor alone at 87.5%. The
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combination of the analyses in Table 6-7 and Table 6-8 shows tha t  correlation exists 

betv^een tem pera tu re  and solar activity.

Both models, for T1 landlord’s energy usage, are show^n in Eqn 6.1 and Eqn 6.2. Note the 

e rro r  term  is simply twice the variance or 2S, as previously.

T l A v g  Hourly  E -  284.3  + 20.0 0 Hr Lag To ± 76.7  Eqn 6.1

T\  Avg  Hourly  E = 284.5  + 18.6 0 Hr Lag To + Q.013S T1 Solar Index  ± 74.9  Eqn 6.2

As a m eans of illustrating the factors in the Eqn. 6.2 model, over the full training data 

period of 408 days, the T1 average hourly energy varies between 270kWh and 764kWh, 

while the 0 lagged external tem pera ture  index varies betw een 1.2°C and 21.8°C. The T1 

Solar Index varies between 50 and 3040. This would imply that for a very bright 

sum m er’s day, the Solar index factor in the regression equation might contribute up to 

41.01kWh of the predicted hourly energy. The external tem perature , on the o ther hand, 

might contribute up to 405.5kWh, assuming the very bright day corresponded to the 

w arm est day. The intercept of 285 represents  the hypothetical hourly energy consumed 

at 0°C with no diffused or direct radiation.

Examining the difference between the two models, one with and one without the Solar 

Index predictor, the coefficient of the 0 hour lagged tem pera tu re  index changes from 20.0 

to 18.6 with the inclusion of the Solar Index. This would imply there is significance in the 

addition of the Solar Index variable and the m easure of this is reflected in the T-Stat value 

already discussed. In o ther words, there is useful information added to the model by the 

inclusion of the Solar Index data.

There are a num ber of possible factors to explain why the Solar Index regressor is of 

lower significance and these have been divided into statistical and practical reasons:

Statistical

• Multi-collinearity [MC] and Mutual Information: The principal regressor in 
this thesis, that of an external tem pera tu re  index and the secondary 
regressor, that of solar gain, have been shown in Chapter 5 to follow a 
similar trend over a full year. They both contain a certain level of mutual 
information. The presence of multi-collinearity is not, in itself, a cause of 
concern for the model prediction accuracy, but the regression coefficient 
variance or Standard Error can be artificially inflated. This inflation is 
w hat allows the presence of MC to be detected. This has been examined in

227



Chapter 6 -  Test buildings description and energy equation derivation

the model for T l  and, with a VIF value of 1.698, was found not to be a 
concern, even when the full year’s recorded data is examined.

• Variance Inflation Factor (VIF]: The VIF is a measure of the increase in 
variance caused by the addition of one more regressor variable with high 
correlation with the existing regressor(s). If the new regressor is strongly 
correlated with any existing regressor, the variance will increase. The VIF 
is a ratio of the variance before and after the regressor addition and, 
therefore, can be shown to rely solely on the value of R-Sq from before and 
after the addition. If the value of VIF is 1.0, the new regressor is 
completely uncorrelated and any value up to 5 is considered reasonably 
uncorrelated and, therefore, the Sequential Sum of Squares result may be 
relied upon to indicate the relative influence of each regressor.

Practical

• Roof glazing quality: The roof and vertical glazing in T l  has a Total Solar 
Heat Gain ratio of 0.34 which was one of the highest available a t the time of 
construction. This index has played a key role in avoiding severe sum m er 
overheating. Also the tem pera ture  sensor was near the glazing on the 
upper level and, hence, more exposed to solar activity.

• Plant running at maximum: From practical experience gained during 
sum m er visits, T l  can be observed to heat up beyond 23.5°C during very 
sunny days, a t  the top level. However, the plant which controls 
tem pera tures  in these public areas, the air handlers, are already running at 
maximum during these sum m er months. The chiller can also be observed 
to be running at maximum. So even with rising internal tem pera tu res  due 
to solar gain, this is not reflected in increased energy usage, since the plant 
is already running at maximum. This will result in solar gain causing an 
increased internal tem pera ture  but not necessarily an increase in energy 
usage. It could be surmised that  if the air-handier plant in T l  had larger 
capacity, the increased solar gain may show a higher energy usage over the 
sum m er months.

In choosing the final model for the electrical energy usage prediction in T l,  a num ber of 

factors need to be considered. These might include:

• The VIF calculated for the inclusion of second and subsequent regressor 
variables should remain below 5.0 and preferably close to 1.0, tha t  is, no 
multi-collinearity. If MC is found to exist on the addition of another 
predictor (with VIF > 5), the decision to retain or omit the predictor must 
be considered, based on its relative contribution to the model

• The value of R-Sq (Adj) which shows the level of strength in the coefficient 
of determination
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• The simplicity o f the  m odel w h e re  s im p le r  m odels  a re  recom m ended , 
ensur ing  ease  of predic tion . This is par ticu la rly  valid in this case since the 
forecasting of energy  use  in T1 requ ir ing  an  hourly  so la r  gain forecast m ay 
p rove  difficult to achieve

• The proven  pred ic tive  s t ren g th  of the model.

The R-Sq (Adj) is a t  an acceptab le  level for bo th  m odels  s ta ted  as Eqn 6.1 and  Eqn 6.2., 

(87 .5%  v e rsu s  88.1% ). The simplicity of  the m odel w ould  suggest selection  of the  single 

re g re s so r  m odel and  this is par ticu larly  a ttrac tive  in this instance, since the  availability of 

hourly  te m p e ra tu re  forecasts  is re latively s tra igh t-fo rw ard ,  while ob taining a reliable 

localised su n sh in e  o r  so lar  gain forecast is difficult, pa r ticu la r ly  for Ireland w h e re  b roken  

cloud is a co n s tan t  feature  of the  s u m m e r  w e a th e r  which is difficult to predict, locally. As 

explained in C hapter  5, the  conventional use of these  m odels  is to  p red ic t  the  building 

ene rgy  co n su m p tio n  for t im es past, in calculating ene rgy  savings based  on know n 

w ea th e r ,  w hich  w ould  include reco rded  te m p e ra tu re s  and  so la r  activity. If the m odels  are  

used  for actual building energy  use predic tion, based  on a real w e a th e r  forecast, then, as 

w ith  PI th e re  a re  additional forecast  e r ro rs  in troduced  because  of e r ro rs  in the  w e a th e r  

forecast. However, if the use  of the  m odels  is to exam ine likely en e rg y  use for tim es past, 

then  the  inclusion of so lar  activity as a p red ic to r  does no t p re s e n t  a par ticu la r  issue, since 

the  actual d a ta  is likely to be available.

The th ird  factor is the  re lative pred ic tive  s tren g th s  of each of th e  tw o m odels  for T l .  

T hese  po in ts  a re  explored in the  following sections, w h e re  the  predic tive  s t ren g th  of each 

m odel is exam ined.

T l prediction model development

The p rogress ion  of d ecreas ing  res idual var iance and  increasing  coefficient of 

d e te rm in a tio n  R-Sq(Adj) is i l lustra ted  in Table 6-9 as the var ious  m odels  w e re  developed  

over  tim e and  using d ifferent te m p e ra tu re  indices. The first T l  reg ress ion  of energy  data  

v e rsu s  Met E ireann average daily te m p e ra tu re  p rio r  to any  in te rv en tio n s  (as p a r t  o f  the 

T l  en e rg y  efficiency p ro g ram m e) resu lted  in an R-Sq (Adj) of  26.6%, o r  p o o r  correlation.

The fitted line p lot w ould  indicate  a non-linear re la tionship , b u t  given the m odel was 

der ived  to sh o w  th e  change in variance, it has been  left as a linear model.
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The completion of the T1 energy efficiency program m e resulted in the second plot, which 

again, plots the Met Eireann daily average tem peratu re  against the hourly average energy 

usage.
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Table 6-9 Comparison of fitted line plots of energy usage in Tl. Average external temperature 
indices as indicated

While the R-Sq values for the models from 2010 and 2013 are not comparable, the 2013 

R-Sq (Adj) is 78.8% and the plot indicates a discernible linear relationship. The third plot 

shows the same average hourly energy usage as the second plot, but this time, plotted 

against the locally recorded daily average tem pera ture  from the w eather station. There is 

a noticeable improvement from the second plot with an R-Sq (Adj) of 84.6%. This is 

hardly surprising given the T l  building is responding to local w eather  ra ther  than that 

recorded at the Airport station.

Finally the fourth fitted line plot shows the same average hourly energy use (as plots two 

and three) plotted against the 0 hour lagged tem pera tu re  index, that is, average 

tem pera tu re  taken from 0700 to 1700. The R-Sq (Adj) has increased again to some strong 

degree, that is, 87.5%. In keeping with a rising R-Sq (Ad) for a single predictor model, the 

RMSE is observed to fall from 66.0kWh to 38.3kWh for the final model.

For all four models in this analysis, having one predictor, the RMSE is simply the Standard 

Deviation or S. As with the models derived for the pilot building, PI, the variance has 

decreased with each successive plot. Given that a desirable outcome would be to find a 

predictor which is be tte r  able to forecast energy usage, the locally recorded 0 hour lagged 

tem pera tu re  index seems to be a notable im provement over the average daily 

tem pera tu re  from Met Eireann.
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6.3.4 Forecasting accuracy of the T1 energy equations

Two models were derived for the landlord’s electricity usage in T1 and in this section, 

both are examined for their prediction accuracy.

The Solar Index parameter was found to be statistically significant for building T l. As 

discussed previously, if the models are to be used to predict future energy consumption in 

T l, based on an actual weather forecast, then the inclusion of the Solar Index parameter 

complicates the model’s ability to predict the future, since accurate solar activity forecasts 

are unavailable at present from Met Eireann, given the weather patterns in Ireland and 

the UK. The first and simpler model was used to forecast landlord’s electricity usage in T l  

over the course of August 2013. The results are charted in Figure 6-13. The full month’s 

forecast parameters and results are tabulated in Appendix W [a]. A summary table is 

shown in Table 6-10, with the monthly total along with the weekly breakdown to examine 

the effects of averaging over the full month.
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Figure 6-13 T l daily landlord's electricity usage forecast for August 2013 using the single regressor 0
hour lagged temperature model with actual usage (red), forecast usage (blue), confidence limits 
(dotted), prediction limits (dashed) and the external temperature index (green)

The statistical model forecast result follows the external temperature index since the 

model is based solely upon the temperature data. The forecast graph (blue) follows the 

actual usage graph (red) quite well, but as explained, the forecast graph is based on 

known past temperature data and hence, does not contain prediction errors associated
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with real weather forecasts. The actual energy usage is well contained within the 

prediction limits of mean values of energy usage. After completion of the energy 

reduction programme, it is pleasing to see the actual energy usage follow the temperature 

index and, therefore, the forecast energy usage, quite closely. In Table 6-10, the forecast 

and actual energy consumption figures are examined on a weekly basis and, as expected, 

weekly variation w ill show up more model error than is the case when the monthly figure 

is examined.

T1 Electrical Energy 
SLR M odel

Actual
Usage

Forecast
Usage Accuracy

Week 1 Total 50,784.0 50,165.2 -1.2%

Week 2 Total 49,416.0 49,908.9 +1.0%

Week 3 Total 51,497.0 51,327.1 -0.3%

Week 4 Total 48,214.0 49,476.0 +2.6%

Week 5 Total (3 day) 21,906.0 22,877.2 +4.4%

Monthly total 221,817,0 223,754.4 +0.9%
Table 6-10 T1 single regressor model for landlord's electricity forecast weekly breakdown [Accuracy 
is percentage difference between forecast and actual]

The weekly averages show good tracking w ith the actual figures. The monthly figure of 

forecast versus actual at + 0.9% appears very accurate but this must be taken in light of 

the fact that actual recorded weather was used to generate these forecasts, rather than a 

weather forecast.
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Figure 6-14 T1 Electricity usage forecasts using the two regressor model or 0 hour lagged
temperature and solar gain. Actual power usage [red), forecast [blue), confidence limits [dotted), 
prediction limits (dashed) and external temp index [green)
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The second model, with two regressors (0 hour lagged temperature and Solar Index), was 

also used to forecast the August 2013 electricity usage in T l .  The charted results are 

shown in Figure 6-14. The full results data for this Multiple Linear Regression model 

forecast are shown in Appendix W (b).

As expected with the more complex model, the forecast energy usage (blue] does not 

precisely follow the temperature graph (as with the model in Figure 6-13), given the 

additional influence of the Solar Index parameter. A weekly breakdown along with the 

monthly total for this forecast is shown in Table 6-11. There is little difference between 

these two model’s forecasting ability. Both models are accurate over this particular 

month, but given the large amount of model training data and the stability of landlord's 

energy use in T l ,  post energy reduction, this is not unexpected. In fact, the scale of T l  as a 

building may hide any daily or hourly perturbations in electrical energy use by virtue of so 

much plant operating at any time.

T l Electrical Energy 
MLR Model

Actual
Usage

Forecast
Usage Accuracy

Week 1 Total 50,784.0 50,125.1 -1.3%
Week 2 Total 49,416.0 49,616.0 +0.4%
Week 3 Total 51,497.0 50,883.9 -1.2%
Week 4 Total 48,214.0 48,848.5 +1.3%

Week 5 Total (3 day) 21,906.0 22,734.3 +3.8%
Monthly total 221,817.0 222,207.7 +0.2%

Table 6-11 T l two regressor MLR model for landlord's electricity forecast weekly breakdown, August 
2013 (Accuracy is percentage difference between forecast and actual)

Weekly tracking of forecast versus actual is good and the monthly result shows a slightly 

more accurate total of + 0.2%. Again, this result must be put in the context of a forecast 

based on known temperatures and solar activity.

It is important to re-iterate (as with P I in Chapter 5, Section 5.6.4), that the various 

derived models have been used to forecast known energy consumption with known 

recorded temperatures and known solar activity. As pointed out for P I, the use of the 

actual weather forecast introduces another source of prediction error and it was shown 

that while the particular model for heat energy in P I could forecast to an accuracy of 

+ 4.2%, once the relevant weather forecast was introduced, the prediction accuracy fell to 

+ 12.6% in the case cited. The usefulness of energy forecasting for commercial buildings 

is predominantly confined to predictions for retrofit purposes and allows a more accurate 

estimation of energy usage over a known weather period, had the retrofit not been carried
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out. This is in contrast to energy simulation models which, when shown to be accurate, 

can be used for a much wider range of uses.

Based on the small differences found to exist betw een the two models for this 

tem pera tu re  range during this data period and the general statistical preference for the 

simplest possible model, it is recom mended that, for T l ,  the single regressor model is used 

and the minimal dataset is formed from the external tem pera tu re  index alone.

6.4 Test Building T2

The second test building, T2, is a mixed use retail and m ulti-tenant prestige office building 

and is fully Air-Conditioned [AC). Covering a floor area of approximately 8,000m^, the 

building has two floors of prestige office, and two floors of retail space. The building is 

occupied by four office tenants who occupy the top two floors and eight retail tenants. 

The energy use benchm ark has been agreed with the building opera tor  as the gas and 

electricity used during the calendar year of 2011.

The building provides a good test for the m ethods developed in the pilot building, given it 

differs from PI in that it is occupied by several tenants with different requirements. The 

landlord areas and office tenants  are provided with both heating and cooling. In the office 

spaces, these services are used at the tenan t’s discretion, given tha t  three of the four 

tenants  operate a separate  BMS to control their individual environments.

Figure 6-15 T2 test building, showing retail use at ground and first levels with office space above. 
The building is outlined in yellow in the lower right comer of the plan photograph.
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The building is constructed in the same m anner as T l ,  given it is part  of the same 

developm.ent, albeit, a later phase. There is considerably more glazed curtain w^alling in 

place w^hen compared to T l ,  as is evident from the photograph in Figure 6-15. There is 

glazed w^alling on three sides of the building and this glazing extends floor-to-ceiling on 

the two office floors to cover an estimated 75% of the total. The glazing specification is of 

importance when the solar gain of the building is being considered. The Architects 

(Burke, Kennedy, Doyle) specified the same glazing param eters  as those for T l  in Table 

6-2, for all curtain wall glazing used in T2 as shown in Table 6-12. A larger version of the 

photograph on the left is included in Appendix X along with a view of T2 from the 

southw est and on examination of these, it is evident that [i) T2 has external solar shading 

in place on the southw est and northw est facades, [ii) the retail floor’s glazed areas are 

entirely covered with advertising which acts as internal shading against solar radiation 

and (iii) the office areas on the top two floors have internal shading which is visible from 

the two aforementioned photographs. Note that when the photographs were taken in late 

2013, the lower of the two office areas had been vacated by the tenant.

12  V er t ica l  G laz ing P a r a m e t e r s

S had ing  C oeff ic ien t 0 .4 0

Light T ra n sm iss io n 0 .6 6

Tota l  So lar  H ea t  Gain 0 .3 4

U-Value 1 .6 W /m V °C

T h e r m a l  In su la t io n

Vision A reas M a x im u m  a l lo w a b le  U V alue

Single Glazing 5 .6 W /m V °C

D oub le  Glazing 1 .6 W /m V °C
Table 6-12 T2 thermal specifications for internal and external glazing

6.4.1 T2 plant and BMS

In T2, the landlord provides heating, chilling and ventilation to each of the office tenants 

and separately provides chilling (in the form of condenser water] and ventilation to the 

retail tenants. As with T l,  the retail tenants  m ust provide their own air conditioning 

equipm ent linked into the condenser w ater system. Three of the four office tenan ts  have 

control of the amount of heat and cooling used in their space. The fourth tenan t relies on 

the landlord to monitor and control their space and this has provided an opportunity  to 

review space tem pera tures  a t the individual office level.

The landlord's services are supplied from equipment located in two plant rooms at the 

roof level. The chilled w ater  system comprises two chiller units which dissipates excess
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h ea t  into th e  co n d en se r  w a te r  system . The co n d e n se r  w a te r  is cooled by tw o  roof- 

m o u n ted  evapora t ive  cooling units. The en tire  sys tem  is u n d e r  the  control of the 

lan d lo rd ’s BMS. The overall system  supply ing  heating, cooling and  ventila tion  services to 

office and  re ta il  ten an ts  is su m m arised  in Figure 6-16.

Unlike P I,  w hich  is single te n a n t  and  landlord  occupied, the  T2 building is configured for 

the  land lo rd  to supply  multip le  ten an ts  w ith  these  services. Some of th ese  ten an ts  have 

differing re q u ire m e n ts  in the  form of ex tended  daily o p e ra t in g  hours, w eek en d  occupancy, 

etc.

This m u lt i - ten an t  featu re  of T2 is im p o r tan t  in th a t  du ring  th e  energy  reduction  

p ro g ram m e , the  ability to influence and  ult im ate ly  b e t te r  control the  com plete  

en v iro n m en t,  including the  te n a n t  office areas, w as  no t  fully achieved. This in troduces  a 

fu r th e r  useful te s t  on the un iversa li ty  of application  of the  sys tem  developed  for PI.

As a lread y  s ta ted ,  th ree  of the  four office ten an ts  have a BMS of th e ir  ow n th rough  which 

they  can con tro l  the  t im es of opera t io n  of hea ting  and cooling by controlling  supply  valves 

to the  chilled and  hea ted  b eam s in the ceiling void. W hilst th ey  canno t  control the  main 

bo ile r  o r  chiller schedu les  or set-points ,  they  have com ple te  control over th e ir  ow n office 

te m p e ra tu re  du r in g  opera t in g  hours.  Boiler and  chiller schedules,  se t-po in ts  and  office 

space te m p e re d  fresh air venti la t ion  are  all u n d e r  landlord  control.

The p lan t in T2 is typical for a m o d ern  office building. The p re sen ce  of the co n d en se r  

w a te r  sy s tem  allows the build ing des igners  flexibility in locating the chillers. If a ir  chillers 

a re  used, as in PI, they  m u st  be located in a well-ventila ted  o u td o o r  position, allowing the 

chiller to t r a n s fe r  u n w a n te d  h ea t  to the a tm osphere .

With the p re sen ce  of the  co n d e n se r  w a te r  system , the  chillers can be placed an y w h ere  in 

the  build ing w ith  access to the  co n d e n se r  w a te r  system . A se t  of im ages show ing  the 

physical co n s tru c tio n  and  p lan t in T2 is sh o w n  in Appendix X.

An ene rgy  red u c tio n  p ro g ram m e  w as  com m enced  in T2 d u r in g  April 2012. The resu lts  of 

the p ro g ra m m e  and  the  energy  usage before and  a f te r  a re  d iscussed  in the  next section, 

p r io r  to developing  pred ic tive  equations.
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Figure 6-16 T2 landlord's plant showing environmental service supplies to (a] office and [b) retail 
tenants

6.4.2 T2 reduction programme

The programme to reduce energy consum ption com m enced in T2 in March 2012  and was 

com pleted in May 2012 and, as with PI and T l, focussed on the landlord’s supply of 

services only. The T2 reduction program me covered both heating and chilling use, unlike 

T l, for which only chilling w as considered.

T2 is similar in size to PI, but, as explained, different in its tenant requirem ents. W hilst 

control can be exercised on the delivery o f landlord’s services to these T2 tenants, the 

local control available to three of the four tenants also influences the pattern of actual 

energy usage.
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When T2 was first examined in 2012 for energy reduction opportunities, it w^as identified 

that  the delivery of landlord’s services overnight seemed to be having a negative impact 

on occupant comfort levels, by overheating in the public areas. This, in turn, not unlike 

the problem which existed in PI, seemed to be forcing the use of unnecessary chilling. 

Prior to any reduction interventions, the heating and chilling services were provided on a 

24 /7  basis and, given office tenants  had uninhibited control of their local environments, 

overheating was reported.

The following areas of interest w ere  examined in an effort to reduce energy use in T2:

(1) Heat reduction: During the first visit to T2, the landlord’s areas and one of the 

office tenan t areas were visited. These areas seemed very warm. It was decided 

that this overheating might be causing an overuse of chilling to compensate. 

Efforts w ere  commenced to reduce the am ount of heat being made available to T2 

over the sum m er of 2012. Even with this heat reduction, it was still impossible to 

control the level of heating and chilling used by the individual office tenants. If any 

area of an individual office space was being overheated, it was and remains 

possible for the occupants to adapt to this problem by raising the use of chilling in 

another  area of the office ra ther  than tackling the fundamental problem by 

lowering the am ount of heat entering the space in the first place.

(2) Improved heat delivery control: Prior to reduction interventions, the heating 

system was set up to deliver heat to the office tenants  on a fulltime basis. Better 

m anagem ent of the heating set points has enabled a substantial reduction in 

delivered heat w ithout adversely affecting occupant comfort.

(3) Condenser w ater  system (CCW): This system serves the retail units of T2 directly 

and also serves to dissipate heat from the chiller units. The system was found to 

be running 2 4 /7  prior to April 2012. Following analysis and a recom mendation by 

the author, the condenser w ater  system was upgraded in April 2012 to include 

variable speed drives on the prim ary and secondary pumpsets, 4 no. VSDs in all. 

As with the condenser system in T l,  the pum psets  operate in a Duty/Standby 

configuration. The commissioning of the CCW VSDs allowed a fine tuning of the 

w ater  flowrates to be tter  match the retail tenan ts’ and chillers’ requirements. The 

flow rates and, therefore, pow er consumption are fixed a priori.
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[4) Improved control from the BMS: Inspection and monitoring of BMS operation 

during the period of March to July 2012 uncovered a control issue relating to the 

relationship betw^een the chillers and the condenser w ater  system. The BMS 

program m er had unnecessarily introduced a dependence of both pieces of plant 

on each other. In o ther words, the BMS would not allow either piece of plant to 

operate without the other. This is commonly referred to as chiller and condenser 

interlock and it was determined to be unnecessary in this instance; the condenser 

w ater system could run without the chiller. An issue was also detected in the AHU 

control specifically in the heat recovery operation [see Appendix X), w here the 

recovery wheel was running in sum m er when heat should have been rejected.

These energy reduction opportunities were examined and implemented simultaneously, 

resulting in an immediate saving evident from May 2012 onwards. The electricity and gas 

usage (both up to December 2013) are shown in Figure 6-17 and Figure 6-18, 

respectively. The agreed benchm ark year for both electricity and gas are also shown 

(both 2011).

Electricity use in T2 was comparatively flat over w inter 2012 except for a lower than 

normal figure in February 2013. February 2013 was a particularly cold month, resulting 

in a lower demand for chilling. The only rise in electricity use over the past year is during 

the sum m er m onths and this is because of increased demand for chilling. As with PI, 

analysis of electricity usage is, therefore, focussed on landlord’s supply of chilling, since 

this is the variable part  of the landlord’s usage. Heat in T2 is supplied by gas boilers and 

this will be separately examined.

Note the higher gas usage in February 2013, as explained, given the lower outside 

tem perature. Heat was turned off to the tenant units during the sum m ers  of 2012 and 

2013. During these summers, the gas usage is seen to fall to its lowest level in August. 

The use of gas during the sum m er is solely due to heating w ater for use in the toilets in 

both the offices and retail section of T2. It must be assumed that the toilets saw less use of 

hot w ater during these m onths in line with rising external tem peratures. Analysis of the 

heat load as supplied to the office tenants  is, therefore, focussed on the 2012-2013 winter 

period.
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As m entioned, the energy reduction program m e did not include control of the use of heat 

or chilling in th ree of the four individual office spaces. However, the reduction in both 

electricity and gas use was significant and this is sum m arised in Table 6-13.

T2 Electricity Consumption T2 Gas Consumption
Month BM(2011) 1 2012 2013 BM(2011) 2012 2013
Jan 97,460 87,284 46,706 129,108 130,945 82,562
Feb 90,866 86,020 40,972 114,282 115213 79,232
Mar 100,732 97,295 44,440 72,936 82,940 65,452
Apr 101,749 96,354 43,289 48,139 51,243 46,865
May 103,559 69,960 45,092 42,210 18,950 21,795
Jun 102,699 58,290 45,893 33,471 8,185 10,785
Jul 104,171 55,791 53,717 22,198 5,195 6,618
Aug 97,858 53,973 50,009 27,717 3,948 6,322
Sep 104,177 49,532 43,135 47,374 15,262 14,910
Oct 108,538 47,627 44,118 71,289 35,307 31,146
Nov 100,614 45,411 43,121 82,305 85,081 51,043
Dec 98,847 46,174 44,983 138,745 108,901 54,023

Total 1,211,270 793,711 545,475 829,774 661,170 470,753
% Savings 34.5% 55.0% 20.3% 43.3%

Table 6-13 T2 electricity and gas consumption from January 2011 to December 2013 and savings 
over BM year [2011)

The facilities personnel in T2 did not repo rt any increase in com fort-related com plaints 

from tenants. Care was taken throughout the energy reduction program m e period to 

ensure th a t heating and cooling w ere m ade available as per the tenan t's  operating hours. 

Electricity consum ption dropped by 34.5% in the first year of the reduction program m e 

(from  May onw ards) and in a full year by 55%  as m easured in 2013. Gas consum ption 

had also dropped by over 43%  for the full 2013 year, as com pared to the benchm ark year 

of 2011. While these reductions may seem  very large, both for PI and T2, the level of 

over-heating was a root cause of m ost energy w astage issues in both buildings.

6.4,3 T2 energy equation derivation

In T2, as w ith PI, the landlord’s energy includes both variable and fixed parts of electricity 

usage, the variable parts being heating and chilling and fixed parts being lighting and 

o ther m iscellaneous uses, such as to ilet extract fans which m ust opera te  every w orking 

day. The focus in this analysis is the variable part of this energy. The landlord 's energy 

use in T2 includes heating, chilling and ventilation. The supply of heat is by way of Low 

Pressure Hot W ater [LPHW) and chilling by way of the supply of Chilled W ater (CHW),
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directly to the heated and chilled coils in the ceilings over w^hich air is forced in each of the 

four office tenant’s units.

T2 Natural Thermal Lag calculation

Following the energy efficiency programme, there has been a substantial number of 

weekend periods during which the heat, chilling and ventilation supplied to the office 

units have been switched off in 12 . The condenser water system, however, runs on a 7- 

day per week schedule to service the retail tenants. Using data from one of the office units 

(the unit under the control of the landlord’s BMS), the NTL could be calculated and this 

analysis is now discussed. An examination of one full weekend day is possible from Figure 
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Figure 6-20 T2 one-day analysis of external (blue) and internal temperatures (red) on 9th December, 
2012, indicating an approximate T2 natural thermal lag of between 1.5 and 1.75 hours

As with FI, it is often difficult to find data which shows a clear relationship between 

external and internal temperatures. The NTL equation (Chapter 5, Eqn 5.1) is used but 

unlike the issue identified in Tl, where the plant is operating every day, the full weekend 

day can be analysed given that the heating and chilling plant is off in the office units. A 

series of NTL plots, covering a time period of one year, is contained in Appendix Y, and 

data for one of those, December 2012, is shown in Figure 6-21. The lag indicated is 

approximately between 6 and 7 periods or between 1.5 and 1.75hrs.

As with building PI, several days are omitted from the year-long analysis of T2, given 

certain events such as BMS data logging problems, weekend occupancy, plant
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maintenance or issues with high solar gain. The full listing of included and omitted 

weekend days from September, 2012 to August 2013, is also shown in Appendix Z 

along with reasons for the omitted days.
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Figure 6-21T2 Natural Thermal Lag plot for 8 hour Lag Window on 9‘*’ December 2012, showing an
NTL of approximately between 6 and 7 periods or between 1.5 and 1.75 hours

The various lags read from the NTL plots have been grouped together to form the full year 

NTL plot, thus showing how the natural thermal lag in T2 varies with outside 

temperature. This is shown in Figure 6-22. As with PI, a pattern  of increasing NTL with 

increasing external tem pera ture  is evident from this chart. The data for this plot is shown 

in Appendix Z.

The year-long lag plot indicates a T2 NTL of between approximately 4 periods and 12 

periods [1 to 3 hours), in going from sum m er to winter. The plot is approximately 

sinusoidal in shape and follows the trend of the external tem perature , thus showing the 

influence of the AT  betw een internal and external tem pera tures on the final NTL value, as 

observed over the full year. Based on the earlier discussion regarding PI and T l ,  it can be 

inferred from the graph in Figure 6-22 that the suitably lagged tem pera tu re  to be used in 

the heating model regression is between 0 and 1 hour. For the same reason, the sum m er 

chilling model should use the 3 hour lagged tem pera ture  index.

Based on two similar analyses performed on the pilot building in Chapter 5, Sections 5.5.1 

and 5.5.2 , it is hoped that the heating regression model should indicate the highest value 

of R-Sq using the 0 or 1 hour lagged tem pera ture  index data. A similar observation could 

also be possible for the chilling analysis using the 3 hour lagged tem pera tu re  index data.
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Figure 6-22 T2 Running mean temperature index (blue) versus lag period count (red) from 
September 1st, 2012 to August 18th, 2013

T2 before and after energy reduction statistical analysis

The energy reduction programme commenced in T2 in April 2012. Results of these efforts 

can be observed in previous Figures 6-17, 6-18 and 6-19Figure 6-19. Prior to this 

programme, no energy usage data was logged on a perm anen t basis. The only record of 

energy usage is the monthly billing data for gas and 30 minute interval data from the 

utility company for the landlord’s electricity usage. No daily figures are available for gas 

usage and, hence, the variance analysis is impossible to perform for gas usage, prior to any 

interventions. Figure 6-18 showed the monthly reduction in gas usage, based on utility 

bills.

It is possible, however, to analyse the landlord’s electricity usage, as this data is available 

from the electricity utility company, and this has been done for the period before the 

energy reduction program m e commenced, namely January 2011 to December 2011. A 

similar exercise was performed on the period following the reduction program me of 

October 2012 to September 2013. Scatterplots of these analyses are shown in Table 6-14. 

These charts are shown to illustrate the drop in variance for landlord’s electricity usage. 

The models will not be used for any purpose o ther than visually comparing variance.

The landlord’s electricity usage figures from the utility company will contain information 

for all of the landlord’s plant energy use. This includes both fixed and variables parts of
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the energy use. Heating is supplied by the boilers and chilled water is supplied by the 

chillers. As with PI, these two pieces of plant represent the only variable parts of 

landlord's energy use in T2 and, therefore, the analysis will concentrate on these. The 

remaining plant is simply on or off, depending on whether the building is occupied or not, 

and, therefore, represents a fixed load.

•  •3500

2  3000

S 2500

3  2000

1500

Ou 1000

O  .S  OJ 
C M  M  E—

R-Sq (Adj); 5.9% RMSE: 217.03kWh

1000

"  3000

I  2 5 0 0

5  2000D,
• •1500

200 5 10
Met E 2013

15

R-Sq fAdil : 54.6% RMSE; 90.28kWh
Table 6-14 Illustration of the reduction in variance in total landlord electricity usage before and after 
the energy reduction programme

The variance has noticeably reduced in the analysis of total landlord’s electrical energy 

use when comparing before and after the reduction programme. The charts also show the 

drop in 12 electricity usage levels from 2011 to 2013. These have dropped from an 

approximate daily average of 3,000kWh to approximately 1600kWh. The respective 

values of R-Sq have only been included to show a strengthening relationship between 

energy use and external temperature with the completion of the energy reduction 

programme. Again, these models are not intended to be used for anything other than 

visual examination of variance.
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T2 Heat energy analysis

The heat in T2 is supplied by two boilers which operate in a lead-lag configuration. The 

boilers are gas powered and heating is the only use of gas in T2. The monthly invoices are 

available from the Gas Company. After the reduction program me commenced, a 

tem porary  heat m eter  was installed on the LPHW header in order to measure the am ount 

of heat being delivered by the boilers over the 2012 heating season. The heat m eter 

outputs a pulse for each thermal kWh transferred  and these were logged to yield a daily 

figure. This daily figure can be related to the am ount of gas used by the boilers by simply 

applying the efficiency of the boilers, estimated to be 95%  [Rendamax R300, DOC 2005).

The gas used from IŜ ^̂  September, 2012 to 29‘*' March, 2013 along with the lagged 

external tem pera tures  were analysed in Minitab. The intention is to form a statistical 

model for heating in T2 and use this model to forecast the heat energy usage in April 2013. 

The heat energy use figures w ere regressed against each of the lagged external 

tem pera tu re  indices. The R-Sq results of each of these regressions are tabulated in Table 

6-15. While there is marginal difference between some of these regression results, the 

s trongest results are the 1 and 0 hour lagged external tem pera ture  indices. This is in 

keeping with the result of the previous section’s lag calculations for T2, summ arised in 

Figure 6-22, which resulted in an approximate 0 hour lag for the w in ter period. The full 

dataset for this analysis is contained in Appendix AA.

T2
Daily
LPHW

and
Lags

8 Avg 
Daily I  
0000- 
1000

7 Avg 
Daily T 
0100- 
1100

6 Avg 
Daily T 
0200- 
1200

5 Avg 
Daily T 
0300- 
1300

4 Avg 
Daily T 
0400- 
1400

3 Avg 
Daily T 
0500- 
1500

2 Avg 
Daily T 
0600- 
1600

1 Avg 
Daily T 
0700- 
1700

0 Avg 
Daily T 
0800- 
1800

R-Sq 72.0% 75.9% 79.9% 83.5% 86.8% 89.6% 91.9% 93.2% 93.7%
Table 6-15 T2 Heat energy LPHW regressed against each of the lagged external temperature indices 
(8 hours to 0 hours] and the R-Sq results

The fitted line plots of the three analyses of the T2 heat energy usage regressed with [i) 

the Met Eireann average daily tem perature, (ii) the locally recorded average daily 

tem pera tu re  from the w eather  station and (iii) the 0 hour lagged external tem pera ture  

are shown in Table 6-16.

247



Chapter 6 -  Test buildings description and energy equation derivation

0)ocCOu0)>m
cc
CO0)u
\2
4->
0)

■§ B
CO u 0) a  

o E
<N Oj
(N >, 
tH  773 
O  CO 
CVJ T 3

ro

T2 Daily LPHW = 4681 - 264.8 Met E Avg

6000

^  5000- £
I 4000*

3000

2000&
P • •1000

0.0 2.5 5.0 7.5 10.0 12.5 15.0
M e tE A v g (« Q

R-Sq: 57.8% RMSE: 797kWh
co

'C

3
V)
u0)
5
(0
1)

u
o

B
COu
a>
O .e
0)

fn re

^  bO 
2^  gjO > 

(M CO

T2 Daily LPHW = 5027 - 318.8 WS Avg Dally To

6000

5000

4000

3000
• •

2000&
P

1000

0 2 4 6 8 10 12 14

- -
Regreson 

95% Cl 
95% P[

s 414,198
R-Sq 88.6%
R-Sq(ad)) 68.5%

WS Avg Daily To («Q

R-Sq: 88.6% RMSE: 414kWh

0)

JO
(/)
u
Do
0  S

1  ^> O)
2
2
0)a.e
0)

o
(M

o(N

T2 Daily LPHW = 5275 - 314.2 0 Avg Daily T 0800-1700
6000

5000

4000

3000

& 2000

P
1000

0 2 4 6 8 10 12 1614

Regresson 
95% Cl 
95% PI

S 309.087
ft-S<| 93.7%
R-Sq(ad]) 93.6%

0 Avg Daly T 0800-1700 («Q

R-Sq: 93.7% RMSE: 309kWh

Table 6-16 Fitted line plots of the winter 2012 LPHW energy usage data versus the Met Eireann 
average daily temperature, LPHW versus average daily Temperature from the local weather station 
and third plot showing the same energy data versus the 0 hour lagged temperature index

Examination of these sum m ary fitted line plots show s th a t the variability has been 

substantially  reduced in changing from the average daily Met Eireann tem pera tu res  to the 

0 hour lagged tem pera tu re  index. This should resu lt in a much stronger predictive model 

for heat energy usage in T2, as previously observed.

248



Chapter 6 -  Test buildings description and energy equation derivation

The fitted line p lot for the w in te r 2012 energy data regressed against 0 hour lagged 

tem perature index is shown as the th ird  p lo t in Table 6-16. The relationship is linear and 

the variance over this w in te r period is w e ll controlled. The resulting R-Sq is a strong 

value o f 93.7%. The data residual plots were also examined to determine levels of data 

norm ality and constant variance. These are shown in Figure 6-23.

Residual Plots for T2 Daily LPHW
Normal Probability Plot Versus Fits

80099.9

400
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Figure 6-23 Residual analysis of the T2 LPHW Heat model

The data can be seen as having a normal d is tribu tion  based on the Probability Plot 

remaining linear and the shape o f the d is tribu tion  in the Histogram. The variance remains 

substantially constant across the range o f residual values as seen in the Residual versus 

Fits plot. The variation in the Residual versus Order p lot is consistent w ith  a time series 

which is varying in a cyclical manner. It is possible that fu rthe r future research could 

resu lt in the finding o f a better model to f it  this cyclical data.

The result o f the model regression analysis is shown in Table 6-17. The lagged 

tem perature regressor variable is strongly statistica lly significant w ith  a T-Stat value o f - 

41.2 and corresponding P-Value o f 0.000.

The final LPHW heat energy model is:

T2 Daily LPHW = 5275 -  314 [0 Avg Daily T 0800 -  1700] ± 618 Eqn 6.3
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v^here the model erro r  is 2S or 618.2 representing the prediction limits for single value 

forecasts. Based on this dataset, the model predicts that for every one degree fall in 0 

hour lagged external tem pera ture  index, the daily heat energy usage will increase by 314 

kWh.

Model
The regression equation 
T2 Daily LPHW = 5275 -

is
314 0 Avg Daily T 0800-1700

Statistical Tests
Predictor Coef SE Coef T P
Constant 5274 .72 59.99 87.93 0. 000
0 Avg Daily T 0800-1700 -314.217 7.627 -41.20 0. 000
Variance and R-Sq
S = 309.087 R-Sq = 93 .7%

Table 6-17 Model analysis of T2 daily heat energy usage versus average daily external temperature 
with zero lag

As with PI, the effects of relative humidity and solar gain over the w in ter period are not 

expected to be very significant, particularly given the quality of the vertical glazing used in 

T2, the external shading and the use of internal shades, which are evident in the 

photograph taken in December 2013 in Appendix X.

The analysis results from adding these regressors into the model are shown in Table 6-18.

Model
The regression equation is 
T2 Daily LPHW = 5579 - 312 0 

- 3.08 T2 rh
Avg Daily T 0800-1700 - 0.118 T2 Solar Index

Statistical Tests
Predictor Coef SE Coef T P VIF
Constant 5578.5 297.5 18.75 0. 000
0 Avg Daily T 0800-1700 -311.529 7.866 -39.61 0. 000
T2 Solar Index -0. 11843 0.09188 -1.29 0.200 1.096
T2 rh 3.081 3.266 -0. 94 0.347 1.038

Variance and R-Sq
S = 308.854 R-Sq = 93.8% R-Sq(adj) = 93 6%

Sequential Sum of Squares
Source DF Seq SS
0 Avg Daily T 0800-1700 1 162142974
T2 Solar Index 1 122462
T2 rh 1 84895

Table 6-18 Model analysis of the LPHW heat energy for winter 2012 with Log Solar and relative 
humidity added to the model

The T-Stat values are below the critical value of 1.98 for a sample size of 117. The 

corresponding P-Values are, therefore, well above the significance value of 0.05, which
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indicates neither of these new^ly added regressors are statistically significant. This is not 

surprising, as with PI, given the external relative humidity levels in winter, are unlikely to 

affect the heating requirem ents and solar activity in Ireland over these months is at a low 

level. The VIF values, at 1.096 and 1.038 for both new regressors, would indicate that 

neither Solar Index nor rh are significantly correlated with the external tem pera tu re  

index. This means collinearity is not an issue with this model and the Sequential Sum of 

Squares analysis can be relied upon. This analysis confirms that the major contributor to 

the model is the tem pera ture  regressor 0 Avg Daily T.

T2 Chilling energy analysis

Chilling in T2 is supplied by two parallel chilling units which, similar to the boilers, are 

arranged in a lead/lag  configuration. The BMS simply enables the units to operate but has 

no control of the level of chilled w ater  output. In o ther words, the BMS cannot control the 

power consumption of the chillers. The chiller units are interconnected and the chiller's 

own controllers look after the rate at which chilled w ater  is produced, based on the flow 

and return  w ater  tem pera ture  difference, the so-called chiller load.

The chillers are each supplied by two 3-phase wiring sets and these were monitored for 

the sum m er m onths of 2013 in o rder to collect the daily electricity usage data. The daily 

figures from these four m eters were simply added to produce a daily total chilling energy 

usage table.

The daily chilling energy totals, the various tem pera ture  average lagged values and o ther 

tes t  regressors are shown in Appendix AB with certain maintenance days excluded.

The chilling energy analysis commenced with an examination of the fitted line plot for the 

sum m er 2013 chilling energy versus the Met Eireann daily average tem perature . This was 

followed by the change from the Met Eireann data to the locally recorded data from the T1 

w ea ther  station and finally the 3 hour lagged tem pera tu re  index. The 3 hour lagged 

tem pera tu re  index is used since the T2 NTL calculations, earlier in this chapter [Section 

6.4.3), have indicated that the sum m er NTL is approximately 3 hours. These are shown in 

Table 6-19. The effect of changing from Met Eireann averaged daily tem pera ture  to the 

local daily average and then to the 3 hour lagged tem pera tu re  average has been a 

progressive reduction of variance in the model, as expected. The variability in daily usage 

has approximately decreased from about ± 1600kWh to ± llOOkWh.
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Table 6-19 Fitted line plots of the summer T2 2013 CHW energy usage data versus (1) Met Eireann
average daily temperature, (2) locally recorded daily average temperature and (3) 3 lagged 
temperature index with associated values of R-Sq (Adj) and RMSE showing reducing model variance

In order to show that the strongest temperature regressor is in agreement with the T2 

NTL graph in Figure 6-22, the various lagged indices were regressed against the CHW 

chilling energy data. The results are shown in Table 6-20. The strongest relationship, 

which is marginally ahead of the others, is the 3 hour lagged temperature index. This
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concurs  w^ith the  lag analysis ca rr ied  o u t  in Figure 6-22, show^ing the  s u m m e r  lag to  be 

ap p rox im a te ly  3 hours, indicating a re la tionsh ip  be tw een  th e  s t ren g th  of the te m p e ra tu re  

index as a p red ic to r  of energy  con su m p tio n  and  the  es t im a ted  value of the  bu ild ing’s NTL.

T2
CHW

Energy
Usage
2013

8 Avg 
Daily T 
0000- 
1000

7 Avg 
Daily T 
0100- 
1100

6 Avg 
Daily T 
0200- 
1200

5 Avg 
Daily T 
0300- 
1300

4 Avg 
Daily T 
0400- 
1400

3 Avg 
Daily T 
0500- 
1500

2 Avg 
Daily T 
0600- 
1600

1 Avg 
Daily T 
0700- 
1700

0 Avg 
Daily T 
0800- 
1700

R-Sq 73.7% 78.3% 82.6% 86.4% 88.6% 89.1% 88.4% 87.0% 85.9%
Table 6-20 Relationship strength as measured by R-Sq between 2013 chilling energy usage and the 
various lagged temperature indices

The re la tionsh ip  in the final m odel betw^een chilling ene rgy  usage and  the  3 h o u r  lagged 

te m p e ra tu re  w^as fu r th e r  ana lysed  to exam ine data  N orm ality  and  goodness  of fit. This 

analysis  is shov^^n in Figure 6-24. The residual da ta  analysis confirm s norm al d a ta  w^ith a 

rela tively  co n s tan t  variance. The Residuals v ersus  Fits and  O bservation  o rd e r  indicate  

co n s tan t  variance and  no unusual patterns. The m odel and  variance  analysis is show'n in 

Table 6-21.
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Figure 6-24 Residual analysis of the T2 chilling energy data for summer 2013

The influence of th e  so lar  gain and  re la tive hum id ity  re g re s so rs  has  also been  exam ined  to 

d e te rm in e  if e i th e r  var iab le  is s tatis tica lly  significant in th is  model. From Table 6-22, the 

s tatis tical significance of bo th  regressors ,  Log Solar and  Relative Humidity, w ould  re su l t  in 

th e i r  om ission from this model. The T-Stat values o f -1.41 for Solar and  -0.64 for hum id ity  

a re  well below  the  critical T-Value = 2.00) for a sam ple  size of 70.
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Model
The regression equation 
T2 CHW Dai]y Total = 20

is
] + 4 7 9 3 (3 Avg Daily T 0500-1500)

Statistical Tests
Predictor
Constant
3 Avg Daily T 0500-1500

Coef
20.1

479.30

SE Coef 
275.7 
20.35

T
0.07 

23. 56

P
0. 942 
0.000

Variance and R-Sq
S = 578.156 R-Sq = 89 1%

Table 6-21 Model analysis of T2 daily chilling energy usage during summer 2013 versus average 
daily external temperature with 3 hour lag

The re la tive con tr ibu t ion  of each reg resso r  is show n in the  Sequential Sum of Squares  

section. The Solar and rh variab les  show  contribu tions, several  o rd e rs  of m agn itude  

below  the  3 h o u r  lagged te m p e r a tu re  index. The VIF is show ing  the  Solar Index is no t 

co rre la ted  with  th e  te m p e ra tu re  index b u t  probab ly  because  the  period  being used  for 

m odel tra in ing  is short.

As explained  du r in g  the  in troduction  of T2 in this chapter,  the  so lar  gain in T2 is 

contro lled  by th ree  factors w hich  are  ev iden t from the  p h o to g rap h s  in A ppendix  X. T hese  

include:

• External so lar  shad ing  a t the  office levels on the  s o u th e a s t  and  n o r th w e s t  
s ides  w ith  no so lar  gain exposu re  on the so u th -ea s te rn  side due to a 
ne ighbouring  building.

• The quality  o f the  glazing as specified by the  arch itec ts  as having a shad ing  
co-efficient of 0.35. It has been  show n  by sim ula tion  of P I  in C hap ter  5 
th a t  glazing w ith  this level of shad ing  coefficient g reatly  red u ces  the  so lar  
gain.

• The building has  in terna l shad ing  installed a t  the  office levels on all sides 
and, again, from  the  pho tographs, these  sh ad es  a re  in use

The resu lting  value of R-Sq (Adj), a f te r  the  inclusion of the  Solar Index and  rh re g resso rs  

has n o t  affected th e  pred ic tive  s tren g th  of the model, and, therefo re , th e  original single 

reg re s so r  m odel will be used  to forecast chilling energy  use  in August, w ith  the  3 h o u r  

lagged t e m p e ra tu re  index re p re sen t in g  the  m inim al datase t .

The final statis tica l m odel o r  energy  equa tion  for T2 chilling is:

T2CHW Daily Total  = 20.1 + 479.3 ( 3 Dai / y 7  0500 -  1500) ± 1156.3 E q n 6 A
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w here  the model e rro r  is ± 2S or ± 1156.3. This erro r  results in relatively wide prediction 

limits as are in evidence in the final plot in Table 6-19.

Model
The regression equation 
T2 CHW Daily Total = 658

- 5

is
+ 487 (3 
.25 T2 rh

Avg Daily T 0500 -1500) - 0.161 Solar Index

Statistical Tests
Predictor
Constant
3 Avg Daily T 0500-1500 
Solar Index 
T2 rh

Coef
658.2

487.27
-0.1608
-5.252

SE Coef T 
707.6 0.93 
21.05 23.14 

0.1142 -1.41 
8.173 -0.64

P
0.356
0.000
0.164
0.523

VIF

1.033
1.045

Variance and R-Sq
S = 576.426 R-Sq = 89. 5% R-Sq(adj) = 89.0%

Sequential Sum of Squares
Source DF Seq SS 
3 Avg Daily T 0500-1500 1 185507946 
Solar Index 1 663204 
T2 rh 1 137190

Table 6-22 Model analysis of the CHW chilling energy for summer 2013 with Log Solar and relative 
humidity added to the model

Given the CHW Daily Total varies from 3,245kWh to 9,315kWh over the sum m er of 2013, 

this is not surprising. The next section examines the prediction strength of the various 

models for heating in T2 and chilling in T1 and T2. As with the pilot building, PI, the April 

2013 month is forecast for heating and August 2013 is forecast for chilling.

From the fitted line plots in Table 6-19, the models are shown and the intercept term of 

each model is of interest. These vary from 1564 to 177.3 and finally to 20.1 and this might 

appear  to be a large change given the relatively small changes in the slope term of the 

models. This can be explained by the scale of the Y-axis and the fact that, due to 

extrapolation, a slight change in slope will result in a significant change in the intercept 

term, that being, the value of CHW Daily Total energy w hen the tem pera tu re  average is 

zero.

6.4.4 Forecasting accuraq  ̂of the T2 energy equations

The energy use and derived models for T2, as with the pilot building, PI, have been 

divided into heat and chilling, these being the variable parts of T2 energy usage. The heat 

model has been derived from data for w inter 2012 (Septem ber 2012 to March 2013) and 

used to forecast the heat energy usage in April 2013.
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T2 Heat forecast

The data used to forecast includes the 0 hour lagged external tem pera tu re  index as the 

single regressor. The April 2013 m onth w^as forecast excluding the days with essential 

maintenance issues. The forecast results are listed in Appendix AC and include the actual 

and forecast total daily heat energy, the 0 hour lagged tem pera ture  index used to predict 

[regressor) and the values calculated for each prediction for the confidence (mean value 

forecast range) limits and the prediction (single value forecast range) limits. A plot of this 

forecast data is shown in Figure 6-25. The T2 building operated  all landlord office 

services on a five day schedule, regardless of the bank holidays. One tenan t has requested 

this since they operate on a multi-national basis.

6,000

5.000

Daily 4,000 
Heat

Energy 3,000 
Usage
(kWh) 2,000

1.000

14.00

8.00 Ext. 
Temp

6.00 (°c)

0.00
m m m r o r o m m m m r o m r o m r n r o m r o

tH  tH  tH  tH  tH  tH  tH  tH
O O O O O O O O O O O O O O O O O
r N j ( N r M r M r M r M f M ( N ( N r M r M ( N r v j r s i r s i r M r s j

O O O O O O O O O O O O O O O O O
r H ( N m ^ L n o o c T > o < H f M L n f o ^ L n ^ c r ) 0
O O O O O O O ^ t H t H r H r s i f s i r s i r s j f N m

Figure 6-25 T2 Daily total heat energy forecast for April 2013 - actual energy used (blue), forecast 
energy used (red), confidence limits (dotted), prediction limits (dashed) and regressor variable of 0 
hour lagged temperature (green)

The forecast graph (red) shows relatively good adherence to the actual figures (blue) but 

is consistently higher except for a few days in late April. The actual figures remain well 

inside the prediction limits (dotted). The response to the outside tem pera tu re  index 

(green) is evident for both actual and forecast values. This would imply that  the building’s 

control system is responding principally to the effect of changes in outside tem peratures, 

which is a desirable result.

As with PI and T l ,  the weekly analysis of the T2 heating energy consumption and forecast 

is shown in Table 6-23. The forecast figures are marginally higher for most of the days 

shown. This could be explained by the fact that the model was derived from data which
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covered the vi^inter heating season and, therefore, the majority of the data is from colder 

days over the middle of winter. Given the model is being used in this instance to forecast 

heating energy usage in April, at the end of the heating season, it is likely that less data 

exists in the model to accurately predict for these tem peratures, at the extremities of the 

tem pera tu re  range. Also as explained previously, individual office tenants  have control of 

their heating and chilling equipm ent and it is unclear how well controlled this equipm ent 

is, given the complete lack of access to these system.

To illustrate the point, consider an example of a manual intervention in PI. In PI, the 

operations staff may reduce a set-point or turn  off the boilers during an unusually warm  

day in April. This has the effect on the usage data of indicating a lower average daily use 

of gas on a w arm  day. In T2, on the o ther hand, this will no t occur and the boilers will not 

be turned off in case one of the office tenants wants heating. If another tenant experiences 

overheating with this arrangement, chilling is called for. The effect on the resulting usage 

data is to inflate the heating usage on a day when the outside tem pera ture  is relatively 

high and thus introduce added variance into the model. The BMS is not able to control for 

this type of situation given one BMS is trying to control one boiler for many different 

needs simultaneously and once overheating occurs, it is difficult to rem edy the situation 

quickly. This type of usage inflation is more likely to occur during months a t either end of 

the heating/cooling seasons, April and September in the case of heating, when unusually 

w arm  or cold days can occur. This also points out one of the  problems associated with the 

BMS trying to control plant based on real time sensor readings. It would be preferable if 

the BMS had some view of the w ea ther  to come and act accordingly.

Again, it m ust be pointed out that  both of the heating and cooling models for T2 were 

derived using a known set of past energy usage figures and a known set of external 

tem peratures.

T2 Landlord Heat Actual Forecast Accuracy

W eek 1 Total 18,606.20 19,345.07 +3.97%

W eek 2 Total 16,195.69 17,178.62 +6.07%

W eek 3 Total 7,534.88 8,016.70 +6.39%

W eek 4 Total 4,179.00 4,430.47 +6.02%

M onthly total 46,515.77 48,970.86 +5.28%

Table 6-23 T2 landlord's leat forecast showing a weekly breakc own for April 2013
percentage difference between forecast and actual)
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As was shown with PI, if these models were used to forecast energy consumption with 

forecasted rather than actual weather, then the variability would certainly increase. The 

purpose of this research is to show how regression of certain external tem pera tu re  

indices can be used to accurately forecast past or emerging energy usage, following a 

building energy efficiency programme.

T2 Chilling forecast

The T2 chilling model has been derived from data recorded over the sum m er of 2013, 

from 15‘h April to 31®‘ July. The model was then used to predict the chilling energy use for 

1st August 2013 to 30^‘ August 2013 and compared against the actual recorded daily 

chilling total values for this period. The chilling energy model was derived previously and 

is shown in Eqn 6.4.

The results of this prediction and comparison are shown in Figure 6-26. It is evident from 

the chart that the forecast result is varying quite considerably when compared to the 

actual figures for daily chilling use. Differences between the forecast (red] and the actual 

figures (blue] are showing differences as high as 240kWh per day, for the first few days, 

representing almost 20% of total daily use.

1,800.0 40.00

T2
CHW

Energy
(kWh)

Figure 6-26 T2 chilling energy usage prediction for August 2013. Actual usage (blue], forecast (red], 
confidence limits (dotted], prediction limits (dashed] and external temperature index (grey]

An examination of the weekly totals of actual versus forecast is revealing in that  the 

variation is quite substantial when compared to the o ther buildings, PI and T l.  Daily
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figures a re  sh o w n  in A ppendix AD along w ith  the  confidence and  p red ic tion  interval 

results. The m onth ly  total for bo th  actual and  fo recast  conceals  the occasional large 

p red ic t ion  e r ro r  if exam ined  on a w eekly  basis. The w eek ly  and  m on th ly  com parisons  are  

sh o w n  in Table 6-24.

The ene rgy  usage da ta  on w hich  the  m odel in Eqn 6.4 is based  has  a w ide  range of 

v ar ia tion  for any  given ex ternal tem p e ra tu re .  This has  re su lted  in a high level of variance 

in th e  m odel w ith  a S tandard  Deviation o r  RMSE of 578kW h.

As explained  previously, the am o u n t  of  unexplained  e r ro r  in the m odel is ± 1156kW h and  

w h en  co m p ared  to the range of CHW Daily Average values of b e tw een  3 ,245kW h and  

9 ,315kW h. This implies th a t  for any pred ic tion  of a single daily value of chilling energy  

usage, the e r ro r  te rm  could accoun t for b e tw een  12.5%  and  36%  of the p red ic ted  figure. 

The sou rce  of the  relatively large e r ro r  te rm  is the  a m o u n t  of var iability  in the  da ta  which 

in tu rn  could be explained by the  level of contro l  exercised, o r  not, o v er  the  chilling system  

by the  tenan ts .  As expected, the  longer the period  w hich  is forecasted , the  m ore  accura te  

will be the  outcom e, due to the effects of averaging, an d  th is  is a p p a re n t  in Table 6-24.

T2 Landlord Chilling Actual Forecast Accuracy

W eek 1 Total 3,075.55 2,654.05 -13.7%

W eek 2 Total 6,678.28 6 ,426.72 -3.8%

W eek 3 Total 5,975.18 6 ,372.91 +6.7%

W eek 4 Total 6, 172.35 6 ,434.29 +4.2%

W eek 5 Total 5,871.87 6 , 203.15 +5.6%

Month Total 27,773.23 28,091.12 +1.1%

Table 6-24 T2 landlord's chilling forecast showing a weekly breakdown for August 2013 (Accuracy is 
percentage difference between forecast and actual)

The ability of the T2 chilling m odel to p red ic t  a re aso n ab ly  accu ra te  figure for one m on th 's  

chilling energy  usage af te r  being tra in ed  on d a ta  for 3.5 m o n th s  is a reasonab le  outcome, 

bu t  it is likely to be a chance outcom e, given the  level o f  var iance in the model. As 

m en t io n ed  prev iously  with  regard  to the  hea ting  m odel for T2, the  lack of in form ation  

ab o u t  the  actual con tro l  p ro ced u re s  being used  by the  office te n a n ts  resu lts  in unce rta in ty  

a b o u t  the  level of contro l of T2 overall. The level o f var iance  in th e  chilling m odel would 

sugges t  th a t  th e re  rem ain s  a high degree  of ‘no ise’ o r  e r ro r  in th e  contro l  sy s tem s  in the 

T2 chilling p lan t and  the chilling energy  usage is d e p e n d e n t  on m o re  than  ju s t  external 

t em p e ra tu re .  Given the o p p o r tu n i ty  to sh o w  individual te n a n ts  ho w  to m ore  efficiently
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c o n t ro l  th e  e n v i r o n m e n ta l  s y s te m s ,  th e  overa ll  h e a t  a n d  chilling  e n e rg y  u se  cou ld  be  

b r o u g h t  u n d e r  b e t t e r  con tro l .  T h e  d a ta  f rom  th is  f u r th e r  im p ro v e d  T2 o p e ra t io n ,  m a y  

in c re a s e  th e  e n e rg y  m o d e ls '  u l t im a te  ab il i ty  to  a c c u ra te  p r e d ic t  h e a t  a n d  chilling  e n e rg y  

usage .

6.5 Summary, lessons learnt, assumptions and limitations

T his  final se c t io n  s u m m a r i s e s  th e  w o r k  d o n e  on  th e  t e s t  b u i ld in g s  a n d  th e  le s so n s  l e a rn t  

h a v in g  a p p l ie d  t h e  h y p o th e s i s  d e v e lo p e d  for th e  p i lo t  b u i ld in g  to  th e  tw o  t e s t  bu ild ings .

6.5.1 Summary

T h e  T1 a n d  T2 e n e rg y  r e d u c t io n  p r o g r a m m e s  w e r e  d e s ig n e d  to  t ry  to  rec t ify  th e  m a in  

a r e a s  o f  e n e rg y  w a s ta g e  in e a c h  bu ild ing . W h e re  c o n d e n s e r  w a t e r  w a s  b e in g  s u p p l ie d  to 

an  a lm o s t  e m p ty  mall, in th e  case  o f  T l ,  o r  w h e r e  h e a t in g  a n d  chill ing  w a s  b e in g  s u p p l ie d  

o v e r n ig h t  o r  a t  w e e k e n d s  to  a n  e m p ty  bu ild ing , in th e  case  of  T2, t h e s e  w e r e  s i tu a t io n s  

t h a t  co u ld  b e  r e a s o n a b ly  re s o lv e d  w i th o u t  a n y  r i s k  to  o c c u p a n t  c o m fo r t .  T h e  m a jo r  

in te r v e n t io n s  in b o th  bu ild ings ,  T l  a n d  T2, a r e  s u m m a r i s e d  in T ab le  6-25 .

T l Building Energy Reduction Programme

Action Area Comment

Condenser w ater  system 
(CCW]

Installation, commissioning and tuning of 13 no. VSD systems on 
the primary pum ps and secondary pum psets  of the T l  
condenser w a te r  system

Secondary condenser loop 
flowrates

Pump flowrates lowered to ensure  correct flowrate delivery at 
loop extremities

Secondary condenser loop 
down-time

Secondary CCW circuits shut dow n for two 90 minute periods 
overnight

Primary condenser loop 
flowrates

Primary flowrate was specified unnecessarily high - reduced to 
20% of original

Changes and corrections to 
t h e T l  BMS

Multiple control issues resolved and on-going monitoring and 
change m anagem ent as problems are  uncovered

T2 Building Energy Reduction Programme

Heat reduction Reduced heat input with a view to reducing required  chilling

Improved heat delivery 
control

As special situations arise, be tte r  manual control of heat delivery 
to deal with night or weekend requirem ents

Condenser w ater  system 
(CCW)

Installation and setup of 4 No. VSD systems on the prim ary and 
secondary CCW pumps

Improved control from the 
BMS

Multiple control issues resolved and on-going monitoring and 
change m anagem ent as problems are  uncovered

Table 6-25 Summary of major interventions in tes t  buildings T l  and T2
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The energy efficiency program me in T1 concentrated on the landlord’s plant vi^hich is 

primarily designed to remove excess heat from the mall. A sum m ary  of the before and 

after electricity usage in show^n in Table 6-26. Savings of approximately 23% were 

achieved.

T1 Landlord Total Electricity Usage
Sep 2 0 1 0 -Aug 2011 May 2 0 1 2 -Apr 2013

3,363,472 2,594,199
Energy Reduction 22.9%

Table 6-26 T1 Electricity savings resulting from energy reduction programme

The energy savings analysis in T2 covers both electricity and gas for two full year periods. 

A sum m ary  of the before and after energy usage is shown in Table 6-27. Savings of 

approximately 55% for electricity and 43% for gas were achieved.

T2 Landlord Total Electricity Usage (kWh) T2 Landlord Tota Gas Usage (kWh)

Jan 2 0 1 1 -D ec 2011
Jan 2013 -  Dec 

2013
Jan 2011 - Dec 

2011
Jan 2013 -  Dec 

2013
1,211,270 545,475 829,774 470,753

Energy Reduction 55.0% Energy Reduction 43.3%
Table 6-27 T2 Electricity and gas savings resulting from the energy reduction programme

T1 and T2 natural thermal lags

The method which was developed for the calculation of the natural therm al lag (NTL) for 

PI depended upon a static method requiring PI to be a t rest (no heating, cooling, 

occupation or solar gain) for a full 24-hour period. The point a t  which internal 

tem pera tu re  is m easured in PI was in an open plan office area and thought to be 

representative of the PI building. Given that T1 operates 364 days per year and does not 

have any 24 hour period over which the building is at rest, the PI NTL method had to be 

adapted slightly. A modified method was used which examines the overnight lows of 

internal tem pera tu re  when heating and cooling are off ra the r  than the internal high 

during the day, as was implemented for PI. As explained, T1 is a large structure  and 

probably exhibits several micro-climates from area to area. The m easurem ent point 

chosen for the internal tem pera tu re  was on the top level, which is subject to long-wave 

radiative cooling overnight and solar gain during the day. This point was thought to be 

suitably sensitive of the entire top level and that  it would exhibit tem pera tu re  changes 

which may not be as apparen t at lower levels. The NTL calculated for this point (at the top 

level] in T1 was less than one hour.
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The original daytime m ethod developed for PI, while the building was at rest, was 

successfully applied to the T2 building and a full year’s data was calculated and analysed. 

The m easurem ent point was located in an open plan office area on the fifth floor, 

considered quite typical of these offices. Permission to m onitor one m easurem ent point 

was given in T2.

This analysis and resulting graph (in Figure 6-223 showed that  for T2, the NTL responds 

to outside tem pera tu re  in an approxim ately sinusoidal m anner with an approxim ate 1 

hour NTL during w in ter  and 3 hour NTL during summer. The use of this information 

guided the selection of the 1 hour and 3 hour tem pera tu re  indices in forming the more 

accurate energy prediction models for T2.

T1 and T2 energy models

Simple and building specific energy prediction models w ere derived for both buildings by 

linear regression. The models w ere  then used to forecast cooling energy consumption for 

T1 and T2 during August 2013 and heating energy consumption for T2 during April 2013.

Having derived a single linear regression model for T1 betw een tem pera tu re  and cooling 

energy, the influence of the Solar Index and rh on this model w ere  both examined. Rh was 

omitted first on the basis of no statistical significance. The Solar Index was found to be 

statistically significant and a second model which included the Solar Index regressor was 

also used to forecast T1 energy usage to determ ine the relative accuracy com pared to the 

sim pler model. The derived energy equations for T1 are as follows:

71  Avg Hourly  E = 284.3  + 20.0 0 Hr Lag To ± 76.7

T l  Avg  Hourly E = 284.5  + 18.6 0 Hr Lag To + 0.013S T1 Solar Index ± 74.9

Two energy equations w ere derived for T2, firstly over the  w in ter  2012 period for heating 

or LPHW gas usage and, secondly, over the sum m er 2013 for chilling usage or CHW 

electricity usage.

T2 Daily LPHW = 5275  -  314 [0 Avg  Daily T 0800 -  1700 ) ± 618  

T2 CHW Daily Total  = 20.1 + 479.3 (3 Av g  Daily T 0500 -  1500 )  ± 1156.3

Solar gain and relative humidity w ere  both examined, for each season, to determ ine if 

e ither param eter  added any predictive strength to the model. For the w in ter heating
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model, both additional regressor  variables w ere  found to be statistically insignificant. For 

the sum m er cooling model, both regressors  w ere  again found to be statistically 

insignificant. There w ere  th ree  reasons given as to why the Solar Index was not 

statistically significant comprising: the reflectance of the vertical glazing at 0.35, the 

external solar shading and, finally, the internal shading. It was confirmed with T2 

operations staff that  there  has been no recorded complaint in T2 of solar gain causing any 

problems. For these reasons, the Solar Index regressor was eliminated as it contributed 

no additional strength  to the T2 chilling model.

For both test buildings, various lagged tem pera tu re  indices w ere calculated using the 

recorded rooftop w ea ther  from T l. Of these indices, the s trongest or m ost influential 

energy predictor was found to coincide with the calculated NTL result for each building. 

This was the 0 hour lagged index for T l  and the 1 hour lagged index for T2 heating and 3 

hour lagged index for T2 cooling.

Tl and T2 forecasting results

The two buildings’ energy models w ere  used to generate  daily forecasts for T l  electricity 

usage alone and both heating and chilling energy usage for T2. In both cases, these 

rep resen t the variable part  of the landlord’s energy load. The single linear regression 

(SLR) model in T l  is the tem pera tu re  regressor  alone while the multiple linear regression 

(MLR) model includes the Solar Gain param eter.

Period

T l cooling 
energy SLR 

model 
accuracy

T l cooling 
energy MLR 

model 
accuracy

T2 heating 
energy SLR 

model 
accuracy

T2 cooling  
energy SLR 

model 
accuracy

Week 1 Total -1.2% -1.3% +4.0% -13.7%

Week 2 Total +1.0% +0.4% +6.1% -3.8%

Week 3 Total -0.3% -1.2% +6.4% +6.7%

Week 4 Total +2.6% +1.3% +6.0% +4.2%

Week 5 Total +4.4% +3.8% +5.6%

Monthly total +0.9% +0.2% +5.3% +1.1%
Table 6-28 Tl and T2 heating and cooling models forecast accuracy over April and August 2013, 
respectively (Accuracy is percentage difference between various forecasts and actual)

6.5.2 Lessons learnt

This thesis describes a m ethod of determ ining a minimal da tase t  of w ea ther  param eters  to 

be used to accurately forecast energy use in commercial buildings. The m ethod was
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developed for a p ilo t building and th is process is described in Chapter 5. The method has 

been modified slightly and successfully applied to two test buildings. This section 

describes the lessons learnt fo llow ing the application o f the method to the tw o test 

buildings.

The natural thermal lag (NTL) is a build ing-w ide parameter which indicates the time 

delayed influence o f external tem perature on internal build ing space temperature. It is 

assumed that the NTL can depend on a num ber o f build ing specific parameters such as the 

therm al envelope, the overall perm eability o f the building and the particu lar trend in the 

AT between external and internal temperatures and where the internal measurement is 

made. Following the derivation o f the NTL for PI, it  was hypothesised that this parameter 

could be calculated for any build ing while  that build ing is at rest. Following an energy 

reduction programme, PI is at rest most weekends and, therefore, tw o 24 hour periods 

from which to extract the necessary space tem perature data are available for most weeks 

in the year. The necessary data is a peak in external tem perature occurring during the 

day. It has been found, however, w ith  T l,  which is operational for 364 days per year, that 

adaptations were required to the NTL method to facilitate the examination o f overnight 

low  temperature rather than daytime highs. The outcome was successful in that an NTL 

for all three buildings could be determined. The method has been shown to operate 

successfully w ith  active or inactive buildings.

The measurement point at which the internal space tem perature is recorded can influence 

the NTL outcome in that the particu lar tem perature profile at this measurement po in t w ill 

d irectly influence the shape o f the NTL curve and, hence, the duration o f the NTL itself. 

The point chosen should be a typical open area. However, it  has been shown here that 

although the NTL may vary depending on the location o f measurement in the building, 

better predictions are s till possible.

The NTL has been shown to produce an annual sinusoidal response curve which seems to 

fo llow  the trend o f the external temperature. Given its dependence on the external and 

internal temperature difference, AT, this is an expected result. The analysis o f these three 

buildings has focussed on energy consumption during the heating and cooling seasons and 

energy models have been derived for these energy uses. Of the three weather parameters 

examined, the most in fluentia l predictor has been shown to be external temperature. 

W ith in  the external temperature data, the most in fluentia l range or w indov/ of 

temperatures has been shown to coincide w ith  that guided by the NTL method. Given this
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has been successfully shown for the three buildings examined in the thesis, it can be 

concluded that  the NTL method is useful in finding the most predictive tem pera tu re  

regressor for these energy models in this class of building type.

It has been shown for the three buildings in the thesis that  the strength of the tem pera tu re  

regressor is in agreement with the NTL calculation. This was explained in that the 

particular lagged tem pera tu re  average contained most information regarding heat or 

cooling energy use, and was, therefore, the s trongest predictor. For 2 4 /7  buildings, the 

m ethod can be reversed and an examination of the various lagged tem pera tu res  to 

determ ine the strongest predictor may indicate a simple method to determine the NTL.

Given that  the NTL is derived from data which is collected at times when the building is at 

rest, it can be concluded that  the NTL is independent of the operational efficiency of the 

building. As discussed, the NTL is a whole building param eter  which depends primarily 

on building fabric properties and construction features and flaws. W hether the plant or 

BMS are well controlled is of no importance in the NTL derivation.

The NTL is based on the relationship between external and internal tem pera tu res  in a 

building. The A T  betw een these tem pera tu res  along with the building envelope’s thermal 

properties influence the NTL outcome. The NTL is a m easure of how quickly a building 

responds to AT. This has been shown to apply to heat gain or loss while the building is at 

rest and heat gain or loss w hen the building is being mechanically heated or cooled. The 

am ount of energy required to maintain occupant comfort levels is directly linked to the 

external tem pera tu re  which was experienced by the building at a time in the past 

indicated by the value of the NTL. This is why the NTL can guide the selection of the most 

influential lagged tem pera ture  in predicting energy consumption. This has been shown to 

apply to the three buildings examined in the thesis. It can be concluded that  the NTL 

m ethod as derived in the thesis is a universal method capable of application to a wide 

range of building types.

An energy reduction program me was uniquely devised for each of the three buildings. 

The energy models for heating and cooling w ere derived following these programmes. In 

each case, the models were shown to be capable of producing an accurate forecast of the 

relevant energy type over a one month period. These forecasting models used the single 

predictor of the NTL influenced external tem pera ture  to generate the most accurate 

result. It can be concluded that  the method to derive the energy models is broadly
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adaptable to many buildings but may require the inclusion of o ther w eather  param eters  

such as solar gain, w here this is applicable.

The importance of the w eather  param eters  used to predict energy consumption has been 

examined. Various tem pera tu re  param eters which w ere sourced from Met Eireann and 

locally recorded from the installed w eather stations were considered. Not surprisingly, it 

can be concluded that  the local tem pera ture  m easurem ents provided a substantially 

s tronger predictor of energy consumption than the generally available tem pera tu re  

m easurem ents from Met Eireann, given the higher variance in the latter.

The energy models are used predominantly to assess energy usage. This means that 

recorded w eather is used to predict what energy usage would have been if the necessary 

steps to reduce consumption had not been taken. If an actual w ea ther  forecast is used in 

any of the models, then there  is additional erro r  introduced because of the likelihood of 

forecast prediction errors. However, using the models to m onitor expected building 

energy performance provides operations and facilities staff with a simple yet powerful 

tool which quickly indicates if energy consumption is remaining on track or if some 

anomaly is pointing to plant or scheduling problems. An issue identified during this 

research was the lack of familiarity of facilities staff with simulation methods. If the on

going monitoring of energy usage is important, then it can be concluded that the method 

developed in this thesis could provide a simple and effective way for facilities staff to 

m onitor and control energy usage.

Method assumptions

The NTL method developed for PI and adapted for use in T1 assum es tha t  the building 

has some rest period, a full day in the case of PI and T2 (at the weekend) and a full 

overnight in the case of T l .  it is reasonable to assume that  for virtually any building, a 

time period can be found w here the mechanical heating and cooling are both off. Even for 

buildings which m ust operate on a 24-hour basis, such as a hospital, the maintenance 

periods are likely to provide a suitable time period for the NTL to be determined.

For the three buildings used in the thesis, local recording of w eather  param eters  has been 

shown to produce better  predictive models for energy forecasting. For this reason, it is 

assum ed that the building in which this m ethod is applied has access to locally measured
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and recorded w eather  data. This should include air tem perature , relative humidity and 

solar radiation [direct and diffused).

Internal tem pera tu re  is an im portant part  of the NTL derivation. It is assumed that the 

use of this method requires access to a typical internal tem pera tu re  profile with 15 

minute readings. This should match the external tem pera tu re  time profile. The internal 

tem pera tu re  can be usually sourced from the BMS, but, in some cases, a simple 

tem pera tu re  logger can be installed which gives the same data.

if separation of the heating and cooling energy consumption is required in order to 

separa te  out the variable parts of building energy usage, then sub-metering may be 

required to facilitate this measurem ent. It is assum ed that the building operator has 

access to such m eters to allow this m easurem ent to occur.

The building should be run efficiently in o rder  to obtain a suitably accurate prediction 

equation. If this is found not to be the case, an energy reduction program me should be 

developed and implemented in o rder  to have improved control of the building energy 

demand.

The undertaking of an energy reduction program m e in any building requires detailed 

knowledge of specific occupant requirements, plant and BMS operation and an 

understanding of how the building is likely to respond to changes. It is assumed that the 

practitioner undertaking this task has the necessary understanding to make energy 

reduction changes while maintaining occupant comfort levels.

Method limitations

The derivation of a building NTL is limited to buildings with a rest period. There are 

buildings, which by the nature of their use, for which it is impossible to directly calculate 

and plot the NTL.

The method is limited to buildings which have a computer-controlled BMS installed. The 

BMS serves to provide a central point from which all energy reduction changes can be 

made and also provides a simple repository for many data measurem ents. The method 

can be applied to buildings which are mixed-mode, free-running or air-conditioned.
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The use of the any of the derived statistical prediction models comes w^ith certain 

im portant caveats.

• The data used to form both of the heating and chilling energy equations are 

unique to these three  particular buildings, and as such, the equations cannot 

be extrapolated to any o ther building.

• Any use of the equations to predict energy use should be limited to periods 

when the outside air tem pera ture  is in the same range as these data indicate.

If predictions are made outside this range, then extrapolation is underw ay and 

this is not a sound use of these prediction equations.

• The energy equations are of the simplest form with a single linear regressor 

and this simple form was found to produce accurate energy forecasts. This 

property of these equations does not necessarily hold t rue  for all buildings. In 

fact, it is quite likely that  for certain building types, with poor quality glazing, 

for instance, that  the Solar Index would become a very significant predictor.

• For many regressions, the value of the response variable (energy consumption 

in this case), does not always have physical meaning when the predictor 

variable equals zero (the intercept]. For the buildings examined in this thesis, 

there  is physical meaning of energy consumption w hen the average external 

tem pera ture  is zero. The widest possible range of tem pera tu res  in the training 

data will yield the most informative model.
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Chapter 7 Project work summary, conclusions and future 
research

The final chapter in this thesis is a sum m ary of the research w ork  that  has been carried 

out, the principal conclusions reached and a discussion of w hether  the objectives laid out 

in Chapter 1 have been met. The final section is a sum m ary  of future research which 

might follow from this thesis.

7.1 Summary of work

The principal objective of the project was the determination of w hether  a minimal dataset 

of w eather  param eters  could be used to guide accurate forecasting of energy use in 

buildings. A methodology was developed to ensure this objective could be met. Data 

collection for the pilot building commenced in january 2011. A statistical analysis was 

carried out on the relationship between the national w ea ther  service's average daily 

tem pera tu re  and energy usage (for both heat and cooling), before any energy efficiency 

interventions were made. Average daily tem pera ture  was chosen at this early stage since 

it is by far the most commonly used w eather  param eter  in the literature and it is readily 

available from the w eather services, such as Met Eireann. This project has confirmed the 

importance of the external tem pera tu re  as a strong predictor in its own right, and this has 

been used in the determination of a minimal dataset. Efforts commenced to find the most 

influential external tem pera tu re  index and this led to the developm ent of the natural 

thermal lag.

The examination of graphs comparing internal and external tem pera tu res  in PI was 

undertaken  to determine to w hat extent the external tem pera tu re  affected the internal 

tem pera tu re  while the building was at rest [no heating or cooling, no occupants and no 

solar gain). A causal relationship was found and a method to compare these param eters  

was devised. For each day while PI was a t rest, the Natural Thermal Lag (NTL) was 

calculated and plotted. This plot shows how the NTL value changes with the seasons over 

a full year. In parallel with this work, the energy efficiency program m e for PI was 

developed and implemented. As stated in Chapter 5, the PI HVAC configuration was very 

complex and this was primarily because of the presence of a Combined Heat and Power 

(CHP] system. The energy reduction program me in PI has delivered substantial 

reductions in overall energy consumption.
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Following the efficiency programme, the analysis of external tem pera tu res  and energy 

usage was repeated, again using the relevant Met Eireann average tem pera tu re  data. The 

statistical models w ere derived for both heating and cooling and both models were shown 

to be accurate in forecasting energy consumption in PI, using actual w eather  data. The 

final energy models, using this single external parameter, making up the minimal dataset, 

apply to PI. This may not be the case for o ther buildings. Solar gain and relative humidity 

w ere added to the PI energy model in order to determine if any improvement in 

predictive power would result.

For comparison, the PI building was modelled using the Virtual Environment software 

package. Two models were developed, an as-built design model (DM] and a calibrated 

model (CM]. Environmental data already m easured and recorded in PI was used to help 

guide the CM simulation. Heating and chilling energy forecasts w ere produced for both 

models using IWEC April and August w ea ther  for the DM and locally recorded w eather  for 

the CM.

The method developed for PI was applied to two test buildings, T1 and T2, to examine its 

wider validity. Since T1 operates 364 days per annum, there is no weekend 'building at 

re s t’ period. Therefore, the application of the NTL method to T1 required adaptation by 

using the overnight period, while plant was off, to examine the tem pera tu re  low points as 

opposed to the high points during the day (as was used in PI).

Unique energy reduction program m es w ere  developed for both of the two test buildings. 

The program me in T1 was a single energy conservation measure which was related to the 

building's condenser w ater or cooling system and the program me in T2 was, similar to PI, 

a whole building project. The program m es resulted in substantial energy reductions, 

particularly in T2.

Following the completion of the programmes, the PI method to derive an accurate energy 

model for heating and cooling was applied. The energy figures from before the 

program mes w ere examined with the Met Eireann average daily tem pera tu re  data for the 

same period. This was followed by analysis of the energy data from after the programmes 

using Met Eireann average daily tem peratures, locally recorded w ea ther  station daily 

averages and, finally, the lagged tem pera tu re  averages. This allowed a like-for-like 

comparison of the statistical models.
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Finally, as with PI, the heating month of April 2013 and the cooling month of August 2013 

were  both forecast using recorded actual w eather  param eters  from which conclusions on 

predictive power arising from the proposed methodology could be established.

7.2 Principal conclusions

For the pilot building, the following conclusions were drawn:

An im portan t building therm al param eter, referred to in this thesis as the natural thermal 

lag (NIL) was derived by statistical means. This param eter was derived from data 

gathered over one full year and at times while the building was at rest, with no forced 

heating or cooling. The NTL is a whole building param eter  which reflects the actual 

building as constructed and, therefore, can only be established post-occupancy. For PI, 

the NTL is approximately 4 hours in w in ter and 6 hours in summer. It follows that the 

external tem pera tu re  trend which is likely to be most influential on energy consumption 

in a building occurred in the past, given the thermal properties of the envelope, and how 

much in the past is guided by the NTL. it was hypothesised that [i) this param eter  can be 

determ ined for most buildings, and [ii) that it might guide the selection of the particular 

external tem pera tu re  index which has most influence on a consumption model of both 

heating and cooling energy in buildings.

It was hypothesised that the local w ea ther  conditions experienced directly by the building 

will be som ew hat different when compared with general w eather  service recordings and 

the use of local w ea ther  param eters  will influence the predictive power of any statistical 

energy consumption models.

The pilot building had an energy efficiency program me carried out on it, leading to a 

substantial reduction in energy consumption Following this programme, simple statistical 

models for heating and cooling w ere derived, and both models were shown to be 

relatively accurate in forecasting energy usage. The efficiency program m e has appeared 

to reduce the variance in these statistical relationships, given the improved control of the 

building. The use of the NTL guided tem pera ture  index has further reduced the variance 

such that  accurate forecasting of energy use is possible using actual w eather  data.

It was believed that this method could be applied more generally, and for this purpose, 

two test buildings w ere selected. It has been shown that  simple regression using one
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predictor, external tem perature , on the pilot building does not produce an accurate 

forecasting model prior to an energy efficiency programme. It is, therefore, hypothesised 

that with the application of an efficiency programme and the selection of the most 

influential tem pera tu re  index, that  a simple statistical model can be made relatively 

accurate and useful in forecasting energy usage.

It was found that the m ethod to derive the NIL in PI required adaptation for its 

application to T l.  In order to find the NIL for a particular day, a peak in external 

tem perature, which is common, is required. Building T l  operates 364 days per annum  

and therefore does not have any meaningful num ber of 24 hour periods when the building 

is at rest. The NTL method was adapted to examine the overnight low tem pera tu re  ra ther 

than the daytime peak, using a reduced window of m easurements. The same method 

devised for PI was applied unchanged to building T2. The outcome was successful in that 

the NTL for all three  buildings could be determined. The method has been shown to 

operate correctly with active or inactive buildings. It can be concluded tha t  the NTL 

method as derived in the thesis is a universal method capable of application to a wide 

range of building types.

The analysis of these three buildings has focussed on energy consumption during the 

heating and cooling seasons and energy models have been derived for these energy uses. 

Of the three w eather  param eters  examined, the most influential predictor has been shown 

to be external tem perature . Within the external tem pera ture  data, the most influential 

range or window of tem pera tu res  has been shown to coincide with that guided by the NTL 

method. Given this has been successfully shown for the three buildings examined in the 

thesis, it can be concluded that the NTL method is useful in finding the most predictive 

tem pera ture  regressor for these energy models.

The NTL method operates on any building in which there  is a regular period during which 

the plant is off. If the building’ plant is never off, such as a hospital or a factory operating 

24/7 , then this method will not operate correctly, since there  is no period w hen the 

building is at rest. However, as was shown for the three buildings in the thesis, the 

strength of the tem pera tu re  regressor is in agreem ent with the NTL calculation. This was 

explained in that the particular lagged tem pera ture  average contained most information 

regarding heat or cooling energy use, and was, therefore, the s trongest predictor.
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Given that  the NTL is derived from data which is collected at times when the building is at 

rest, it can be concluded that the NTL is independent of the operational efficiency of the 

building. As discussed, the NTL is a whole building param eter  which depends on building 

fabric properties and construction features and flaws. W hether the plant or BMS are well 

controlled is of no importance in the NTL derivation.

An energy reduction program m e was uniquely devised for each of the three buildings. 

The energy models for heating and cooling w ere derived following these programmes. In 

each case, the models w ere shown to be capable of producing an accurate forecast of the 

relevant energy type over a one month period. These forecasting models used the single 

predictor of the NTL influenced external tem pera tu re  to generate the most accurate 

result. It can be concluded tha t  the method to derive the energy models is broadly 

adaptable to many buildings but may require the inclusion of o ther w eather  param eters  

such as solar gain, w here this is applicable.

The importance of the w eather  param eters  used to predict energy consumption has been 

examined. Various tem pera tu re  param eters  which w ere  sourced from Met Eireann and 

locally recorded from the installed w eather  stations were examined. Not surprisingly, it 

can be concluded that the local tem pera tu re  m easurem ents provided a substantially 

s tronger predictor of energy consumption than the generally available tem pera ture  

m easurem ents from Met Eireann.

The energy models are used predom inantly  to assess energy usage. If an actual w eather 

forecast is used in any of the models, then there  is additional erro r  introduced because of 

the likelihood of w eather  forecast prediction errors. However, using the models to 

m onitor expected building energy performance provides operations and facilities staff 

with a simple yet powerful tool which quickly indicates if energy consumption is 

remaining on track or if some anomaly is pointing to plant or scheduling problems. It can 

be concluded tha t  the method developed in this thesis could provide a simple and effective 

way for facilities staff to m onitor and control energy usage.

A sum m ary  of the predictive results from the three buildings, using various forms of 

tem pera tu re  indices is shown in Table 7-1. These w ere used to forecast the heating 

(w here  appropriate)  or thermal energy consumption and the cooling energy [electrical] 

consumption. The sum m ary of the accuracy of these predictions for each building is 

shown in Table 7-2 and Table 7-3.
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Pilot Building PI

Predictor Source Heating Season Chilling Season

Met E Avg Daily 
2010-2011 R-Sq : 38.2% RMSE : 

133.1kWh R-Sq ; 45.2% RMSE : 
20.9kWh

Met E Avg Daily 
2012-2013 R-Sq : 86.9% RMSE : 

39.6kWh

R-Sq (Adj) : 
73.1% 

(quadratic)

RMSE : 
10.4kWh

Local Avg Daily 
2012-2013 R-Sq:91.7% RMSE : 

31.5kWh

R-Sq (Adj] : 
84.8% 

(quadratic)

RMSE : 
7.89kWh

Lagged 4 hr & 6 hr 
2012-2013 R-Sq : 94.1% RMSE ; 

27.0kWh

R-Sq (Adj) : 
90.8% 

(quadratic)

RMSE : 
6.10kWh

Test Building T1

Predictor Source Chilling Season

Met E Avg Daily 
2010-2011 R-Sq : 26.3% RMSE ; 

66.03kWh

Met E Avg Daily 
2012-2013 R-Sq : 75.5% RMSE : 

53.80kWh

Local Avg Daily 
2012-2013 R-Sq : 84.6% RMSE : 

42.63kWh

Lagged 0 hr 2012- 
2013 R-Sq : 87.6% RMSE : 

38.33kWh

Test Building T2

Predictor Source Heating Season Chilling Season

2010-2011

Met E Avg Daily 
2012-2013 R-Sq : 57.5% RMSE : 

796.88kWh R-Sq : 78.7% RMSE : 
807.37WH

Local Avg Daily 
2012-2013 R-Sq : 88.6% RMSE : 

414.20kWh R-Sq : 87.1% RMSE : 
629.59kWh

Lagged 1 hr 
& 3 hr 

2012-2013
R-Sq : 93.7% RMSE : 

309.09kWh R-Sq : 89.1% RMSE : 
578.16kWh

Table 7-1 Summary of model statistics for the various energy models from the three project buildings
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The pilot build ing had a design and  ca librated  m odelling  exercise applied. This w as 

p e r fo rm ed  to (i) d e te rm in e  the  accuracy of a typical design m odel and  [ii) co m p are  the 

p red ic ted  resu lts  from a ca lib ra ted  m odel w ith  the statis tical m ethod  developed  in this 

thesis.

PI building Design model Calibrated model Statistical model

Monthly Heat Total 
(kWhl

161,008.96 111,180.75 106,349.67

Monthly heating 
forecast accuracy 

(% diff)
+ 57.7% + 8.9% + 4.2%

Monthly chilling 
total (kWh] 35,768.3 17,898.1 16,977.5

Monthly chilling 
forecast accuracy 

(% diff)
+116.4% + 8.3% + 2.7%

Table 7-2 PI Summary comparison of forecasting accuracy for Design, Calibrated and Statistical 
Models (Accuracy is percentage difference between forecast and actual]

T he resu lts  in Table 7-2 sh o w  the  statis tica l model co m p ares  very  favourably  w ith  the  

ca lib ra ted  m odel for th is  one m o n th  and  w ith  one building.

Period

T1 cooling 
energy SLR 

model 
accuracy

T2 heating 
energy SLR 

model 
accuracy

T2 cooling 
energy SLR 

model 
accuracy

Week 1 -1.2% + 4.0% -13.7%

Week 2 + 1.0% + 6.1% -3.8%

W eeks -0.3% + 6.4% + 6.7%

Week 4 + 2.6% + 6.0% + 4.2%

W eeks + 4.4% + 5.6%

Monthly + 0.9% + 5.3% + 1.1%

Table 7-3 T1 and T2 comparison of accuracy of forecasts versus actual usage for April 2013 heating 
and August 2013 cooling (Accuracy is percentage difference between forecast and actual]

Finally, the  accuracy  of the te s t  build ings predic tion  m odels  is su m m arised  in Table 7-3 

and  it is found th a t  while the  m on th ly  figures a re  well in line w ith  actual consum ption ,  the 

w eek ly  o r  daily figures (part icu la r ly  for T2] exhibit w ide variability.
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7.3 Testing obj ectives

The overall project objectives were outlined in Chapter 1. The overarching aim of the 

project was to show  that it is possible to accurately forecast energy consumption in a 

commercial building by use of a reduced dataset following an energy efficiency  

programme. The reduced dataset was derived from the examination of three weather  

parameters, those being: external temperature, external humidity and solar activity.

The objectives listed in Chapter 1 are repeated here for convenience:

• Examine changes in forecasting accuracy of statistical models before and after 

energy reduction

• Examine locally recorded temperature versus that available from the national 

weather service [Met Eireann)

• Determine possible changes in forecasting accuracy resulting from use of a 

temperature index more closely matched to the building’s thermal characteristics

The objectives have been met as follows:

An individual energy efficiency programme was devised and implemented for each of the 

three buildings. Substantial energy reduction was evident from the before and after 

comparison charts. Energy prediction models were derived for each relevant energy  

category (heating and cooling) for each building. The models derived allowed an 

examination of som e meaningful statistical measurements before and after the efficiency  

programmes. The statistical measurements were Variance or Root Mean Square Error 

[RMSE) and the coefficient of determination or R-Sq. It was found that these models, 

following the energy efficiency programmes, could be derived based on external 

temperature alone and that the models accuracy compared well with calibrated model for 

the pilot building.

The use of locally recorded temperature caused an improvement in accuracy of the 

derived forecasting models in all cases.
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A build ing specific exam ina tion  of a sim ple th e rm a l  re sp o n se  of in te rna l t e m p e ra tu re s  to 

changes in ex ternal t e m p e ra tu re  has  led to th e  form ulation  of a un ique  (to the  building) 

build ing th e rm a l  p a ram ete r ,  re fe rred  to in this thesis  as th e  na tu ra l  th e rm a l  lag (NTL). 

The NTL has  been  show n  to be influential in guiding the  sea rch  for the  m o s t  im p o r tan t  

w in d o w  of ex ternal te m p e ra tu re s  which exerts  the  m o s t  influence on energy  

consum ption ,  w ith in  th a t  building. This te m p e ra tu re  w in d o w  has been  sh o w n  to provide 

the  m o s t  accu ra te  forecasting  m odels  for all th ree  buildings.

The analysis  m ethod  devised for the pilot building has  b ee n  sh o w n  to be successfully 

applicab le  to the  tw o te s t  buildings desc ribed  in this thesis.

7.4 Contribution to knowledge

The im p lem en ta t io n  of energy  efficiency p ro g ram m e s  on th e se  th ree  build ings has  caused 

a change in the  statis tica l re la tionsh ip  b e tw een  the  p r im ary  p red ic to r  of external 

te m p e ra tu re  and  ene rgy  consum ption .  The low ering  of s ta tis tical var iance in these  

re la t ionsh ips  has m ade  it possib le  to exam ine the  effects of  using th e  locally reco rded  

ex ternal t e m p e ra tu re  on the  m odel forecasting  accuracy.

During this exam ina tion  of local tem p e ra tu re ,  the concep t of  a lagged te m p e r a tu re  index 

w as  formed. The lagged t e m p e ra tu re  index is m ore  closely aligned w ith  th e  build ing’s 

th e rm a l  charac te r is t ics  regard ing  h ea t  lo ss /ga in  and  is th e re fo re  specific or un ique  to th a t  

building. A m e th o d  to derive  the  m o s t  accu ra te  lagged t e m p e r a tu re  index w as  developed  

and  is re fe rred  to the  NTL. The NTL allows re sea rc h e rs  to  s im ply find the par ticu la r  

w in d o w  of ex terna l te m p e ra tu re s  m ost  influential on en e rg y  use  w ith in  the  par ticu la r  

building. The use  of the  NTL guided lagged te m p e ra tu re  index has  re su lted  in fu r ther  

low er ing  of m odel var iance (see  Table 7-1).

The low ering  of forecast m odel var iance for the th re e  buildings has  facilitated the 

der iva t ion  of accu ra te  Single Linear Regression (SLR) forecasting  m odels  capable of 

forecasting  one m o n th  of hea ting  and  cooling energy  usage to w ith in  ± 5%  of actual usage. 

In the  l i te ra ture , SLR m odels  a re  usually  ran k ed  as low accuracy  and  this re sea rch  has 

sh o w n  (1) building efficiency and  (2) the  use  of the  m o s t  influential ex te rna l  t e m p e ra tu re  

index as being co n tr ib u to rs  to changing th a t  v iew  of SLR models.
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7.5 Future research

Following on from the w ork in this thesis, future research w ork could be carried out in the 

following areas:

(1) From the research w ork  completed in this thesis, the response of a building’s 

natural thermal lag appears sinusoidal and appears to closely follow the trend of 

external tem perature . It would be of value to determine if a differential analysis of 

this NTL response data could be applied to a building’s energy models or 

regression equations. This would have the effect of optimising the regressor 

variable based on a smooth transition from season to season and this should result 

in be tter  prediction strength on whole year energy models.

(2) Application of the NTL method to large sample of buildings to determ ine if the NTL 

can be determined by regression analysis of energy usage. The NTL method has 

been derived based on data from the pilot building and applied [with changes) to 

two test buildings. For these three buildings, the NTL has been determ ined from 

environmental data recorded both inside and outside the building in question. 

The NTL has also been validated by simple regression analysis of the relevant 

energy consumption data against external tem perature . The question remains, is 

it possible to find the NTL for a building using regression analysis of energy usage 

if an energy efficiency program m e has not been completed?

(3) Sensitivity analysis of the energy regression models to determ ine the influence of 

an efficiency programme and also to determine the theoretical limits of this 

influence. In o ther words, is there  an upper limit to the level of building efficiency 

generated from an efficiency program m e and can this be predicted based on 

curren t usage data and the building NTL?

(4) Application of the NTL and local tem pera ture  index method to a substantial 

population of buildings in o rder  to determine if a m ethod based on model variance 

can be developed to m easure energy efficiency levels of individual buildings 

within populations of similar buildings.
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Appendix A - Images of the pilot building from various aspects

Figure A -1 PI west facade

Figure A- 2 PI east facade
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Appendix B - CIBSE Guide A -  Thermal comfort guidelines

Note: From CIBSE Guide A (2006) There is no statutory limit to the upper temperature in workplaces. The 

Workplace (Health, Safety and W elfare) Regulations 1992 (Statutory Instrument 1992 No, 3004) require 

only that: 'During working hours, the temperature in all workplaces inside the building shall be reasonable.'

Section 1 (Environmental criteria for design) of C IBSE Guide A: Environmental design, suggests for offices 

that the temperature range for comfort should be 21-23'’C in winter and 22-24 “C in summer. The latter 

range applies to air conditioned buildings. Higher temperatures may be acceptable in non-air conditioned 

buildings.

Offices (non-air conditioned)
Table 1.7 recommends 25 °C as an acceptable summer indoor design operative temperature for non-air 
conditioned o ffice buildings, and Table 1.8 recommends lim itin g  the expected occurrence o f  operative 
temperatures above 28 °C to 1% o f  the annual occupied period. Between 25 °C and 28°C increasing 
numbers o f  people may feel hot. uncomfortable and show lower productiv ity. Indoor operative 
temperatures that stay at or over 28 °C fo r long periods o f  the day w ill,  except during prolonged hot 
spells, result in dissatisfaction for many occupants.

Table 1.7 General summer indoor comfort temperatures for non-air conditioned buildings
B u ild ing  type' Operative temp. Notes fo r indoor com fort in summer / °C

O ffices/ 25°C/ Assuming warm summer conditions in UK

Table 1.8 Benchmark summer peak temperatures and overheating criteria
B uild ing  type/ Benchmark/ Overheating criterion summer peak temp. ! °C

O ffices/ 28°C/ 1% annual occupied hours over operative temp, o f  28 °C

Table 1.7 General sunitnor itidoor comfort tcmperaiures for non-air 
conditional buildings

Building type Operative temp, 
for indoor comfort 
in summer ' 'C

Notes

(JfTices 25 .'\ssiiming warm summer 
conditions in UK

Schools 25 .Assuming warm summer 
conditions in UK

Dwellings:
— living areas 25 Assiuning warm summer 

conditions in UK
— bedrooms 23 Sleep may be impaired 

above 24 °C

Retail 25 •Assuming warm summer 
conditions in UK
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Table 1.8 Benchmark iiim iiier peak tem peratures and overheating 
rriteria

Building Benchmark 
sum m er peak 
temp. / "C

Overheating criterion

Offices 28 1% annual occupied hours over 
operative temp, of 28 °C

Schools 28 1% annual occupied hours over 
operative temp, of 28 °C

Dwellings:
— living areas 28 1% annual occupied hours over 

operative temp, o f 28 "C
— lied rooms 26 1% annual occupied hours over 

operative temp, of 26 ’C

• DfKS Building Bulletin BB87*“ * recom mends an allowable overheating 
criterion of 80 occupied hours in a year over an air tem perature of 28 'C.

Figure B-1 Notes and tables extracted from CIBSE Guide A (2006) showing the 
temperature range guidance
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Appendix C -  PI BMS and plant schedules

P I  O ffice - IFSC D ublin  - 10 ,000  m* 
Feb 2 n d  2011

BMS P la n t S c h e d u le s

Opt>m is«r/Botl*r Air Chiller AHU 501
ON OFF ON OFF ON OFF

Mon 0001 ^ 2359 Mon 0 2 0 0 ^ 2359 Mon ^  010 0 ^  2359

Tu« ^ 0001 2359 Tue 0 2 0 0 2359 T ut ^  010 0 ^  2359

W ed ^ 0001 ' '  2359 W ed 0 2 0 0 2359 W ed 0001 ^  2359

Thu 0001 2359 Thu 0 2 0 0 ' '  2359 Thu 0001 2359
Fri ^ 0001 2359 Fri 020 0 2359 Fri 0001 ^  2359

Sat 0001 ^  2359 Sat 080 0 ^  2000 Sat ^  0001 ^  2359
Sun ^  0001 ^  2359 Sun OSOO 2000 Sun ^ 0001 ^  2359

AHU504 IT Extract Dining Room Extract

ON OFF ON OFF ON OFF

Mon 0001 2 359 Mon 0 0 0 0 ^  2359 Mon ^ 060 0 2200

Tu« 0001 ' '  2359 Tue 000 0 2359 Tue 060 0 2200

W ed 0001 2359 W ed 0 00 0 2359 W ed ^  060 0 2200

Thu 0001 2359 Thu 0 00 0 ^  2359 Thu ^ 060 0 2200

Fri 0001 ' '  2359 Fri 000 0 2359 Fri 060 0 2200

Sat 0001 ^  2359 Sat 000 0 ^  2359 Sat ^  080 0 2000
Sun 0001 2359 Sun 0 00 0 ^ 2359 Sun ^ 0 8 0 0 2000

Pho tocopy  Extract C onferen Extract S tores Extract
ON OFF ON OFF ON OFF

Mon 060 0 ^  2200 Mon 0 40 0 ^ 2200 Mon ^  080 0 1800

Tue 060 0 ^ 2200 Tue 0 40 0 ^ 2200 Tue 080 0 1800

W «d 060 0 2200 W ed 040 0 ^ 2200 W ed 080 0 1800

Thu 060 0 ^  2200 Thu 0 40 0 2200 Thu ^  080 0 1800

Fr» 060 0 ^  2200 II iFri 0 4 0 0 ^  2200 Fri ^  080 0 1800

Sat 090 0 1800 Sat 0 6 0 0 ^  2000 Sat ^  000 0 0000
Sun 090 0 ^ 1800 Sun 0 6 0 0 ^ 2000 Sun 000 0 000 0

S ecure  Ar a Sth  Floor Extract Gym Extract Changing Room Extract

ON OFF ON OFF ON OFF

Mon 040 0 2200 Mon 040 0 ^  2200 Mon ^ 0 7 0 0 2000

Tue 040 0 2200 Tue ^ 040 0 2200 Tue ' '  0 7 0 0 2000

W ed 040 0 ^  2200 W «d ^ 040 0 ^ 2200 W ed ^ 0 7 0 0 2000

Thu 040 0 ^  2200 Thu ^  040 0 ' '  2200 Thu ^  0 700 2000
Fn 040 0 2200 Fn ^  040 0 2200 Fn ^  0 7 0 0 2000

Sat osoo 1800 Sat 040 0 2200 Sat '  0 000 000 0

Sun 0 600 ^ 1800 Sun ^  040 0 ^ 2200 Sun ^  0 0 0 0 000 0

Figure C -1 PI BMS schedules as found in February 2011

A ppendices

AHU502
ON OFF

Mon 000 0 2400

Tu® 0000 2400
W td 0 0 0 0 2400
Thu 0000 2400
Fri 0000 2400
Sat 0000 2400
Sun 0000 2400

Oishwath r Extract
ON OFF

Mon 0600 1800

Tut 0600 1800
W*d 0600 1800
Thu 0 600 1800
Fri 0600 1800
Sat 0 000 000 0
Sun 0 000 000 0

Client Dining Extract
ON OFF

Mon 0 400 2200
Tu« 0 400 2200
W«d 0400 2200

Thu 040 0 2200
Fri 040 0 2200
Sat 080 0 2200
Sun 080 0 2200

C an teen  S pply & Extract
ON OFF

Mon OSOO 2000

Tu« 0500 2000
W ed 050 0 2000

Thu 050 0 2000
Fri OSOO 2000

Sat 0800 1800
Sun 080 0 1800

AHU503
ON OFF

Mon ^ 000 0 2400
Tue oooo ^  2400
W ed ^ 000 0 ^  2400
Thu 000 0 ' '  2400
Fri ^  000 0 ^ 2400
Sat 000 0 ^  2400
Sun 000 0 ^  2400

P rin t Room  Extract
ON OFF

Mon ^  070 0 2200
Tue ^  070 0 2200
W ed 070 0 ^  2200
Thu '■ 070 0 ^  2200
Fn ' '  070 0 ^ 2200
Sat ^ 0000 ^ 000 0
Sun ^  0 0 0 0  ̂ oooo

Security  Room  Extra
ON OFF

Mon 0500 2200
Tut ' '  0 500 2200
W ed ^  OSOO 2200
Thu ^ 0 5 0 0 2200
Fri OSOO 2200
Sat ^ 0 800 1800
Sun ^ 0 800 1800

N i ^ t  Purge
ON OFF

Mon " 2300 055 9
Tue 2300 055 9
W ed ^ 2300 0559
Thu 2300 0559
Fri ^  2300 0559
Sat ^ 2300 0559
Sun 2300 0 559
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P I  O ffice  - IFSC D u b lin  

A p r 3 0 th  20 11

B M S  P la n t S chedu les  -  W e e k e n d  Use o f B u ild ing  fo r  La te  S pring

Optimis«r/Boiler Air Chiller AHU SOI AHU &02 AHU S03
ON OFF ON OFF ON OFF ON OFF ON OFF

Mor OFF Mot 0700 ^ 1700 lyior  ̂ 0730 190C Mon ''  0700  ̂ 1800 0700  ̂ 1800
Tu« OFF Tu« 0700 ^ 1700 Tue 0730 1900 Tue ^ 0700 ^ 180C Tue ^ 0700 ^ 1800

OFF Wed 070C '  1700 Wed '' 0730 1900 Wed 0700 ^ 1800 Wed 0700 1800
T><u OFF Thu 0700 ^ 1700 Thu '' 0730 1900 Thu  ̂ 0700 ^ 1800 Thu ^ 0700 1800
Fn OFF Fri 0700 ^ 1700 Fn '  0730 1800 Fn 0700 ^ 1700 Fn 0700 ^ 1700
Sac OFF Sat OFF Sat ^ 1000 1200 Sat  ̂ 1000 1200 Sat 1000  ̂ 1200
Sun OFF Sun OFF Sup  ̂ 1000 1200 Sun '  1000 ^ 1200 Sun ^ 1100 '  1200

AHUS04 IT Extract Dining Room Extract Dish%v»sher Extract Print Room Extract
ON OFF OH OFF ON OFF ON OFF ON OFF ON OFF

Mor ^ 0700 ^ 1900 Mon 0600 '  2000 ^ 0800 1900 Mon ^ 0600 ^ 180C Mon  ̂ 0800 ^ 1200 1400 1800
Tue ^ 0700 ^ 1900 Tue 0600 ^ 2000 Tue ^ 0800 1900 Tue 0600 1800 Tue 0800 1200 1400 1800
W«d '' 0700 1900 Wed 0600 '  2000 Wed 0800 1900 Wed ^ 0600 '  1800 Wed ^ 0800 ^ 1200 1400 1800
Thu  ̂ 0700 1900 Thu 0600 2000 Thu  ̂ 0800 1900 Thu ^ 0600 1800 Thu ^ 0800 1200 1400 1800
Fri ^ 0700 1800 Frt 0600  ̂ 1800 Fri ^ 0800 1700 Fn ^ 0600 '  1800 Fn ^ 0800 ^ 1200 1400 1800
Sat 1000 1130 Sat 0900 1600 Sat ^ 1000 1400 Sat ^ 0000 ^ 0000 Sat OFF
Sun  ̂ 1000 1130 Sun 0900 ^ 1600 Sun 1000 1400 Sun 0000 0000 Sun OFF

PhoCocopv Extract Confer enc Extract Stores Ext act Client Ominc Extract Security Room Extract
ON OFF ON OFF ON OFF ON OFF ON OFF ON OFF

Mon 0800 1300 1400 1800 PUlor 0800 '  2000 Mon 0800 '  180C Mon ^ 0800 2000 Mor ^ 0500 ^ 2200
Tue 0800 ^ 1300 1400 1800 Tue 0800 ’ ’ 2000 Tue 0800 ’■ 1800 Tue '' oeoo 2000 Tue '' 0500 ' '  2200
Wed 0800 ^ 1300 1400 1800 We<l 0800 2000 Wed 0800 ’ ’ 1800 Wed 0800 2000 Wed 0500 2200
Thu 0800 ^ 1300 1400 1800 Thu 0800 '  2000 Thu 0800 '  180C Thu ^ 0800 2000 Thu ^ 0500 ^ 2200
Fn 0800 ^ 1300 1400 1800 Fri 0800 '  2000 Fn 0800 ^ 1800 Fn ^ 0000 2000 Fn 0500 2200
Sat OFF Sat 1000 '  1400 Sat OFF Sat OFF Sac ^ 0800 1800
Sun OFF Sun 1000 '  1400 Sun OFF Sun OFF Sun ^ 0800 ^ 1800

iGym Extract 1 CHanfinf Room Extract AHUOS A> hnres 24 Hr TcMlet Ext acts (Main
ON OFF ON OFF ON OFF ON OFF ON OFF

Mor 0800 2200 Mon 0600 2200 Mon 0700 ^ 2000 Mon 0000  ̂ 2400 Mon osoo 2200
Tue 0800 ^ 2200 Tue ^ 0600 ^ 2200 Tue 0700 ^ 2000 Tue 0000  ̂ 2400 Tue 0500 2200
Wed 0800 ^ 2200 Wed ^ 0600 ^ 2200 Wed 0700 '  2000 Wed 0000 ^ 2400 Wed 0500 2200
Thu 0800 2200 Thu ^ 0600 ^ 2200 Thu 0700  ̂ 2000 Thu 0000 ^ 2400 Thu 0500 2200
Fn 0800 ' 2200 Fn ^ 0600  ̂ 2200 Fn 0700 ^ 2000 Fn 0000 2400 Frt 0500 2200
Sat 0800 1800 Sat ^ 0700 '  1800 Sac OFF Sat 0000 ^ 2400 Sat 080C 1600
Sun 0800 ^ 1800 Sun ^ 0700 1800 Sun OFF Sup 0000 2400 Sun OSOO 160C

Figure C- 2 PI BMS schedules with initial changes from April 2011
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PatShiel: 2 /2 /2011  -  as 
found

LPHW/Optimiser

Mon Tues Wed Thu Fri Sat 
Sun 0000:2359

CHW

Mon Tue Wed Thu Fri 
0200:2359

Sat Sun 0800:2200

AHU 501

Mon Tue 0100:2359

Wed Thu Fri Sat Sun 
0001:2359

AHU 502,503,504

Mon Tue Wed Thu Fri 
0000:2400

Sat Sun 0000:2400

PatShiel: 22 /6 /2011  

LPHW

Mon Tue Wed Thu Fri 
0530:1700

Sat:0000:0000 Sun 
0000:0000

CHW

Mon Tue Wed 0700:1700

Thu 0700:2200 Fri 
0700:1700 Sat 0000:0000

PatShiel: 1 /4 /2011 

LPHW

Mon 0500:2000

Tue Wed Thu Fri 0600:2000

Sat Sun 0900:1800

CHW

Mon Tue Wed Thu Fri 
0700:1900

SatSun 0900:1100

AHU 501

Mon Tue Wed Thu Fri 
0700:2100

Sat Sun 0800:1800

AHU 502,503,504

Mon Tue Wed Thu Fri 
0600:2200

Sat 0800:1600

Sun 0900:1600

PatShiel: 26 /9 /2011  

LPHW

Mon Tue Wed Thu Fri 
0600:1430

CHW

Mon 0700:1730 Tue Wed Thu 
0730-1730 Fri 0730-1715

Sec CHW Pump

Mon 0700-1730 Tue Wed Thu 
Fri 0730-1730

PatShiel: 20 /4 /2011  

LPHW

Mon 0500:2000

Tue Wed Thu Fri 0600:2000

Sat Sun 0900:1800

CHW

Mon Tue Wed Thu Fri 
0700:1800

Sat Sun 0900:1700

AHU 501

Mon Tue Wed Thu Fri 
0730:1900

Fri 0730:1800

Sat Sun 1000:1500

AHU 502,503

Mon, Tue, Wed, Thu 
0700:1800 Fri 0700:1700

Sat Sun 1000:1200

AHU 504

Mon, Tue, Wed, Thu 
0600:2200 Fri 0600:1800 Sat 
0900:1600 Sun 0900:1600

PatShiel: 25 /11/2011 

LPHW

Mon Tue Wed Thu Fri 
0600:1430

FCU Pump

Mon Tue Wed Thu 0700:1230 
Fri 0700-1130

Rad Pump

Mon Tue Wed Thu Fri 
0700:1430
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Sun 0000:0000 AHU 501 DHW/AHU Pump

AHU 501 Mon 0600:2000 Tue Wed Thu Mon Tue Wed Thu Fri

Mon Tue Wed Thu Fri
0700-1900 Fri 0700-1800 0600:1430

0700:1900 AHU 502 Heat Exchange Pump

Sat 1000:1100 Sun Mon 0600:2000 Tue Wed Thu Mon Tue Wed Thu Fri
0000:0000 0700-2000 Fri 0700-1700 0825:1430

AHU 502 AHU 503

Mon, Tue, Wed, Thu Mon 0600:2000 Tue Wed Thu
0700:1900 Fri 0700:1700 0700-2000 Fri 0700-1700

Sat 1000:1100 Sun AHU 504
0000:0000

Mon 0600:2000 Tue Wed Thu
AHU 503 0700-2000 Fri 0700-1700

Mon, Tue, Wed, Thu
0700:1900 Fri 0700:1700

Sat 1000:1200 Sun
0000:0000

AHU 504

Mon, Tue, Wed, Thu
0700:1900 Fri 0700:1700

Sat 1100:1200 Sun
0000:0000

DHW/AHU Pump

Mon Tue Wed Thu Fri
0300:2200

Sat 0600:2000 Sun 0700-
1800

PatShiei: 25 /1 /2012 PatShiei: 28 /3 /2012 PatShiei: 22 /5 /2012

LPHW Ground Floor FCU Pump LPHW

Mon Tue Wed 0500-1030 Mon Tue Wed Thu Fri Mon-Fri 0600-1600

Thu Fri 0500-1630
0700:1000

Chiller-CHW

Heat Exchange Pump
AHU Pump

Mon-Fri 0700-1800

Mon Tue Wed 0830-1030,
Mon Tue Wed Thu Fri 0605- 
1725 RoofVent

1100-1230,1400-1630 

Thu Fri 0830-1715
FCU Pump Tue-Fri 0700-0815
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Rad Pump OFF Ground Floor FCU Pump

Mon 0500-1615 Rad Pump Mon Tue Thu Fri OFF

Tue Wed 0700-0915, 1100- 0605-0930 Wed 0700-0900
1230,1430-1630

CHW 0700-1800 Radiators
Thu 0600-1715

CHW Pump 0725-1800 Mon Tue Wed 0700-0900
Fri 0600-1630

AHU501, 502,503, 504 Thu Fri OFF

Mon Tue Wed Thu 0730-2030 AHU Pump

Fri 0730-1730 Mon Tue Wed Thu Fri 0605-

AHU505
1725

Mon Tue Wed Thu Fri 0500-
FCU Pump

2000 Mon Tue Wed 0800-0900 

Thu Fri OFF 

AHU501, 502,503, 504 

Mon Tue Wed Thu 0730-2030 

Fri 0730-1730

Figure C- 3 PI detailed BMS schedule changes April 2011 to June 2012
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Appendix D- Set of PI Natural Thermal Lag graphs (69 No.) used to develop the annual NTL chart
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PI NTL - Aug 4 2012
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NTL - Sep 16 2012PI NTL - Sep 9 2012 NTL - Sep 15 2012
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PI NTL - Oct 7 2012
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PI NTL - Nov 25 2012
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PI NTL - Dec 23 2012
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PI NTL - Feb 2 2013 PI NTL - Feb 3 2013 PI NTL - Feb 9 2013
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PI NTL-Mar3 2013
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PI NTL - Mar 31 2013
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PI NTL - May 25 2013
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PI NTL-Jun22 2013
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PI NTL-Jul27 2013
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Figure D-1 PI NTL plots for 'building at resf days from 7“' July 2012 to ll*** August 2013
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Appendix E - Data for the outside running mean temperature and lag

values (read from graphs and used for regression)

Date
7-day
Trm Lag Hours Solar Hrs Com m ent

07-Jul-12 17.56 23.00 5.75 1.00 Good
08-Jul-12 17.00 W rong To profile - occupancy

14-Jul-12 15.39 22.00 5.50 0.25 Good
15-Jul-12 15.59 23.00 5.75 0.00 Good
21-Jul-12 17.41 23.00 5.75 0.00 Good
22-Jul-12 18.34 High Solar

28-Jul-12 18.10 23.00 5.75 0.50 Good
29-Jul-12 17.08 22.00 5.50 0.75 Good

04-Aug-12 17.73 22.00 5.50 0.75 Good
05-Aug-12 17.36 W rong To profile - high solar

ll-A ug-12 18.81 24.00 6.00 0.75 Good

12-Aug-12 18.80 High Solar

18-Aug-12 20.14 24.00 6.00 0.25 Good
19-Aug-12 20.01 24.00 6.00 0.00 Good
25-Aug-12 17.72 No Ts Data

26-Aug-12 17.45 No Ts Data

Ol-Sep-12 17.15 23.00 5.75 0.50 Good
02-Sep-12 17.72 23.00 5.75 0.00 Good
OB-Sep-12 19.34 W rong To profile

09-Sep-12 18.92 23.00 5.75 0.75 Good
15-Sep-12 15.67 21.00 5.25 0.50 Good
16-Sep-12 15.40 21.00 5.25 1.00 Good
22-Sep-12 13.10 No Ts Data

23-Sep-12 12.87 20.00 5.00 1.00 Good
29-Sep-12 12.94 21.00 5.25 0.00 Good
30-Sep-12 13.81 W rong To Profile - Occupancy

06-GCM2 12.44 19.00 4.75 1.00 Good
07-GCM2 12.22 21.00 5.25 0.00 Good
13-GCM2 11.58 Occupancy - heat late Fri

14-Oct-12 11.04 High Solar

20-0ct-12 12.72 No Ts Data

21-Oct-12 12.97 No Ts Data

27-Oct-12 11.02 20.00 5.00 0.00 Good

28-Oct-12 10.63 18.00 4.50 0.00 Good

03-NOV-12 7.82 Occupancy - heat late Fri

04-NOV-12 7.94 W rong To profile

lO-Nov-12 9.67 No Ts Data

ll-N ov-12 9.30 17.00 4.25 0.00 Good
I 6 -N0V-I2 11.93 19.00 4.75 0.00 Good
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17-NOV-12 11.12 Occupancy - heat late Fri

24-NOV-12 9.38 16.00 4.00 0.00 Good

25-NOV-12 8.55 17.00 4.25 0.00 Good

Ol-Dec-12 5.99 16.00 4.00 0.00 Good

02-Dec-12 6.07 Wrong To profile

08-Dec-12 6.10 16.00 4.00 0.00 Good

09-Dec-12 6.31 Wrong To profile
15-Dec-12 7.55 16.00 4.00 0.00 Good

16-Dec-12 8.10 19.00 4.75 0.00 Good

22-Dec-12 10.25 19.00 4.75 0.00 Good

23-Dec-12 10.38 19.00 4.75 0.00 Good

26-D0C-12 9.56 18.00 4.50 0.00 Good

27-Dec-12 9.17 19.00 4.75 0.00 Good

28-D0C-12 9.13 Wrong To profile

05-Jan-13 11.32 19.00 4.75 0.00 Good

06-Jan-13 11.55 Heat ON - Security

12-Jan-13 8.50 Wrong To profile

13-Jan-13 7.33 16.00 4.00 0.00 Good

19-Jan-13 5.31 Wrong To profile
20-Jan-13 4.91 14.00 3.50 0.00 Good

26-Jan-13 6.86 Wrong To profile

27-Jan-13 7.00 Wrong To profile
02-Feb-13 7.91 16.00 4.00 0.00 Good

03-Feb-13 8.46 16.00 4.00 0.00 Good
09-Feb-13 7.43 16.00 4.00 0.00 Good
lO-Feb-13 7.32 Wrong To profile

16-Feb-13 9.20 18.00 4.50 0.00 Good

17-Feb-13 9.41 Heat on
23-Feb-13 5.67 Wrong To profile
24-Feb-13 5.27 14.00 3.50 0.00 Good

02-Mar-13 7.51 17.00 4.25 0.00 Good

03-Mar-13 7.65 17.00 4.25 0.00 Good

09-Mar-13 8.30 Wrong To profile

lO-Mar-13 7.58 Wrong To profile

16-Mar-13 5.90 16.00 4.00 0.00 Good

17-Mar-13 5.63 18.00 4.50 0.00 Good
23-Mar-13 5.47 16.00 4.00 0.00 Good
24-Mar-13 5.11 17.00 4.25 0.00 Good
30-Mar-13 5.12 16.00 4.00 0.00 Good

31-Mar-13 5.45 18.00 4.50 0.25 Good
06-Apr-13 6.95 No Ts Data
07-Apr-13 7.09 No Ts Data
13-Apr-13 9.08 Wrong To profile
14-Apr-13 11.06 19.00 4.75 0.00 Good
20-Apr-13 12.56 High Solar
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21-Apr-13 11.99 20.00 5.00 1.50 Good
27-Apr-13 11.39 20.00 5.00 0.50 Good
28-Apr-13 11.22 No Ts Data

04-May-13 13.10 20.00 5.00 0.75 Good
05-May-13 14.22 20.00 5.00 0.75 Good
ll-M ay-13 13.17 High Solar
12-May-13 12.71 20.00 5.00 0.00 Good
18-May-13 11.36 Wrong To profile
19-May-13 12.52 21.00 5.25 0.00 Good
25-May-13 13.38 21.00 5.25 0.00 Good
Ol-Jun-13 15.28 21.00 5.25 0.00 Good
02-Jun-13 15.50 No Ts Data
08-Jun-13 18.63 24.00 6.00 0.00 Good
09-Jun-13 18.73 Wrong To profile
15-Jun-13 15.70 23.00 5.75 0.75 Good
16-Jun-13 11.50 Wrong To profile
22-Jun-13 18.29 23.00 5.75 0.75 Good
23-Jun-13 18.41 Wrong To profile
29-Jun-13 17.80 Wrong To profile
30-Jun-13 17.76 24.00 6.00 0.00 Good
06-Jul-13 18.54 23.00 5.75 0.00 Good
07-Jul-13 19.35 Wrong To profile
13-Jul-13 22.61 24.00 6.00 0.00 Good
14-Jul-13 22.00 25.00 6.25 0.00 Good
20-Jul-13 22.65 No Ts Data
21-Jul-13 22.29 25.00 6.25 0.00 Good
27-Jul-13 20.15 24.00 6.00 0.25 Good
28-Jul-13 19.65 Wrong To profile

03-Aug-13 19.32 No Ts Data
04-Aug-13 19.14 23.00 5.75 0.25 Good
lO-Aug-13 19.05 Wrong To profile
ll-Aug-13 18.71 23.00 5.75 1.00 Good

Figure E-1 PI NTL data extracted from NTL plots showing the lag values and solar hours with all
excluded days indicated
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Appendix F -  Heat Transfer Equations for conduction, convection and 

radiation

Heat transfer occurs when a point or surface is at a higher tem pera tu re  than its 
surroundings. This heat transfer is described by:

Q = mCAT
w here

m is the mass [g)

C is the specific heat ( ]/g  °K)

AT is the tem pera tu re  difference (°K)

Within general heat transfer, there  are three specific types of Heat transfer: conduction, 
convection and radiation. Heat transfer (Q) by conduction through a known thickness of 
material is described by Fourier’s equation (with the addition of material thickness):

„  _  O 'h o t  ~  '^ c o ld )^

^  ~ d
where

k is the thermal conductivity of the material (W/mK)

A is the cross sectional area [m^) 

is the higher tem pera tu re  (°K)

Tcoid is the cooler tem pera tu re  (°K) 

t is the time taken (s) 

d is the thickness of the material [m].

Heat transfer by convection is given by

q  =  c ^ O h o t  ~  T 'co ld )

w here

He is the heat transfer coefficient (W/m^K)

A is the cross sectional area (m^) 

is the higher tem pera tu re  [°K]

Tcoid is the cooler tem pera tu re  (°K)

The Heat transfer by radiation is given by

Q -  < T ^ o t -  T,^old)A

Here a  is the Stefan Boltzmann Constant (m2kg/s2/°K)

Heat transfer Q is usually expressed in Joules.
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Appendix G- PI CHP heat and Bord Gais Eireann gas equivalent heat

supplied from 13* September 2010 to 29* April 2011

Date
Daily Heat 
BGE (kWh)

Daily Heat 
CHP (!<Wh)

Total Daily 
Heat (kWh)

Met 
Eireann 

Avg Daily 
Tout ( '0

Total Daily 
Chiller 
Energy 
(kWh)

13/09/2010 4562.1 4772.3 9334.4 16.21 963.0
14/09/2010 5261.4 5503.8 10765.2 14.69 1,507.0
15/09/2010 4195.8 4389.1 8584.9 12.06 1,095.0
16/09/2010 2442.0 2554.5 4996.5 11.87 381.0
17/09/2010 2208.9 2310.7 4519.6 9.51 209.0
18/09/2010 2442.0 2554.5 4996.5 10.50 382.7
19/09/2010 2775.0 2902.8 5677.8 14.31 382.7
20/09/2010 6060.6 6339.8 12400.4 15.63 382.7
21/09/2010 1764.9 1846.2 3611.1 15.65 493.0
22/09/2010 1787.1 1869.4 3656.5 16.02 445.0
23/09/2010 1853.7 1939.1 3792.8 13.43 482.0
24/09/2010 1809.3 1892.7 3702.0 10.25 255.0
25/09/2010 4662.0 4876.8 9538.8 7.25 318.3
26/09/2010 4329.0 4528.4 8857.4 9.27 318.3
27/09/2010 4961.7 5190.3 10152.0 9.85 318.3
28/09/2010 2497.5 2612.6 5110.1 13.37 211.0
29/09/2010 2231.1 2333.9 4565.0 12.37 241.0
30/09/2010 3030.3 3169.9 6200.2 11.56 290.0
01/ 10/2010 2541.9 2659.0 5200.9 13.17 285.0
02/ 10/2010 5039.4 6014.6 11054.0 12.21 502.7
03/ 10/2010 4340.1 5180.0 9520.1 12.52 502.7
04/ 10/2010 5350.2 6385.6 11735.8 12.12 502.7
05/ 10/2010 2386.5 2848.3 5234.8 12.85 387.0
06/ 10/2010 2497.5 2980.8 5478.3 11.81 343.0
07/ 10/2010 2375.4 2835.1 5210.5 13.58 336.0
08/ 10/2010 2253.3 2689.4 4942.7 15.38 416.0
09/ 10/2010 2930.4 3497.5 6427.9 13.98 600.3
10/ 10/2010 4417.8 5272.7 9690.5 12.88 600.3
11/ 10/2010 6293.7 7511.7 13805.4 10.86 600.3
12/ 10/2010 2386.5 2848.3 5234.8 8.82 408.0
13/ 10/2010 1920.3 2291.9 4212.2 9.65 320.0
14/ 10/2010 2941.5 3510.7 6452.2 9.44 180.0
15/ 10/2010 976.8 1165.8 2142.6 10.31 354.0
16/ 10/2010 4162.5 4968.0 9130.5 7.38 294.3
17/ 10/2010 3518.7 4199.7 7718.4 8.50 294.3
18/ 10/2010 4062.6 4848.8 8911.4 10.62 294.3
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19/10/2010 3618.6 4318.9 7937.5 7.56 241.0
20/10/2010 3740.7 4464.6 8205.3 4.65 154.0
21/10/2010 3441.0 4106.9 7547.9 8.10 143.0
22/10/2010 4562.1 5445.0 10007.1 9.25 208.0
23/10/2010 4340.1 5180.0 9520.1 7.38 120.0
24/10/2010 5139.3 6133.9 11273.2 3.46 241.0
25/10/2010 3663.0 4371.9 8034.9 5.10 180.0
26/10/2010 4761.9 5683.4 10445.3 14.10 370.0
27/10/2010 4506.6 5378.7 9885.3 11.31 471.0
28/10/2010 2919.3 3484.3 6403.6 11.65 161.0
29/10/2010 2009.1 2397.9 4407.0 10.73 229.0
30/10/2010 2142.3 2556.9 4699.2 7.67 80.0
31/10/2010 2752.8 3285.5 6038.3 9.25 20.0
01/11/2010 3174.6 3789.0 6963.6 8.77 157.0
02/11/2010 2131.2 3645.3 5776.5 11.12 211.0
03/11/2010 2664.0 4556.6 7220.6 10.27 231.0
04/11/2010 2630.7 4499.7 7130.4 14.92 267.0
05/11/2010 2641.8 4518.7 7160.5 9.96 449.0
06/11/2010 4395.6 7518.5 11914.1 4.92 83.0
07/11/2010 4173.6 7138.7 11312.3 4.42 81.0
08/11/2010 4240.2 7252.7 11492.9 6.29 211.0
09/11/2010 3141.3 5373.0 8514.3 6.84 218.0
10/11/2010 3907.2 6683.1 10590.3 3.59 204.0
11/11/2010 3951.6 6759.0 10710.6 9.54 228.0
12/11/2010 2775.0 4746.5 7521.5 7.92 198.0
13/11/2010 3341.1 5714.8 9055.9 5.46 75.0
14/11/2010 4551.0 7784.3 12335.3 2.42 70.0
15/11/2010 4584.3 7841.2 12425.5 3.87 210.0
16/11/2010 3318.9 5676.8 8995.7 7.33 208.0
17/11/2010 3929.4 6721.1 10650.5 9.33 249.0
18/11/2010 4340.1 7423.5 11763.6 8.67 264.0
19/11/2010 3840.6 6569.2 10409.8 5.69 339.0
20/11/2010 3663.0 6265.4 9928.4 7.37 66.0
21/11/2010 2919.3 4993.3 7912.6 4.92 73.0
22/11/2010 4584.3 7841.2 12425.5 4.18 251.0
23/11/2010 4917.3 8410.8 13328.1 4.56 248.0
24/11/2010 4728.6 8088.1 12816.7 1.98 215.0
25/11/2010 5994.0 10252.5 16246.5 1.19 213.0
26/11/2010 4972.8 8505.7 13478.5 1.35 196.0
27/11/2010 5871.9 10043.6 15915.5 -0.27 201.0
28/11/2010 5683.2 9720.9 15404.1 -4.69 131.0
29/11/2010 7448.1 12739.6 20187.7 -2.64 279.0
30/11/2010 6560.1 11220.7 17780.8 1.21 260.0
01/12/2010 6882.0 11771.3 18653.3 -0.35 247.0
02/12/2010 7037.4 16753.1 23790.5 -1.13 167.0
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03/ 12/2010 1776.0 4227.9 6003.9 -1.29 155.0
04/ 12/2010 4551.0 10834.0 15385.0 0.37 121.0
05/ 12/2010 4528.8 10781.1 15309.9 -2.40 29.0
06/ 12/2010 4795.2 11415.3 16210.5 -2.57 187.0
07/ 12/2010 3840.6 9142.8 12983.4 -0.10 212.0
08/ 12/2010 4739.7 11283.2 16022.9 -3.88 298.0
09/ 12/2010 4118.1 9803.4 13921.5 0.47 278.0
10/ 12/2010 2719.5 6474.0 9193.5 4.15 218.0
11/ 12/2010 4395.6 10464.1 14859.7 3.52 110.0
12/ 12/2010 4140.3 9856.3 13996.6 1.92 145.0
13/ 12/2010 3374.4 8033.0 11407.4 4.67 218.0
14/ 12/2010 3241.2 7715.9 10957.1 2.31 216.0
15/ 12/2010 2830.5 6738.2 9568.7 3.62 217.0
16/ 12/2010 2186.7 5205.6 7392.3 3.21 203.0
17/ 12/2010 3330.0 7927.3 11257.3 -1.23 224.0
18/ 12/2010 3374.4 8033.0 11407.4 -2.96 144.0
19/ 12/2010 4484.4 10675.4 15159.8 -2.31 40.0
20/ 12/2010 3529.8 8403.0 11932.8 -4.06 351.0
21/ 12/2010 2763.9 6579.7 9343.6 -4.58 472.0
22/ 12/2010 3885.0 9248.5 13133.5 -4.68 707.0
23/ 12/2010 6404.7 15246.9 21651.6 -2.54 755.0
24/ 12/2010 3818.4 9090.0 12908.4 -7.58 201.0
25/ 12/2010 2353.2 5602.0 7955.2 -8.16 196.0
26/ 12/2010 3463.2 8244.4 11707.6 1.47 202.4
27/ 12/2010 2808.3 6685.4 9493.7 6.77 229.0
28/ 12/2010 2897.1 6896.8 9793.9 7.61 248.0
29/ 12/2010 4018.2 9565.6 13583.8 7.33 396.0
30/ 12/2010 4395.6 10464.1 14859.7 7.83 388.0
31/ 12/2010 3307.8 7874.5 11182.3 6.71 303.0
01/ 01/2011 3363.3 8006.6 11369.9 5.06 311
02/ 01/2011 4717.5 7082.0 11799.5 1.65 310.4
03/ 01/2011 4462.2 6698.7 11160.9 0.54 293
04/ 01/2011 6243.8 9373.2 15616.9 3.60 332.6
05/ 01/2011 2513.0 3772.6 6285.6 3.46 267.0
06/ 01/2011 3209.0 4817.4 8026.4 -0.04 638.0
07/ 01/2011 4481.1 6727.0 11208.1 1.48 299.0
08/ 01/2011 3374.4 5065.7 8440.1 1.27 80.0
09/ 01/2011 3663.0 5498.9 9161.9 2.33 45.0
10/ 01/2011 4380.1 6575.4 10955.5 6.81 264.0
11/ 01/2011 4594.3 6897.0 11491.3 4.33 262.0
12/ 01/2011 3351.1 5030.7 8381.8 10.63 563.0
13/ 01/2011 3204.6 4810.7 8015.3 10.92 626.0
14/ 01/2011 2109.0 3166.1 5275.1 8.74 328.0
15/ 01/2011 2331.0 3499.3 5830.3 11.27 121
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16/01/2011 2530.8 3799.3 6330.1 9.52 96
17/01/2011 2831.6 4250.8 7082.5 4.65 259.0
18/01/2011 4183.6 6280.4 10464.0 2.19 222.0
19/01/2011 4780.8 7176.9 11957.7 0.44 376.0
20/01/2011 9694.7 14553.8 24248.6 -1.71 791.0
21/01/2011 7669.0 11512.8 19181.8 -0.53 547.0
22/01/2011 5971.8 8964.9 14936.7 1.98 488
23/01/2011 6904.2 10364.7 17268.9 2.85 396
24/01/2011 6704.4 10064.7 16769.1 4.29 457.0
25/01/2011 3988.2 5987.2 9975.4 7.13 685.0
26/01/2011 4830.7 7251.9 12082.6 5.46 595.0
27/01/2011 3749.6 5628.9 9378.5 3.06 357.0
28/01/2011 4547.7 6827.0 11374.7 1.54 311.0
29/01/2011 4428.9 6648.7 11077.6 2.33 329
30/01/2011 4484.4 6732.0 11216.4 0.52 127

31/01/2011 4668.7 7008.6 11677.3 4.44 422.0
01/02/2011 3814.0 5725.6 9539.5 8.27 444.0
02/02/2011 3389.9 7694.8 11084.8 8.79 660.0
03/02/2011 4380.1 9942.3 14322.3 6.31 393.0
04/02/2011 3828.4 8690.1 12518.4 11.27 298.0
05/02/2011 2275.5 5165.2 7440.7 8.13 0
06/02/2011 2353.2 5341.5 7694.7 7.75 0
07/02/2011 3660.8 8309.6 11970.4 7.02 440.0
08/02/2011 4244.6 9634.9 13879.5 4.63 517.0
09/02/2011 3231.2 7334.5 10565.7 9.48 557.0
10/02/2011 3270.1 7422.7 10692.8 6.15 559.0

11/02/2011 3317.8 7531.0 10848.8 7.85 591.0
12/02/2011 3252.3 7382.4 10634.7 5.88 0
13/02/2011 3352.2 7609.1 10961.3 6.15 0
14/02/2011 3993.8 9065.5 13059.2 3.77 416.0
15/02/2011 3691.9 8380.1 12072.0 5.50 610.0
16/02/2011 4423.4 10040.5 14463.9 4.98 480.0
17/02/2011 4302.4 9765.9 14068.3 5.06 591.0
18/02/2011 3664.1 8317.2 11981.3 6.00 507.0
19/02/2011 3341.1 7584.0 10925.1 7.16 0
20/02/2011 3219.0 7306.8 10525.8 7.00 0
21/02/2011 3091.4 7017.0 10108.4 7.65 575.0
22/02/2011 3243.4 7362.2 10605.6 8.21 619.0
24/02/2011 3837.3 8710.2 12547.5 11.35 337.0
25/02/2011 2002.4 4545.3 6547.8 11.25 394.0
26/02/2011 1132.2 2570.0 3702.2 6.65 0
27/02/2011 1087.8 2469.2 3557.0 4.74 0
28/02/2011 3353.3 7611.7 10965.0 2.83 388.0
01/03/2011 4493.3 10199.3 14692.6 3.77 438.0

317



Appendices

02/03/2011 4509.9 16589.7 21099.6 1.42 519.0
03/03/2011 3562.0 13102.7 16664.7 1.60 486.0
04/03/2011 3675.2 13519.2 17194.4 5.13 274.0
05/03/2011 1010.1 3715.6 4725.7 6.13 0
06/03/2011 976.8 3593.1 4569.9 5.46 0
07/03/2011 2069.0 7610.9 9680.0 3.69 126.0
08/03/2011 1691.6 6222.7 7914.3 5.50 149.0
09/03/2011 2204.5 8109.1 10313.5 7.21 158.0
10/03/2011 1771.6 6516.7 8288.2 7.42 146.0
11/03/2011 1978.0 7276.1 9254.1 4.92 145.0
12/03/2011 277.5 1020.8 1298.3 6.08 0
13/03/2011 532.8 1959.9 2492.7 2.88 0
14/03/2011 1609.5 5920.5 7530.0 4.29 174.0
15/03/2011 1589.5 5847.0 7436.5 4.50 132.0
16/03/2011 2191.1 8060.1 10251.2 3.55 127.0
18/03/2011 3332.2 12257.5 15589.7 5.06 148.0
19/03/2011 233.1 857.5 1090.6 7.27 0
21/03/2011 1902.5 6998.5 8901.0 10.85 183.0
22/03/2011 1461.9 5377.5 6839.3 9.98 245.0
23/03/2011 1954.7 7190.4 9145.1 7.08 218.0
24/03/2011 1638.4 6026.7 7665.0 6.45 211.0
25/03/2011 1872.6 6888.2 8760.8 5.62 158.0
28/03/2011 1759.4 6471.7 8231.1 6.04 226.0
29/03/2011 1743.8 6414.6 8158.4 8.38 355.0

30/03/2011 1615.1 5940.9 7556.0 10.94 421.0
31/03/2011 1177.7 4332.2 5509.9 12.50 631.0

01/04/2011 1046.7 3850.4 4897.1 12.85 715.0
04/04/2011 2090.1 9536.8 11626.9 10.13 788.0
05/04/2011 1486.3 6781.6 8267.9 13.96 811.0
06/04/2011 1029.0 4695.0 5723.9 14.35 975.0
07/04/2011 957.9 4370.8 5328.7 11.63 698.0
08/04/2011 1064.5 4857.0 5921.5 8.77 512.0
09/04/2011 222.0 1012.9 1234.9 11.06 256
10/04/2011 510.6 2329.7 2840.3 14.02 129
11/04/2011 1827.1 8336.5 10163.5 9.79 371.0
12/04/2011 1259.9 5748.4 7008.3 7.79 402.0
13/04/2011 1428.6 6518.2 7946.8 9.02 311.0
14/04/2011 889.1 4056.8 4945.9 10.11 339.0
15/04/2011 896.9 4092.3 4989.1 11.38 248.0
18/04/2011 985.7 4497.4 5483.1 9.92 184.0
19/04/2011 670.4 3059.1 3729.5 9.81 210.0
20/04/2011 583.9 2664.0 3247.9 10.55 224.0
21/04/2011 1137.8 5191.3 6329.0 11.56 417.0
22/04/2011 821.4 3747.9 4569.3 12.63 337.0

318



Appendices

26/04/2011 536.1 2446.2 2982.4 9.38 244.0
27/04/2011 439.6 2005.6 2445.2 9.54 215.0
28/04/2011 356.3 1625.8 1982.1 8.96 245.0

29/04/2011 448.4 2046.1 2494.6 9.94 187.0
Figure G-1 PI BGE gas equivalent and CHP heat supplied to PI from 13‘*' September 2010 to 29 '̂

April 2011
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Appendix H - PI absorption and air chiller energy usage data from

May 2010 to 12* September 2010

Date Total Daily 
Chill Sum m er 

2010
Daily Avg 

T em p 2010
Avg Chill 

Sum m er 2010
Log Avg Chill 

Sum m er 2010

3/5/2010 552 6.40 25.0909 1.3995
4/5/2010 542 8.31 24.6258 1.3914
5/5/2010 522 11.08 23.7137 1.3750
6/5/2010 658 10.72 29.8955 1.4756
7/5/2010 593 8.77 26.9566 1.4307
8/5/2010 658 8.87 29.8955 1.4756
9/5/2010 890 7.88 40.4349 1.6068
10/5/2010 927 6.71 42.1577 1.6249
11/5/2010 368 4.94 16.7212 1.2233
12/5/2010 368 5.15 16.7212 1.2233

13/05/2010 399 7.87 18.1400 1.2586
14/05/2010 477 9.33 21.6869 1.3362
15/05/2010 914 9.50 41.5496 1.6186
16/05/2010 948 9.94 43.0698 1.6342
17/05/2010 798 10.22 36.2799 1.5597
18/05/2010 479 11.98 21.7882 1.3382
19/05/2010 794 14.23 36.0773 1.5572
20/05/2010 2053 16.52 93.3347 1.9700
21/05/2010 932 13.67 42.3604 1.6270
22/05/2010 1298 15.43 58.9802 1.7707
23/05/2010 1427 17.31 64.8580 1.8120
24/05/2010 1558 13.54 70.8371 1.8503
25/05/2010 870 9.62 39.5228 1.5968
26/05/2010 747 9.56 33.9491 1.5308
27/05/2010 502 9.21 22.8016 1.3580
28/05/2010 756 9.98 34.3545 1.5360
29/05/2010 771 10.67 35.0638 1.5449
30/05/2010 883 11.31 40.1309 1.6035
31/05/2010 660 11.69 29.9968 1.4771

1/6/2010 571 13.35 25.9432 1.4140
2/6/2010 1115 13.76 50.6703 1.7048
3/6/2010 1255 14.04 57.0548 1.7563
4/6/2010 1572 16.00 71.4451 1.8540
5/6/2010 974 16.19 44.2521 1.6459
6/6/2010 967 13.06 43.9545 1.6430
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7/6/2010 971 12.71 44.1364 1.6448
8/6/2010 1137 12.92 51.6837 1.7134
9/6/2010 778 12.21 35.3679 1.5486
10/6/2010 662 12.15 30.0982 1.4785
11/6/2010 758 12.02 34.4558 1.5373
12/6/2010 887 15.25 40.3336 1.6057

13/06/2010 1594 15.87 72.4585 1.8601
14/06/2010 1737 14.71 78.9443 1.8973
15/06/2010 1358 11.81 61.7164 1.7904
16/06/2010 1340 12.90 60.9057 1.7847
17/06/2010 1251 16.75 56.8521 1.7547
18/06/2010 1824 16.90 82.8966 1.9185
19/06/2010 2085 17.22 94.7535 1.9766
20/06/2010 1748 15.85 79.4510 1.9001
21/06/2010 1853 15.69 84.2140 1.9254
22/06/2010 1980 16.54 89.9905 1.9542
23/06/2010 2660 18.31 120.8993 2.0824
24/06/2010 2428 16.38 110.3599 2.0428
25/06/2010 2100 16.06 95.4628 1.9798
26/06/2010 2501 16.69 113.7042 2.0558
27/06/2010 2687 18.12 122.1154 2.0868
28/06/2010 3130 16.65 142.2822 2.1532
29/06/2010 2018 15.83 91.7132 1.9624
30/06/2010 2473 17.08 112.3867 2.0507

1/7/2010 2227 14.21 101.2393 2.0053
2/7/2010 2147 14.42 97.5910 1.9894
3/7/2010 2134 16.52 96.9830 1.9867
4/7/2010 2319 14.81 105.3942 2.0228
5/7/2010 1810 15.38 82.2886 1.9153
6/7/2010 2180 17.62 99.1111 1.9961
7/7/2010 2361 14.88 107.3197 2.0307
8/7/2010 2004 14.17 91.1052 1.9595
9/7/2010 1353 13.46 61.5137 1.7890
10/7/2010 702 15.50 31.9223 1.5041
11/7/2010 1264 15.13 57.4601 1.7594
12/7/2010 1037 13.65 47.1234 1.6732

13/07/2010 1289 14.25 58.5749 1.7677
14/07/2010 1389 17.47 63.1352 1.8003
15/07/2010 1362 17.75 61.9191 1.7918
16/07/2010 2018 15.85 91.7132 1.9624
17/07/2010 1610 14.88 73.1679 1.8643
18/07/2010 1043 13.77 47.4274 1.6760
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19/07/2010 1063 14.73 48.3395 1.6843
20/07/2010 1327 16.74 60.2977 1.7803
21/07/2010 1828 16.64 83.0993 1.9196
22/07/2010 2156 19.30 97.9964 1.9912
23/07/2010 2852 16.81 129.6146 2.1127
24/07/2010 1781 15.48 80.9711 1.9083
25/07/2010 1483 15.06 67.3915 1.8286
26/07/2010 1382 16.50 62.8312 1.7982
27/07/2010 1438 14.76 65.3647 1.8153
28/07/2010 1387 14.40 63.0339 1.7996
29/07/2010 1578 13.17 71.7491 1.8558
30/07/2010 1485 14.83 67.4928 1.8293
31/07/2010 1124 13.77 51.0757 1.7082

1/8/2010 1382 14.85 62.8312 1.7982
2/8/2010 1465 15.54 66.5808 1.8233
3/8/2010 1516 15.25 68.9116 1.8383
4/8/2010 1558 15.25 70.8371 1.8503
5/8/2010 1717 15.85 78.0323 1.8923
6/8/2010 1694 14.25 77.0189 1.8866
7/8/2010 1398 13.42 63.5406 1.8031
8/8/2010 1155 13.73 52.4944 1.7201
9/8/2010 977 13.81 44.3872 1.6473
10/8/2010 1293 13.10 58.7775 1.7692
11/8/2010 1289 15.25 58.5909 1.7678
12/8/2010 1291 14.63 58.6818 1.7685

13/08/2010 1360 15.27 61.8178 1.7911
14/08/2010 1295 14.00 58.8789 1.7700
15/08/2010 1387 14.23 63.0339 1.7996
16/08/2010 1541 18.46 70.0264 1.8453
17/08/2010 1839 15.72 83.5756 1.9221
18/08/2010 1843 15.58 83.7727 1.9231
19/08/2010 1832 13.29 83.2727 1.9205
20/08/2010 1382 12.82 62.8312 1.7982
21/08/2010 1583 10.77 71.9518 1.8570
22/08/2010 1500 13.02 68.2022 1.8338
23/08/2010 1877 12.15 85.3288 1.9311
24/08/2010 1516 12.85 68.9116 1.8383
25/08/2010 1524 12.94 69.2727 1.8406
26/08/2010 1515 9.67 68.8636 1.8380
27/08/2010 1719 11.21 78.1336 1.8928
28/08/2010 2183 12.35 99.2124 1.9966
29/08/2010 2403 13.85 109.2452 2.0384
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30/08/2010 2508 13.88 114.0082 2.0569
31/08/2010 1790 15.02 81.3765 1.9105

1/9/2010 1781 14.96 80.9545 1.9082
2/9/2010 1796 14.39 81.6364 1.9119
3/9/2010 1813 13.85 82.3899 1.9159
4/9/2010 2154 14.50 97.8950 1.9908
5/9/2010 2559 15.19 116.3390 2.0657
6/9/2010 3164 17.81 143.8023 2.1578
7/9/2010 2147 14.48 97.5910 1.9894
8/9/2010 2153 12.85 97.8636 1.9906

Figure H-1 PI total daily chilling energy usage data from May 2010 to 12* September
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Appendix I - PI Heat energy usage data with average daily Met Eireann 

external temperature from 10* September 2012 to 26* March 

2013

Date
Average Hourly 

Heat Energy Used

M et Eireann Avg 
Daily To

10/09/2012 145.82 12.98
11/09/2012 224.67 10.13
12/09/2012 142.21 11.82
13/09/2012 160.59 12.21
14/09/2012 142.58 13.65
17/09/2012 177.76 11.25
18/09/2012 238.87 9.44
19/09/2012 234.42 9.78
20/09/2012 226.83 12.31
21/09/2012 239.98 9.38
24/09/2012 306.14 9.15
25/09/2012 333.30 9.43
26/09/2012 258.86 11.39
27/09/2012 276.64 10.02
28/09/2012 268.86 11.08
01/ 10/2012 251.36 10.98
02/ 10/2012 230.53 10.75
03/ 10/2012 328.25 8.33
04/ 10/2012 301.08 8.75
05/ 10/2012 308.30 9.1
08/ 10/2012 246.13 10.17
09/ 10/2012 249.98 7.29
10/ 10/2012 252.20 9.87
11/ 10/2012 222.20 11.19
12/ 10/2012 280.53 6.9
15/ 10/2012 304.14 6.98
16/ 10/2012 305.02 8.14

17/ 10/2012 312.19 10.33
18/ 10/2012 274.97 10.52
19/ 10/2012 256.92 8.92

22/ 10/2012 246.89 10.23
23/ 10/2012 269.42 11.79
24/ 10/2012 271.08 11.72
25/ 10/2012 286.64 10.92
26/ 10/2012 353.67 5.9
30/ 10/2012 414.77 6.25
31/ 10/2012 435.51 5.9
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01/ 11/2012 515.50 3.33

02/ 11/2012 410.06 4.88

05/ 11/2012 377.74 4.77

06/ 11/2012 369.96 7.35

07/ 11/2012 283.31 9.28

08/ 11/2012 309.97 8.57

09/ 11/2012 359.69 7.98

12/ 11/2012 277.75 10.91

13/ 11/2012 234.42 12.71

14/ 11/2012 263.31 11.27

15/ 11/2012 293.03 9.64

16/ 11/2012 353.67 6.69

19/ 11/2012 226.83 11.81
20/ 11/2012 217.76 10.44

21/ 11/2012 247.75 7.9

22/ 11/2012 326.36 8.13

23/ 11/2012 376.63 5.29

26/ 11/2012 439.17 5.4

27/ 11/2012 412.00 3.73
28/ 11/2012 554.33 1.73
29/ 11/2012 520.27 1.17
30/ 11/2012 467.55 2.52

03/ 12/2012 400.75 6
04/ 12/2012 441.07 3.42
05/ 12/2012 509.64 1.31
06/ 12/2012 476.80 3.31
07/ 12/2012 466.62 3.79
10/ 12/2012 525.20 1.2
11/ 12/2012 474.03 0.88
12/ 12/2012 495.32 4.02
13/ 12/2012 426.81 3.49
14/ 12/2012 407.90 6.54
17/ 12/2012 398.25 6.56
18/ 12/2012 405.52 3.8
19/ 12/2012 399.96 7.94

20/ 12/2012 345.34 7.08
21/ 12/2012 383.30 6.62
02/01/2013 270.96 9.83
03/01/2013 246.55 11.27
04/01/2013 279.11 9.1
07/01/2013 271.36 10.33
08/01/2013 269.63 8.4
09/01/2013 481.53 1.68
10/01/2013 456.62 3.64
11/01/2013 484.17 4.21
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14/01/2013 484.95 3.5
15/01/2013 532.09 1.13
16/01/2013 510.17 4.31
17/01/2013 415.51 5.95
18/01/2013 514.06 2.81
21/01/2013 572.44 1.03
22/01/2013 627.49 -1.31
23/01/2013 559.50 2.04
24/01/2013 507.36 3.47

25/01/2013 454.60 6.35
28/01/2013 435.36 6.85
29/01/2013 339.41 9.1
30/01/2013 398.55 6.71
31/01/2013 443.51 6.69
01/02/2013 452.49 4.65

04/02/2013 422.89 5.78
05/02/2013 530.29 2.77
06/02/2013 429.76 3.12
07/02/2013 514.10 2.25
08/02/2013 439.69 4.98
11/02/2013 440.80 3.53
12/02/2013 464.53 3.69
13/02/2013 363.30 8.1
14/02/2013 373.90 6.5
15/02/2013 347.69 5.52
18/02/2013 379.71 5.85
19/02/2013 428.20 4.04

20/02/2013 451.55 4.18
21/02/2013 508.16 2.4

22/02/2013 536.89 1.63
25/02/2013 458.84 2.06
26/02/2013 472.81 3.88
27/02/2013 422.18 4.43

28/02/2013 478.58 3.48

01/03/2013 414.27 4.62
04/03/2013 423.15 4.33
05/03/2013 462.59 3.33
06/03/2013 425.84 6.52

07/03/2013 425.09 7.02

08/03/2013 414.77 7.73
11/03/2013 550.94 -0.07

12/03/2013 548.49 1.16
13/03/2013 495.11 1.85
14/03/2013 504.48 2.92
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15/03/2013 377.68 5.63

19/03/2013 514.69 1.65
20/03/2013 450.51 2.76

21/03/2013 489.78 4.21

22/03/2013 535.91 4.27

25/03/2013 519.35 2.23
26/03/2013 548.39 1.12

Figure I- PI Heat energy usage data with average daily Met Eireann external temperature from lOt** 
September 2012 to 26“' March 2013
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Appendix J - PI air chiller energy usage data with average daily Met 

Eireann external temperature from May 2013 to 31* July 2013

Date
Summer 

2013 CHW
Log Summer 
2013 CHW Met To

01/05/2013 39.89 1.60088 8.03
02/05/2013 42.59 1.62935 6.47
03/05/2013 44.22 1.64558 11.03
04/05/2013 43.05 1.63400 8.57
08/05/2013 47.05 1.67258 11.24
09/05/2013 44.76 1.65086 8.87
10/05/2013 39.16 1.59282 9.45
11/05/2013 42.59 1.62935 7.69
14/05/2013 34.16 1.53355 6.40
15/05/2013 31.00 1.49136 7.07
16/05/2013 29.37 1.46788 5.50
18/05/2013 31.33 1.49601 8.43
21/05/2013 36.43 1.56149 9.73
22/05/2013 36.21 1.55883 9.67
23/05/2013 34.95 1.54348 6.73
24/05/2013 35.28 1.54755 8.54
25/05/2013 35.37 1.54862 9.75
28/05/2013 34.95 1.54341 9.75
29/05/2013 35.37 1.54862 13.06
30/05/2013 38.86 1.58947 13.88
31/05/2013 48.94 1.68963 11.29
01/06/2013 42.11 1.62434 10.40
05/06/2013 42.33 1.62668 12.54
06/06/2013 43.71 1.64055 12.50
07/06/2013 43.37 1.63717 14.23
08/06/2013 54.08 1.73302 13.27
11/06/2013 55.26 1.74244 13.06
12/06/2013 43.37 1.63717 12.77
13/06/2013 45.05 1.65367 12.15
14/06/2013 43.37 1.63717 11.81
15/06/2013 45.95 1.66225 11.98
18/06/2013 33.95 1.53079 13.98
19/06/2013 48.11 1.68219 14.44
20/06/2013 48.39 1.68476 14.21
21/06/2013 44.16 1.64503 15.02
22/06/2013 44.65 1.64981 13.17
25/06/2013 54.05 1.73283 14.37
26/06/2013 41.30 1.61592 14.31
27/06/2013 42.63 1.62976 13.29
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28/06/2013 39.16 1.59282 15.14
29/06/2013 43.03 1.63374 14.73
02/07/2013 38.74 1.58812 13.79
03/07/2013 35.89 1.55500 15.10
04/07/2013 36.88 1.56677 16.06
05/07/2013 55.11 1.74124 15.10
06/07/2013 44.00 1.64345 16.80
09/07/2013 88.15 1.94524 19.15
10/07/2013 86.87 1.93888 16.97
11/07/2013 89.23 1.95051 17.04
12/07/2013 73.62 1.86699 18.93
13/07/2013 92.00 1.96379 18.39
16/07/2013 58.54 1.76744 17.97
17/07/2013 79.68 1.90135 19.30
18/07/2013 86.60 1.93752 18.98
19/07/2013 97.23 1.98780 19.19
20/07/2013 101.09 2.00471 18.69
23/07/2013 89.11 1.94993 19.00
24/07/2013 98.20 1.99213 17.92
25/07/2013 84.27 1.92566 17.10
26/07/2013 70.12 1.84583 16.67
27/07/2013 71.56 1.85468 15.27
30/07/2013 73.67 1.86727 16.10
31/07/2013 66.27 1.82130 15.62

Figure J-1 PI air chiller energy usage data with average daily Met Eireann external temperature from 
1st May 2013 to 31“> July 2013
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Appendix K - PI heating with lagged external temperature average data from 10* September 2012 to 26* March 2013

Date

Tout
8H
Lag

Tout
7H
Lag

Tout
6H
Lag

Tout
5H
Lag

Tout
4H
Lag

Tout
3H
Lag

Tout
2H
Lag

Tout
IH
Lag

Tout
OH
Lag

Met E
Tout

Avg 
Daily 

WS To

Avg Hourly 
Heat 2012- 

2013
Solar
Index

Avg Hourly 
rh

10/09/2012 17.45 17.40 17.2 16.78 16.4 16.08 15.82 15.51 15.28 12.98 15.15 145.82 432 90.96
11/09/2012 11.62 12.04 12.5 12.96 13.6 14.21 14.60 15.07 15.48 10.13 13.25 224.67 2350 67.70
12/09/2012 13.90 14.44 14.9 15.36 16.0 16.64 17.23 17.67 17.97 11.82 14.99 142.21 1767 78.80
13/09/2012 12.35 13.05 13.9 14.80 15.8 16.87 17.82 18.59 19.10 12.21 15.91 160.59 1656 75.61
14/09/2012 14.89 15.09 15.5 15.97 16.5 17.12 17.69 18.20 18.54 13.65 16.42 142.58 1834 69.74
17/09/2012 12.93 13.14 13.5 14.04 14.7 15.29 15.65 16.01 16.30 11.25 13.98 177.76 1513 76.38
18/09/2012 10.90 11.29 11.8 12.42 13.0 13.73 14.34 14.93 15.43 9.44 12.54 238.87 1947 66.28
19/09/2012 10.21 10.90 11.6 12.34 13.4 14.29 15.00 15.61 16.09 9.78 13.12 234.42 1628 67.35
20/09/2012 13.83 14.18 14.6 15.03 15.5 15.90 16.26 16.53 16.77 12.31 15.16 226.83 601 78.16
21/09/2012 11.89 12.06 12.4 12.60 13.1 13.60 14.20 14.78 15.17 9.38 12.65 239.98 1843 75.93
24/09/2012 11.30 11.22 11.1 11.05 11.0 10.97 10.96 10.94 10.90 9.15 10.88 306.14 181 100.00
25/09/2012 10.12 10.17 10.3 10.41 10.5 10.59 10.70 10.86 10.98 9.43 11.09 333.30 274 100.00
26/09/2012 11.72 12.17 12.7 13.38 14.0 14.62 15.34 15.82 16.20 11.39 13.59 258.86 1242 84.80
27/09/2012 10.64 10.98 11.4 11.98 12.6 13.20 13.79 14.39 14.80 10.02 13.04 276.64 773 79.27
28/09/2012 12.88 13.14 13.5 13.71 14.0 14.39 14.97 15.44 15.71 11.08 13.54 268.86 1247 80.18
01/ 10/2012 13.08 13.52 14.0 14.45 14.9 14.95 15.20 15.36 15.57 10.98 13.71 251.36 1087 74.90
02/ 10/2012 12.87 13.37 13.9 14.57 15.1 15.36 15.60 15.70 16.01 10.75 13.43 230.53 1490 71.70
03/ 10/2012 10.46 10.89 11.3 11.89 12.4 12.74 12.96 13.11 13.39 8.33 11.30 328.25 1356 76.95
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04/ 10/2012 9.80 10.26 10.9 11.81 12.6 13.37 13.66 13.87 14.34 8.75 11.97 301.08 1411 77.20
05/ 10/2012 10.87 11.04 11.3 11.64 12.0 12.38 12.71 13.00 13.21 9.10 11.82 308.30 712 76.82
08/ 10/2012 12.77 12.95 13.1 13.17 13.4 13.59 13.80 13.94 14.06 10.17 12.88 246.13 321 93.42
09/ 10/2012 9.90 10.52 11.3 12.07 12.9 13.80 14.46 15.00 15.49 7.29 11.92 249.98 1209 80.18
10/ 10/2012 11.92 12.32 12.6 12.95 13.3 13.51 13.84 14.15 14.27 9.87 13.81 252.20 202 93.92
11/ 10/2012 14.19 14.19 14.2 14.02 13.8 13.65 13.51 13.33 13.24 11.19 12.78 222.20 215 92.68
12/10/2012 8.35 8.89 9.7 10.51 11.4 12.24 12.80 13.24 13.74 6.90 10.43 280.53 2280 71.00
15/ 10/2012 8.73 9.14 9.7 10.30 10.8 11.27 11.63 11.97 12.39 6.98 10.56 304.14 1396 84.70
16/ 10/2012 9.27 9.42 9.8 10.35 11.0 11.83 12.55 12.99 13.46 8.14 11.43 305.02 1943 74.10
17/ 10/2012 11.69 11.98 12.0 11.99 12.4 12.88 13.34 13.75 14.05 10.33 12.44 312.19 958 86.86
18/ 10/2012 12.82 13.28 13.8 14.33 14.8 15.14 15.51 15.75 15.96 10.52 13.64 274.97 978 75.65
19/ 10/2012 10.77 11.03 11.5 12.01 12.5 12.89 13.23 13.47 13.72 8.92 12.29 256.92 214 92.04
22/ 10/2012 11.94 12.42 13.2 14.06 14.7 15.26 15.70 16.03 16.45 10.23 14.13 246.89 800 83.26
23/ 10/2012 14.12 14.18 14.3 14.31 14.4 14.42 14.44 14.42 14.44 11.79 14.04 269.42 90 92.79
24/10/2012 13.75 13.88 14.0 14.18 14.4 14.54 14.65 14.67 14.73 11.72 14.21 271.08 110 98.51
25/ 10/2012 13.47 13.49 13.6 13.69 13.7 13.79 13.83 13.84 13.88 10.92 13.26 286.64 177 91.69
26/ 10/2012 10.04 10.02 10.0 9.81 9.7 9.62 9.45 9.27 9.20 5.90 8.44 353.67 390 74.73
30/ 10/2012 6.96 7.43 7.9 8.53 9.1 9.57 9.97 10.28 10.58 6.25 9.05 414.77 476 86.74
31/ 10/2012 9.25 9.01 8.8 8.69 8.6 8.50 8.45 8.28 ^ 8.37 5.90 8.22 435.51 267 93.55
01/ 11/2012 4.21 4.45 4.9 5.48 6.1 6.63 7.04 7.30 7.71 3.33 6.33 515.50 1352 84.44
02/ 11/2012 7.14 7.43 7.7 7.86 8.4 8.68 8.89 9.02 9.28 4.88 7.58 410.06 1427 79.15
05/ 11/2012 7.42 7.44 7.6 7.90 8.3 8.84 9.35 9.80 10.27 4.77 8.58 377.74 1600 82.28
06/ 11/2012 7.95 8.44 9.1 9.69 10.3 10.86 11.30 11.63 11.93 7.35 10.06 369.96 552 87.72
07/ 11/2012 10.85 11.13 11.4 11.79 12.1 12.43 12.69 12.88 13.08 9.28 11.67 283.31 1122 81.54
08/ 11/2012 10.20 10.32 10.5 10.80 11.1 11.43 11.75 12.00 12.29 8.57 11.19 309.97 1151 87.09
09/ 11/2012 10.45 10.65 10.6 10.50 10.5 10.51 10.57 10.67 10.74 7.98 10.15 359.69 172 94.49
12/ 11/2012 10.64 11.24 11.9 12.55 13.2 13.81 14.35 14.80 15.12 10.91 13.33 277.75 381 47.14
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13/ 11/2012 14.89 15.00 15.2 15.43 15.5 15.61 15.70 15.76 15.86 12.71 15.30 234.42 286 85.30
14/ 11/2012 14.42 14.47 14.5 14.72 14.9 15.10 15.17 15.19 15.35 11.27 14.20 263.31 529 73.51
15/ 11/2012 12.22 12.47 12.8 13.14 13.5 13.91 14.11 14.23 14.43 9.64 12.77 293.03 747 75.85
16/ 11/2012 9.53 9.64 9.7 9.88 10.0 10.09 10.23 10.33 10.39 6.69 9.81 353.67 96 95.35
19/ 11/2012 13.13 13.36 13.7 14.07 14.4 14.60 14.86 15.10 15.26 11.81 13.87 226.83 682 85.45
20/ 11/2012 13.32 13.66 14.0 14.34 14.7 14.89 14.91 14.80 14.92 10.44 13.02 217.76 1412 78.66
22/ 11/2012 12.15 11.76 11.5 11.12 10.7 10.15 9.60 9.16 8.84 8.13 10.09 326.26 96 93.88
23/ 11/2012 7.88 8.02 8.3 8.62 9.0 9.32 9.59 9.72 9.95 5.29 8.34 376.63 1532 78.15
26/ 11/2012 6.40 6.57 6.8 7.11 7.5 7.96 8.26 8.50 8.65 5.40 7.53 439.17 677 89.76
27/ 11/2012 6.04 6.16 6.4 6.73 7.1 7.52 7.82 7.95 8.13 3.73 6.71 412.00 598 79.83
28/ 11/2012 3.38 3.61 4.0 4.57 5.2 5.76 6.31 6.72 7.17 1.73 5.17 554.33 1447 89.02
29/ 11/2012 3.26 3.43 3.8 4.26 4.7 5.13 5.49 5.80 6.12 1.17 4.77 520.27 545 91.67
30/ 11/2012 4.21 4.68 5.4 6.17 6.8 7.44 8.00 8.41 8.86 2.52 6.42 467.55 943 81.65
03/ 12/2012 9.05 8.72 8.5 8.45 8.3 8.31 8.25 8.19 8.29 6.00 7.89 400.75 1106 87.22
04/ 12/2012 5.02 5.16 5.3 5.62 6.0 6.37 6.67 6.91 7.12 3.42 6.36 441.07 720 87.41
05/ 12/2012 4.04 3.91 3.9 4.21 4.6 4.87 5.15 5.36 5.67 1.31 4.67 509.64 1270 88.83
06/ 12/2012 5.13 5.42 5.7 5.96 6.1 6.30 6.42 6.54 6.56 3.31 5.75 476.80 84 94.66
07/ 12/2012 4.99 5.19 5.6 6.12 6.6 7.08 7.44 7.69 7.94 3.79 6.45 466.62 755 85.73
10/ 12/2012 3.54 3.75 4.1 4.74 5.4 5.96 6.30 6.53 6.87 1.20 5.75 525.20 906 86.26
11/ 12/2012 4.98 5.06 5.3 5.57 5.8 6.12 6.41 6.75 7.17 0.88 6.11 474.03 724 83.09
12/ 12/2012 5.49 5.80 6.1 6.45 6.8 7.23 7.58 7.86 8.11 4.02 7.11 495.32 130 92.93
13/ 12/2012 5.79 5.75 5.8 5.95 6.1 6.25 6.37 6.45 6.62 3.49 6.10 426.81 432 77.40
14/ 12/2012 7.85 7.90 8.0 8.05 8.1 8.17 8.19 8.27 8.34 6.54 8.26 407.90 75 99.88
17/ 12/2012 8.36 8.36 8.5 8.54 8.7 8.76 8.88 8.95 8.99 6.56 8.76 398.25 226 98.15
19/ 12/2012 9.13 9.12 9.1 9.22 9.4 9.53 9.70 9.85 9.97 7.94 9.80 399.96 123 100.00
20/ 12/2012 10.17 10.17 10.1 10.16 10.1 10.10 10.03 9.92 9.85 7.08 9.65 345.34 88 100.00
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21/ 12/2012 8.97 9.19 9.5 9.72 10.0 10.23 10.39 10.45 10.59 6.62 9.72 383.30 178 97.50
02/01/2013 10.42 10.90 11.3 11.73 12.2 12.60 12.94 13.21 13.41 9.83 12.35 270.96 205 92.90
03/01/2013 13.42 13.53 13.7 13.91 14.1 14.28 14.41 14.50 14.61 11.27 13.71 246.55 403 90.86
04/01/2013 11.65 11.84 12.1 12.42 12.6 12.73 12.83 12.92 13.18 9.10 11.66 279.11 918 86.05
07/01/2013 11.17 11.35 11.6 11.90 12.4 12.74 13.13 13.53 13.80 10.33 12.95 271.36 96 92.86
08/01/2013 13.78 13.51 13.2 12.89 12.7 12.42 12.18 11.82 11.60 8.40 11.39 269.63 411 86.71
09/01/2013 4.61 4.79 5.1 5.62 6.4 7.25 7.96 8.41 8.96 1.68 6.58 481.53 1326 88.81
10/01/2013 5.95 6.16 6.4 6.68 7.2 7.61 7.91 8.13 8.24 3.64 7.15 456.62 98 95.60
11/01/2013 5.09 5.34 5.7 6.08 6.6 7.11 7.75 8.34 8.74 4.21 7.38 484.17 360 91.43
14/01/2013 6.49 6.66 6.8 6.95 7.1 7.18 7.30 7.32 7.44 3.50 6.27 484.95 609 88.05
15/01/2013 3.01 3.25 3.5 3.91 4.3 4.64 5.03 5.44 5.75 1.13 4.78 532.09 732 88.91
16/01/2013 6.69 6.71 6.6 6.51 6.4 6.36 6.26 6.17 6.16 4.31 6.38 510.17 71 87.00
17/01/2013 8.03 8.37 8.6 8.79 8.9 8.95 8.93 8.87 8.88 5.95 8.13 415.51 280 95.15
18/01/2013 4.31 4.10 4.3 5.57 6.9 8.38 9.86 11.36 12.20 2.81 6.47 514.06 47 95.67
21/01/2013 3.95 3.78 3.6 3.51 3.4 3.39 3.44 3.56 3.66 1.03 3.86 572.44 130 96.38
22/01/2013 1.36 1.36 1.4 1.63 1.9 2.36 2.76 3.14 3.41 -1.31 2.80 627.49 226 97.95
23/01/2013 4.50 4.67 4.9 5.11 5.3 5.51 5.75 5.87 5.94 2.04 5.25 559.50 142 82.43
24/01/2013 5.83 6.00 6.2 6.34 6.6 6.84 7.00 7.13 7.25 3.47 6.67 507.36 172 85.38
25/01/2013 7.56 7.71 7.9 8.16 8.4 8.57 8.90 9.14 9.31 6.35 8.54 454.60 60 86.05
28/01/2013 6.36 6.72 7.3 7.96 8.6 9.24 9.65 10.12 10.42 6.85 9.23 435.36 372 75.00
29/01/2013 10.00 10.03 10.6 11.19 11.8 12.41 12.51 12.46 12.77 9.10 11.15 339.41 303 83.24
30/01/2013 9.35 9.21 8.8 8.57 8.5 8.72 8.90 9.00 9.05 6.71 9.07 398.55 604 79.29
31/01/2013 8.34 8.21 8.1 8.18 8.3 8.28 8.24 8.27 8.56 6.69 8.39 443.51 852 74.76
01/02/2013 7.20 7.24 7.3 7.38 7.5 7.68 7.82 7.88 8.05 4.65 7.20 452.49 538 82.81
04/02/2013 8.99 8.89 8.9 8.97 9.0 8.96 8.92 8.88 8.94 5.78 7.82 422.89 932 73.79
05/02/2013 2.68 2.81 3.1 3.54 4.0 4.44 5.08 5.74 6.10 2.77 5.40 530.29 784 85.57

06/02/2013 5.80 5.89 6.1 6.40 6.7 7.14 7.55 7.80 8.06 3.12 6.40 429.76 1833 71.38
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07/02/2013 3.92 4.19 4.4 4.71 5.1 5.49 5.88 6.06 6.24 2.25 5.13 514.10 127 91.85
08/02/2013 6.42 6.51 6.6 6.89 7.2 7.53 7.85 8.23 8.45 4.98 7.77 439.69 181 88.43
11/02/2013 6.04 6.12 6.3 6.46 6.6 6.72 6.84 6.90 7.01 3.53 6.31 440.80 94 88.29
12/02/2013 5.41 5.48 5.6 5.82 6.1 6.23 6.30 6.37 6.46 3.69 6.08 464.53 282 91.48
13/02/2013 7.86 8.15 8.6 9.16 9.8 10.50 11.16 11.76 12.16 8.10 10.59 363.30 229 91.62
14/02/2013 8.57 8.63 8.9 9.21 9.6 10.01 10.42 10.74 11.09 6.50 9.44 373.90 1485 84.18
15/02/2013 6.96 7.26 7.7 8.27 8.9 9.71 10.47 11.02 11.54 5.52 9.08 347.69 1327 81.10
18/02/2013 7.64 7.74 7.9 8.15 8.5 8.76 9.06 9.33 9.52 5.85 8.37 379.71 1680 73.10
19/02/2013 5.95 6.22 6.6 7.06 7.6 8.26 9.00 9.70 10.28 4.04 7.63 428.20 2062 79.81
20/02/2013 6.16 6.44 6.8 7.28 7.7 7.94 8.12 8.24 8.45 4.18 7.15 451.55 807 81.76
21/02/2013 4.63 4.53 4.5 4.48 4.5 4.66 4.79 4.88 4.97 2.40 4.72 508.16 390 71.90
22/02/2013 3.60 3.62 3.7 3.82 4.0 4.12 4.30 4.49 4.63 1.63 4.33 536.89 213 66.19
25/02/2013 4.28 4.88 5.7 6.71 7.7 8.75 9.65 10.49 11.27 2.06 7.14 458.84 2207 80.29
26/02/2013 6.15 6.55 6.9 7.33 7.7 8.07 8.36 8.53 8.70 3.88 7.39 472.81 345 81.52
27/02/2013 7.41 7.51 7.8 8.12 8.4 8.74 9.04 9.26 9.48 4.43 7.89 422.18 553 82.05
28/02/2013 5.84 5.97 6.1 6.46 6.8 7.23 7.68 8.14 8.42 3.48 7.24 478.58 229 90.52
01/03/2013 8.31 8.71 9.1 9.51 9.9 10.33 10.69 10.93 11.21 4.62 8.81 414.27 1012 81.95
04/03/2013 7.12 7.32 7.6 7.98 8.3 8.53 8.65 8.69 8.84 4.33 7.33 423.15 823 70.62
05/03/2013 4.32 4.95 5.8 6.61 7.5 8.36 9.16 9.91 10.58 3.33 7.52 462.59 1450 82.70
06/03/2013 8.51 8.76 9.0 9.29 9.5 9.65 9.77 9.83 9.92 6.52 9.01 425.84 212 94.10
07/03/2013 8.74 8.79 8.9 8.91 8.9 8.97 9.00 9.01 9.04 7.02 8.81 425.09 63 96.38
08/03/2013 8.65 8.71 8.8 8.98 9.1 9.31 9.47 9.61 9.70 7.73 9.33 414.77 203 96.05
11/03/2013 2.24 2.12 2.1 2.16 2.3 2.63 2.86 3.14 3.31 -0.07 2.77 550.94 1081 72.23
12/03/2013 2.61 3.02 3.6 4.15 4.6 5.03 5.45 5.85 6.30 1.16 4.75 548.49 1504 66.50
13/03/2013 3.33 3.74 4.3 5.01 5.8 6.48 7.20 7.90 8.52 1.85 5.40 495.11 1506 77.43
14/03/2013 2.82 3.33 4.0 4.80 5.8 6.71 7.28 7.87 8.40 2.92 6.12 504.48 1277 83.38
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15/03/2013 7.82 8.11 8.5 8.89 9.1 9.57 10.12 10.49 10.78 5.63 8.82 377.68 1509 72.00

19/03/2013 4.12 4.21 4.2 4.11 4.2 4.21 4.40 4.62 4.76 1.65 4.47 514.69 292 96.67

20/03/2013 3.93 4.39 5.0 5.45 6.0 6.69 7.39 7.94 8.41 2.76 6.28 450.51 1018 92.62

21/03/2013 6.51 6.76 6.9 7.08 7.0 6.86 6.75 6.64 6.65 4.21 6.20 489.78 544 79.95

25/03/2013 4.06 4.27 4.5 4.86 5.1 5.39 5.58 5.75 5.91 2.23 4.90 519.35 717 65.10

26/03/2013 3.46 3.50 3.6 3.82 4.1 4.39 4.66 4.81 4.95 1.12 4.07 548.39 799 83.81
Figure K-1 PI heating with lagged external temperature average data from 10“’ September 2012 to 26“> March 2013
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Appendix L - PI Chilling with lagged external temperature average data from May 2013 to 31®̂  July 2013

Solar Date

Summer
2013
CHW

Total
Daily
Solar

8 h T o
CHW

7h T o
CHW

ShTo
CHW

5hT o
CHW

4h To 
CHW

3hT o
CHW

2hT o
CHW

Ih
To

CHW
Oh To 
CHW

Sq To 
6H rh Avg

WS Avg 
Daily To

01/05/2013 39.89 1551 7.63 8.32 9.22 10.04 11.07 11.89 12.68 13.55 14.09 85.00 76.69 10.89
02/05/2013 42.59 1822 10.15 10.52 11.09 11.92 13.01 14.13 15.03 15.79 16.25 122.89 69.66 12.73
03/05/2013 44.22 1083 10.43 11.40 12.53 13.80 14.98 16.04 16.94 17.66 18.31 157.04 80.00 14.11
04/05/2013 43.05 2140 13.29 13.57 13.91 14.29 14.67 15.15 15.58 15.93 16.16 193.41 82.44 14.18
08/05/2013 47.05 1647 12.72 13.30 14.06 14.93 15.81 16.76 17.65 17.94 18.34 197.71 80.74 14.92
09/05/2013 44.76 1170 12.01 12.20 12.53 13.19 14.18 15.09 15.55 15.88 16.37 157.04 82.76 13.56
10/05/2013 39.16 1583 10.60 11.01 11.53 11.89 12.17 12.29 12.38 12.29 12.44 132.98 74.03 11.42
11/05/2013 42.59 2009 10.97 11.47 11.97 12.39 12.93 13.58 14.26 14.96 15.32 143.24 85.30 12.44
14/05/2013 34.16 2059 9.25 9.73 10.15 10.49 10.76 11.16 11.63 11.95 12.19 103.05 62.75 10.29
15/05/2013 31.00 1755 8.52 9.05 9.85 10.83 11.86 12.90 13.88 14.81 15.40 96.95 73.95 11.47
16/05/2013 29.37 1135 8.95 9.40 9.96 10.62 11.33 11.79 12.28 12.58 12.83 99.22 84.07 10.48
18/05/2013 31.33 699 8.52 9.23 9.91 10.91 12.10 13.25 14.40 15.44 15.98 98.30 63.61 12.85
21/05/2013 36.43 2056 14.67 14.78 14.92 15.05 15.28 15.64 15.96 16.21 16.41 222.66 66.17 15.08
22/05/2013 36.21 1257 11.74 12.11 12.75 13.56 14.46 15.45 16.53 17.51 18.14 162.53 68.50 15.21
23/05/2013 34.95 1470 12.15 12.35 12.65 13.02 13.46 13.93 14.36 14.75 14.96 159.93 74.07 13.23
24/05/2013 35.28 2117 9.10 9.22 9.66 9.75 10.14 10.75 11.30 11.61 11.76 93.24 65.88 10.18
25/05/2013 35.37 2735 9.27 9.76 10.51 11.27 12.12 12.97 13.85 14.64 15.14 110.40 81.19 12.27
28/05/2013 34.95 1948 11.64 11.62 11.80 12.20 12.65 13.30 13.95 14.58 14.91 139.30 73.55 13.24
29/05/2013 35.37 2522 10.99 11.51 12.32 13.08 13.94 14.91 15.79 16.33 16.78 151.83 69.83 13.50
30/05/2013 38.86 2649 12.19 12.90 13.70 14.66 15.81 16.89 17.90 18.86 19.44 187.76 69.40 16.59

31/05/2013 48.94 1041 14.25 14.92 15.77 16.83 17.98 19.05 20.13 21.10 21.68 248.72 83.09 17.84

336



Appendices

01/06/2013 42.11 1165 13.91 14.29 14.93 15.59 16.15 16.69 17.18 17.41 17.63 223.03 75.24 15.16
05/06/2013 42.33 2770 15.30 16.08 16.98 18.00 19.03 20.00 20.80 21.55 21.99 288.34 76.65 18.40
06/06/2013 43.71 2676 15.65 16.29 17.05 17.81 18.61 19.46 20.39 21.05 21.36 290.66 75.48 17.97
07/06/2013 43.37 2691 15.27 15.96 16.85 17.51 18.33 19.13 19.72 20.22 20.47 283.80 63.23 17.75
08/06/2013 54.08 2706 16.50 17.46 18.58 19.64 20.66 21.87 22.91 23.85 24.49 345.23 78.90 20.00
11/06/2013 55.26 801 16.33 16.99 17.85 18.68 19.45 20.25 20.92 21.17 21.48 318.49 75.00 17.66
12/06/2013 43.37 1027 12.73 13.04 13.68 14.58 15.38 16.35 17.12 17.80 18.41 187.09 68.40 15.63
13/06/2013 45.05 1548 15.44 15.94 16.64 16.81 16.96 17.21 17.33 17.13 17.19 277.02 64.44 15.47
14/06/2013 43.37 962 13.14 13.44 13.80 14.38 15.02 15.62 16.20 16.86 17.39 190.51 78.37 15.39
15/06/2013 45.95 2239 15.32 15.87 16.50 17.12 17.74 17.93 17.93 17.70 17.68 272.17 75.08 15.01
18/06/2013 33.95 1990 13.09 13.38 13.94 14.83 15.68 16.54 17.39 18.27 18.81 194.36 77.25 16.44
19/06/2013 48.11 2654 15.34 16.20 17.18 18.33 19.32 20.28 21.23 21.98 22.65 295.17 53.32 18.95
20/06/2013 48.39 2343 15.78 16.26 17.01 17.95 18.96 20.17 21.22 21.88 22.48 289.33 69.78 18.75
21/06/2013 44.16 1406 16.53 17.11 17.83 18.62 19.44 20.33 21.02 21.39 21.79 317.80 69.87 18.74
22/06/2013 44.65 1773 15.56 15.59 15.99 16.54 17.20 18.00 18.72 19.47 20.06 255.61 63.90 18.56
25/06/2013 54.05 1024 16.88 17.52 18.08 18.73 19.44 19.93 20.23 20.38 20.52 326.90 77.06 18.23
26/06/2013 41.30 2189 16.25 16.64 17.22 17.80 18.38 19.09 19.74 20.10 20.22 296.51 66.13 18.23
27/06/2013 42.63 608 15.99 16.54 17.20 18.00 18.72 19.47 20.15 20.73 21.18 295.67 80.21 18.49
28/06/2013 39.16 978 14.08 14.17 14.28 14.51 14.93 15.50 16.14 16.73 17.01 203.93 83.38 16.39
29/06/2013 43.03 1249 16.47 16.72 16.92 17.12 17.39 17.67 18.00 18.47 18.75 286.27 69.85 17.48
02/07/2013 38.74 563 14.12 14.60 15.27 15.82 16.42 17.20 18.01 18.83 19.33 233.20 80.30 16.98
03/07/2013 35.89 1400 15.38 15.17 15.00 15.05 15.17 15.55 16.04 16.42 16.44 225.07 78.78 16.22
04/07/2013 36.88 1699 14.60 14.91 15.35 15.94 16.75 17.65 18.66 19.52 20.01 235.59 73.93 18.26
05/07/2013 55.11 2497 18.59 18.69 18.93 19.30 19.62 19.94 20.28 20.43 20.59 358.32 64.17 18.75
06/07/2013 44.00 2583 15.10 15.82 16.61 17.59 18.69 19.61 20.63 21.66 22.28 275.97 68.65 19.28
09/07/2013 88.15 2626 19.51 20.34 21.24 22.40 23.71 24.78 25.69 26.50 26.89 451.10 57.46 22.51
10/07/2013 86.87 2696 20.14 21.13 22.25 23.56 24.87 26.19 27.52 28.74 29.43 494.90 79.46 24.28

337



Appendices

11/07/2013 89.23 2687 20.09 20.70 21.42 22.14 23.03 23.85 24.60 25.21 25.66 458.80 62.61 22.21

12/07/2013 73.62 2546 19.30 20.05 20.87 21.67 22.58 23.47 24.34 24.96 25.26 435.59 60.22 21.62

13/07/2013 92.00 2603 19.36 20.33 21.51 22.81 24.16 25.51 26.87 28.23 28.93 462.88 79.44 24.43
16/07/2013 58.54 1396 17.67 17.90 18.36 18.90 19.55 20.33 21.05 21.55 21.85 337.13 74.81 19.87

17/07/2013 79.68 2032 18.73 19.46 20.25 21.08 21.97 22.74 23.45 24.15 24.65 409.91 59.23 21.78

18/07/2013 86.60 2663 21.18 21.96 22.55 22.99 23.76 24.55 25.46 26.23 26.85 508.56 60.21 23.54

19/07/2013 97.23 2597 21.13 21.81 22.67 23.60 24.56 25.59 26.54 27.34 27.78 514.07 74.61 23.79

20/07/2013 101.09 2656 20.50 21.16 22.01 22.95 23.93 25.02 26.15 26.98 27.46 484.54 66.44 23.83

23/07/2013 89.11 1314 19.55 20.04 20.68 21.23 21.85 22.49 22.97 23.29 23.59 427.48 66.84 21.49

24/07/2013 98.20 929 20.57 20.75 21.17 21.84 22.69 23.53 24.09 24.60 25.05 448.30 72.23 22.28

25/07/2013 84.27 1353 19.65 19.87 20.36 20.95 21.38 21.79 22.30 22.60 22.82 414.57 80.93 20.74

26/07/2013 70.12 1567 17.97 18.55 19.25 19.71 20.32 21.12 21.92 22.62 22.96 370.42 90.50 19.85

27/07/2013 71.56 2115 19.37 19.45 19.59 20.00 20.55 20.98 21.06 20.85 20.76 383.78 85.09 19.66

30/07/2013 73.67 2432 18.80 19.45 19.84 20.20 20.36 20.98 21.15 21.37 21.61 393.78 81.56 19.69

31/07/2013 66.27 753 17.13 17.86 18.73 19.67 20.04 20.75 21.43 22.31 22.72 350.97 89.94 19.56
Figure L-1 PI Chilling with lagged external temperature average data from 1®* May 2013 to 31®* July 2013
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Appendix M - PI Average hourly heating energy model prediction 

outcomes data from 2"*̂  April 2013 to 30^ April 2013

PI Statistical m odel heating energy forecast - 2nd April to  30th April 2013

Date

Actual
Avg

Hourly
Heat

(kWh)

Forecast 
Avg Hourly 

Heat 
(kWh)

Confidence
Limitsl
(kWh)

Confidence
Limit2
(kWh)

Prediction
Limitl
(kWh)

Prediction
LimitZ
(kWh)

02/04/2013 416.63 451.5403 445.9272 457.1534 397.7616 505.3191

03/04/2013 430.95 422.7862 417.7536 427.8187 369.0649 476.5074

04/04/2013 459.54 447.9831 442.4541 453.5122 394.2131 501.7531
05/04/2013 494.14 452.8002 447.1566 458.4438 399.0183 506.5821

08/04/2013 341.61 403.2215 398.4323 408.0107 349.5225 456.9205
09/04/2013 427.79 467.6960 461.6650 473.7270 413.8721 521.5200
10/04/2013 399.46 414.7083 409.7929 419.6237 360.9979 468.4187
11/04/2013 413.97 419.3772 414.3968 424.3575 365.6608 473.0935
12/04/2013 326.76 357.2741 352.4674 362.0808 303.5736 410.9746
15/04/2013 162.44 209.7978 200.9421 218.6536 155.5846 264.0110
16/04/2013 225.35 263.4525 256.4790 270.4261 209.5148 317.3902
17/04/2013 228.18 226.4723 218.2272 234.7173 172.3555 280.5891
18/04/2013 332.47 350.6043 345.7255 355.4831 296.8973 404.3114
19/04/2013 367.32 321.9243 316.5621 327.2864 268.1711 375.6774
22/04/2013 287.10 275.6063 269.0171 282.1955 221.7170 329.4957
23/04/2013 210.63 226.9910 218.7647 235.2174 172.8771 281.1050
24/04/2013 196.37 208.4639 199.5585 217.3692 154.2426 262.6852
25/04/2013 336.26 348.7516 343.8499 353.6533 295.0425 402.4607
26/04/2013 373.44 393.2909 388.5701 398.0117 339.5980 446.9838
29/04/2013 350.71 346.9730 342.0481 351.8979 293.2617 400.6842
30/04/2013 339.35 333.6334 328.5002 338.7666 279.9027 387.3642

Figure M-1 PI Average hourly heating energy model prediction outcomes data from 2" '^ April 2013 to 
30“' April 2013
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Appendix N - PI Daily total heating energy model prediction outcomes data from 2"̂  April 2013 to 30*̂  April 2013

P I Statistical m odel hea ting  energy fo recast - 2nd April to  30th April 2013

Date
Actual Daily Total 

H eat (kWh)
Forecast Daily 

Total (kWh)
Confid Limitsl 

(kWh)
Confid Limit2 

(kWh)
Predict Limitl 

(kWh)
Predict 

Limit2 (kWh)
Forecast Daily 

Total CM (kWh)
Forecast Daily 

Total DM (kWh)

02/ 04/13 7,499.25 8,127.73 8,026.69 8,228.76 7,159.71 9,095.74 9095.74 5742.66

03/ 04/13 8,188.07 8,032.94 7,937.32 8,128.56 7,012.23 9,053.64 9053.64 7595.32

04/ 04/13 8,731.35 8,511.68 8,406.63 8,616.73 7,490.05 9,533.31 9533.30 7496.47

05/ 04/13 6,423.80 5,886.40 5,813.04 5,959.77 5,187.24 6,585.57 6585.56 7460.6
08/ 04/13 7, 173.73 8,467.65 8,367.08 8,568.22 7,339.97 9,595.33 9595.32 9876.1

09/ 04/13 8,555.81 9,353.92 9,233.30 9,474.54 8,277.44 10,430.40 10430.39 8671.31

10/ 04/13 7,989.20 8,294.17 8,195.86 8,392.47 7,219.96 9,368.37 9368.37 8536.89

11/ 04/13 7,451.48 7,548.79 7,459.14 7,638.44 6,581.89 8,515.68 8515.68 9911.67

12/ 04/13 5,881.63 6,430.93 6,344.41 6,517.45 5,464.32 7,397.54 7397.54 8386.71

15/ 04/13 3,086.36 3,986.16 3,817.90 4,154.42 2,956.11 5,016.21 5016.20 5208.41

16/ 04/13 2,704.17 3,161.43 3,077.75 3,245.11 2,514.18 3,808.68 3808.68 4464.36

17/ 04/13 2,966.37 2,944.14 2,836.95 3,051.33 2,240.62 3,647.66 3647.65 6700.14

18/ 04/13 2,659.73 2,804.83 2,765.80 2,843.86 2,375.18 3,234.49 3234.49 10494.80

19/ 04/13 2,938.60 2,575.39 2,532.50 2,618.29 2, 145.37 3,005.42 3005.41 9913.06

22/ 04/13 3,445.21 3,307.28 3,228.21 3,386.35 2,660.60 3,953.95 2353.94 9222.17

23/ 04/13 2,527.53 2,723.89 2,625.18 2,822.61 2,074.53 3,373.26 1773.25 8251.7

24/ 04/13 2,356.43 2,501.57 2,394.70 2,608.43 1,850.91 3,152.22 1552.22 5944.55

25/ 04/13 2,521.97 2,615.64 2,578.87 2,652.40 2,212.82 3,018.46 1418.45 7844.27

26/ 04/13 2,800.83 2,949.68 2,914.28 2,985.09 2,546.98 3,352.38 1777.37 9385.52

29/ 04/13 3,156.35 3,122.76 3,078.43 3,167.08 2,639.36 3,606.16 2031.15 4978.87
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30/04/13 3,054.14 3,002.70 2,956.50 3,048.90 2,519.12 3,486.28 1986.27 4923.06
Figure N-1 P I Daily total heating energy model prediction outcom es data from 2"‘* April 2013 to 30̂ *1 April 2013
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Appendix 0 - PI Chilling energy model prediction values and simulation

outcomes data from 1®*̂ August 2013 to 31®̂  August 2013

D ate

C alib ra ted  M odel 
s im u la t ion  

Forecas t

Design M odel 
s im u la t ion  

fo re c a s t

S tatis tical Total 
Daily Chilling 

Forecast
Actual Total 
Daily Chilling

8/1/2013 432.44 1,586.55 703.33 778.00
8/2/2013 1,664.04 2,478.45 1,303.94 1,238.00
8/3/2013 973.94 1,941.88 1,093.57 1,028.00
8/7/2013 796.53 1,884.17 510.89 508.67
8/8/2013 1,288.34 1,931.29 1,020.94 866.00
8/9/2013 1,424.56 1,481.87 1,132.66 1,145.00

8/10/2013 689.40 1,958.75 465.90 468.00
8/13/2013 685.62 1,832.45 640.51 723.00
8/14/2013 680.77 1,747.26 687.37 742.37
8/15/2013 1,194.12 1,667.76 970.79 1,005.95
8/16/2013 1,213.61 2,038.28 1,262.74 1,057.00
8/17/2013 623.38 1,696.98 784.32 759.00
8/20/2013 749.62 1,821.13 697.61 749.00
8/21/2013 878.27 1,809.51 973.43 809.00
8/22/2013 993.21 1,819.23 1,103.24 907.00
8/23/2013 908.12 1,592.12 771.37 714.74
8/24/2013 502.11 1,447.38 705.77 586.15
8/28/2013 495.57 1,451.17 662.37 852.50
8/30/2013 1,055.11 1,931.41 813.42 800.64
8/31/2013 649.33 1,650.72 825.37 788.97

Figure 0-1 PI Chilling energy model prediction values and simulation outcomes data from 1^ August 
2013 to 31®‘ August 2013
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Appendix P - PI Chilling energy model prediction LoglO results data 

from 1st August 2013 to 31®̂  August 2013 with confidence and

prediction limits

D ate

Avg Hourly  
Chilling 

F orecast
C on f id en ce  

Limit 1
C onfidence  

Limit 2
Prediction  

Limit 1
Prediction  

Limit 2

01/08/2013 46.889 44.732 49.046 34.484 59.294
02/08/2013 86.929 83.696 90.162 74.293 99.566
03/08/2013 81.005 78.242 83.768 68.481 93.530
07/08/2013 51.089 48.984 53.194 38.693 63.485
08/08/2013 68.062 65.956 70.169 55.666 80.459
09/08/2013 75.511 73.098 77.923 63.059 87.963
10/08/2013 51.767 49.672 53.862 39.373 64.161
13/08/2013 42.701 40.529 44.873 30.293 55.108
14/08/2013 45.824 43.659 47.990 33.418 58.231
15/08/2013 65.816 63.760 67.873 53.428 78.204
16/08/2013 84.183 81.178 87.188 71.603 96.763
17/08/2013 52.288 50.201 54.376 39.895 64.681
20/08/2013 46.508 44.347 48.668 34.102 58.913
21/08/2013 64.895 62.853 66.937 52.510 77.281
22/08/2013 73.549 71.238 75.861 61.116 85.982
23/08/2013 55.098 53.047 57.148 42.711 67.485
24/08/2013 54.290 52.229 56.350 41.901 66.678
28/08/2013 55.198 53.149 57.247 42.811 67.584
30/08/2013 67.785 65.686 69.885 55.390 80.180
31/08/2013 63.490 61.465 65.515 51.108 75.873

Figure P-1 PI Chilling energy model prediction hourly forecast results data from 1®* August 2013 to
31^ August 2013 with confidence and prediction limits
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Appendix Q - PI Chilling energy model prediction daily total results data 

from 1st August 2013 to 31®‘ August 2013 with confidence and 

prediction limits

D a te

D aily

T o ta l

Chilling

F o r e c a s t

A ctu a l

T o ta l

D aily

Chilling

C on f  

Limit 1

C on f  

Limit 2

P red  

Limit 1

P red  

Limit 2

01/08/2013 703.3 778.0 671.0 735.7 517.3 889.4
02/08/2013 1,303.9 1238.0 1,255.4 1,352.4 1,114.4 1,493.5
03/08/2013 1,093.6 1028.0 1,056.3 1,130.9 924.5 1,262.7
07/08/2013 510.9 508.7 489.8 531.9 386.9 634.8
08/08/2013 1,020.9 866.0 989.3 1,052.5 835.0 1,206.9
09/08/2013 1,132.7 1145.0 1,096.5 1,168.8 945.9 1,319.4
10/08/2013 465.9 468.0 447.0 484.8 354.4 577.5
13/08/2013 640.5 723.0 607.9 673.1 454.4 826.6
14/08/2013 687.4 742.4 654.9 719.8 501.3 873.5
15/08/2013 970.8 1006.0 940.5 1,001.1 788.1 1,153.5
16/08/2013 1,262.7 1057.0 1,217.7 1,307.8 1,074.0 1,451.4
17/08/2013 784.3 759.0 753.0 815.6 598.4 970.2
20/08/2013 697.6 749.0 665.2 730.0 511.5 883.7
21/08/2013 973.4 809.0 942.8 1,004.1 787.6 1,159.2
22/08/2013 1,103.2 907.0 1,068.6 1,137.9 916.7 1,289.7
23/08/2013 771.4 714.7 742.7 800.1 598.0 944.8
24/08/2013 705.8 586.2 679.0 732.6 544.7 866.8
28/08/2013 662.4 852.5 637.8 687.0 513.7 811.0
30/08/2013 813.4 800.6 788.2 838.6 664.7 962.2
31/08/2013 825.4 789.0 799.0 851.7 664.4 986.3

Figure Q-1 PI Chilling energy model prediction daily total results data from l^t August 2013 to 31®̂ 
August 2013 with confidence and prediction limits
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Appendix R - PI Design Model simulation results showing heat, 

ventilation and chilling over one full year of IWEC format averaged 

weather

Space heating (not 
including air load 

(kW)
Fresh air heating 

load (kW)

Space cooling 
chillers energy 

(kW)
Mon, 04/Jan 7683.6536 5609.6301 163.0142
Tue, 05/Jan 8262.4353 5995.2073 223.0905
Wed, 06/Jan 5744.8973 4375.205 374.9606
Thu, 07/Jan 6831.5764 5462.6287 344.6212
Fri, 08/Jan 5812.6556 4597.8033 365.8852
Mon, 11/Jan 3990.889 3086.2392 399.577
Tue, 12/Jan 4524.6758 3614.1588 466.8175
Wed, 13/Jan 6248.346 5103.1624 438.1726
Thu, 14/Jan 6692.9591 5412.3441 734.2547
Fri, 15/Jan 6004.2903 4903.1245 757.2159
Mon, 18/Jan 6359.4175 4991.863 347.884
Tue, 19/Jan 7703.273 5985.6047 641.822
Wed, 20/Jan 7893.225 5679.3713 397.0511
Thu, 21/Jan 4212.1369 3272.7408 505.6267
Fri, 22/Jan 4436.8044 3547.9809 560.2472
Mon, 25/Jan 6866.3403 5373.8901 454.2146
Tue, 26/Jan 7151.0542 5659.4313 473.8336
Wed, 27/Jan 7280.3118 5864.2079 392.6325
Thu, 28/Jan 7249.4837 5818.4422 404.691
Fri, 29/Jan 6962.9393 5591.1521 436.2495
Mon, 01/Feb 4933.65 3654.7678 320.0807
Tue, 02/Feb 5075.5765 3979.6413 396.767
Wed, 03/Feb 4390.7437 3468.2666 498.5027
Thu, 04/Feb 5310.4355 4298.4989 476.3847
Fri, 05/Feb 5465.5942 4426.3424 597.3377
Mon, 08/Feb 7204.9221 5654.788 327.9959
Tue, 09/Feb 8133.1915 5999.9998 350.0649
Wed, 10/Feb 8768.8197 5999.9998 452.5595
Thu, 11/Feb 9056.8908 6000 398.9099
Fri, 12/Feb 8784.7353 6000 388.58
Mon, 15/Feb 8739.1048 5999.9999 482.9723
Tue, 16/Feb 7707.0257 5883.9211 560.9675
Wed, 17/Feb 7345.3878 5705.7098 617.5938
Thu, 18/Feb 7761.2407 5746.1994 602.8125
Fri, 19/Feb 5841.1125 4662.4772 439.7075
Mon, 22/Feb 5704.4986 4372.1969 394.7295
Tue, 23/Feb 4360.2035 3408.1044 507.4167
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Wed, 24/Feb 5083.3982 4080.4125 968.5447
Thu, 25/Feb 5266.7967 4262.4019 588.8054

Fri, 26/Feb 5375.0851 4351.1403 882.5358
Mon, 01/M ar 7090.1749 5552.5484 706.2102
Tue, 02/M ar 6578.2922 5193.4939 496.2761
Wed, 03/M ar 6814.6476 5520.9278 637.7013
Thu, 04/M ar 7449.8762 5718.2674 708.4961
Fri, 05/M ar 6164.9842 4804.7167 659.1777
Mon, 08/M ar 4994.5629 3904.4391 568.2439
Tue, 09/M ar 5268.2152 4251.8734 532.3755
Wed, 10/M ar 5530.232 4424.1219 714.1004
Thu, 11/M ar 4696.669 3776.5954 691.095
Fri, 12/M ar 4609.8667 3717.9377 806.1672
Mon, 15/M ar 5564.6297 4436.8706 488.8059
Tue, 16/M ar 5852.1127 4742.1916 527.8907

Thu, 18/M ar 5907.1829 4674.5097 444.3998
Fri, 19/M ar 3490.028 2737.3012 689.844
Mon, 22/M ar 4635.4296 3696.8812 685.0794
Tue, 23/M ar 4850.4783 3920.9836 1066.6325
Wed, 24/M ar 5326.2257 4379.7173 815.8691
Thu, 25/M ar 5254.8781 4292.4824 1092.8446
Fri, 26/M ar 5117.197 4175.1672 1216.8628
Mon, 29/M ar 5227.0305 4199.2318 1042.356
Tue, 30/M ar 4859.6864 3931.5121 1041.8675
Wed, 31/M ar 4899.0162 3975.1292 1062.3268
Thu, 01/Apr 3206.9036 2535.7591 1008.9444
Fri, 02/Apr 4194.7449 3400.5847 969.2806
Mon, 05/Apr 4172.6005 3323.8782 971.4636
Tue, 06/Apr 4135.3106 3325.3824 1130.3774
Wed, 07/Apr 5412.2545 4463.9435 824.7152
Thu, 08/Apr 4778.909 3892.407 986.9765
Fri, 09/Apr 4709.1608 3827.7332 1139.4697
Tue, 13/Apr 5512.4046 4399.2695 802.2824
Wed, 14/Apr 4656.7414 3729.9701 1096.2053
Thu, 15/Apr 2943.3839 2265.0312 1166.6541
Fri, 16/Apr 2515.1854 1949.1822 1275.7383
Mon, 19/Apr 3714.6811 2985.4683 1207.6431
Tue, 20/Apr 5743.8276 4750.9771 1178.7572
Wed, 21/Apr 5438.5893 4474.4721 1051.2388
Thu, 22/Apr 5062.0451 4160.1267 1204.9992
Fri, 23/Apr 5337.4221 4414.3099 1174.3317
Mon, 26/Apr 4184.5793 3359.9754 1262.219
Tue, 27/Apr 5230.7362 4313.539 1286.6163
Wed, 28/Apr 6165.4725 5020.0574 846.0227

Thu, 29/Apr 3757.3077 3021.5652 1025.0792

346



Appendices

Fri, 30/Apr 3716.5449 3006.525 1276.0241

Tue, 04/May 5574.5729 4517.3728 1274.5852

Wed, 05/May 5505.2665 4452.3407 1230.1254

Thu, 06/May 5650.6453 4634.6882 1296.4544

Fri, 07/May 4986.7719 4085.3063 1125.2874

Mon, 10/May 3778.4757 3057.6623 1487.791
Tue, 11/May 3024.4217 2404.9072 1777.0641
Wed, 12/May 3372.0088 2729.781 1459.5869
Thu, 13/May 2575.9651 2052.9609 1612.9807

Fri, 14/May 3045.7248 2477.1015 1327.44
Mon, 17/May 3428.3926 2785.4305 1571.6171
Tue, 18/May 3416.3531 2783.9265 1616.8565
Wed, 19/May 3622.841 2961.4036 1286.285
Thu, 20/May 2817.1306 2242.4705 1513.1321
Fri, 21/May 3290.0941 2684.6595 1272.2491
Mon, 24/May 2560.8842 2031.9043 1557.226
Tue, 25/May 2968.635 2410.9235 1567.0851
Wed, 26/May 2564.7239 2052.961 1654.0709
Thu, 27/May 3002.8064 2431.98 1842.0966
Fri, 28/May 2545.4706 2031.9044 1632.0329
Mon, 31/May 1444.9585 1075.3323 2290.2004
Tue, 01/Jun 1856.9906 1451.3433 1845.7338
Wed, 02/Jun 1334.9573 1005.7183 2117.831
Thu, 03/Jun 2917.8353 2395.8831 1891.1877
Fri, 04/Jun 3648.3972 3012.5412 1661.5687
Tue, 08/Jun 2900.4004 2328.2012 1789.336
Wed, 09/Jun 2028.6408 1586.7072 1880.4684
Thu, 10/Jun 4459.4917 3728.4663 1385.6383
Fri, 11/Jun 3165.4631 2562.8319 1927.3214
Mon, 14/Jun 758.3943 481.7897 2457.6632
Tue, 15/Jun 936.6644 649.9451 2464.5394
Wed, 16/Jun 650.8404 483.6509 2232.2715
Thu, 17/Jun 3039.5078 2508.6864 1707.2863
Fri, 18/Jun 2886.0725 2358.2819 2043.1029
Mon, 21/Jun 2676.944 2159.748 2102.7375
Tue, 22/Jun 2217.4463 1762.6803 1910.3429
Wed, 23/Jun 2222.3263 1771.7048 1935.7819
Thu, 24/Jun 2840.61 2314.6646 1738.2604
Fri, 25/Jun 1329.3795 988.5389 2023.2967
Mon, 28/Jun 407.4739 256.1843 2582.0526
Tue, 29/Jun 1784.271 1413.0804 1921.8616
Wed, 30/Jun 1956.5303 1552.1143 1900.7122
Thu, 01/Jul 2185.2143 1752.1523 1848.6965
Fri, 02/Jul 2249.1203 1804.7939 1934.7654
Mon, 05/Jul 231.6241 148.5963 3393.1615
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Tue, 06/Jul 453.6567 303.326 2549.5185
Wed, 07/Jul 1593.938 1237.769 2319.9507
Thu, 08/Jul 1809.3482 1425.7747 2108.371
Fri, 09/Jul 2003.5354 1597.2358 1794.2915
Mon, 12/Jul 1144.7909 830.1735 2478.1051
Tue, 13/Jul 1138.4199 831.6771 2194.9984
Wed, 14/Jul 1288.278 965.537 2286.5325
Thu, 15/Jul 1978.785 1576.179 1845.8605
Fri, 16/Jul 2240.5425 1806.2977 1961.6998
Mon, 19/Jul 2333.8969 1863.4514 1746.7843
Tue, 20/Jul 1231.2573 897.8552 2097.4313
Wed, 21/Jul 1215.8064 928.3485 2066.6817
Thu, 22/Jul 1394.3872 1054.2756 2117.1391
Fri, 23/Jul 1273.349 1002.5109 2234.6552
Mon, 26/Jul 1631.7114 1280.4669 1955.8279
Tue, 27/Jul 1223.9845 899.359 1842.098
Wed, 28/Jul 791.1463 571.1832 1858.1111
Thu, 29/Jul 1145.3683 837.6935 2030.7073
Fri, 30/Jul 1792.5013 1409.2301 1586.4906
Tue, 03/Aug 825.8183 543.9131 2478.4483
Wed, 04/Aug 1432.4647 1085.8606 1941.8756
Thu, 05/Aug 1055.7569 756.475 1884.1709
Fri, 06/Aug 862.8455 612.7868 1931.2853
Mon, 09/Aug 2708.2976 2195.8454 1481.8723
Tue, 10/Aug 2332.731 1858.9391 1958.7488
Wed, 11/Aug 1985.4314 1559.6344 1832.4459
Thu, 12/Aug 1223.4506 890.3351 1747.2591
Fri, 13/Aug 943.3202 654.4107 1667.7554
Mon, 16/Aug 2324.2259 1846.9069 2038.2792
Tue, 17/Aug 2121.6092 1666.4214 1696.9802
Wed, 18/Aug 1724.1821 1325.0038 1821.1251
Thu, 19/Aug 2023.5042 1588.2114 1809.5054
Fri, 20/Aug 2108.1985 1655.8934 1819.2291
Mon, 23/Aug 2243.093 1774.7129 1592.1195
Tue, 24/Aug 1936.9863 1517.5212 1447.3779
Wed, 25/Aug 1399.7277 1046.7555 1451.171
Thu, 26/Aug 1173.6785 855.7422 1766.6078
Fri, 27/Aug 984.3393 740.7056 1931.4064
Mon, 30/Aug 2066.3945 1624.3085 1650.7209
Tue, 31/Aug 1322.9654 976.0653 1665.5144
Wed, 01/Sep 1414.6888 1066.308 1922.0048
Thu, 02/Sep 1336.8659 1007.2358 1657.3925
Fri, 03/Sep 2315.6686 1864.9555 1670.5924
Mon, 06/Sep 2400.3043 1886.0121 1671.9352
Tue, 07/Sep 1606.84 1212.2002 1541.9771
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Wed, 08/Sep 1838.0052 1431.7911 1431.9776
Thu, 09/Sep 2839.7771 2292.1041 1605.7083
Fri, 10/Sep 3859.854 3177.9859 1297.7584

Mon, 13/Sep 2837.9983 2219.9099 1115.4868
Tue, 14/Sep 2657.5983 2099.5864 1231.5795
Wed, 15/Sep 2861.5658 2292.1041 1412.1299
Thu, 16/Sep 2811.5308 2245.4787 1283.8663
Fri, 17/Sep 2756.8744 2191.3329 1333.9242
Mon, 20/Sep 3771.0797 3053.1503 1128.3727

Tue, 21/Sep 3785.0714 3060.6706 1119.8361
Wed, 22/Sep 3660.1349 2941.8514 992.1535
Thu, 23/Sep 1216.0986 882.7678 1553.8557
Fri, 24/Sep 1816.9438 1410.7341 1321.9171
Mon, 27/Sep 1258.2727 899.359 1517.9637
Tue, 28/Sep 1816.2503 1397.1979 1486.5436
Wed, 29/Sep 2247.5017 1785.2411 1247.4355
Thu, 30/Sep 2456.0949 1958.2063 1132.4571
Fri, Ol/Oct 4673.8398 3875.8625 1284.1779
Mon, 04 /0ct 4382.5132 3487.819 853.942
Tue, 05 /0ct 4264.225 3409.6087 1193.6229
Wed, 06 /0ct 4395.729 3543.4689 1218.4539
Thu, 07 /0ct 3530.4192 2827.5437 966.1701
Fri, 08 /0ct 1764.0854 1318.9876 1017.3317
Mon, 11/Oct 3080.9611 2428.972 1017.4036
Tue, 12/Oct 2540.674 1976.2549 1001.0208
Wed, 13/Oct 1842.1341 1394.1894 1227.0179
Thu, 14/Oct 1469.9393 1085.8606 1241.0998
Fri, 15/Oct 2472.4546 1952.19 1555.0734
Mon, 18/Oct 4132.5855 3355.4631 1021.3316
Tue, 19/Oct 4046.658 3295.3015 1060.7658
Wed, 20 /0ct 4904.4038 4024.7627 1145.1374
Thu, 21/Oct 4004.8648 3209.571 840.8164
Fri, 22/Oct 2011.3488 1535.5699 1014.6099
Tue, 26/Oct 5559.7176 4411.302 840.1329
Wed, 27/Oct 4015.9124 3153.9213 757.5211
Thu, 28/Oct 3020.942 2362.7941 751.0968
Fri, 29/Oct 2063.3892 1541.586 810.0356
Mon, 01/Nov 4618.7266 3701.3932 664.262
Tue, 02/Nov 4031.5498 3236.6435 747.1224
Wed, 03/Nov 3842.617 3092.2555 831.1584
Thu, 04/Nov 4142.536 3358.4714 838.0325
Fri, 05/Nov 4718.2207 3850.2936 744.0505
Mon, 08/Nov 4851.34 3820.2125 489.8347
Tue, 09/Nov 4627.2398 3713.4255 537.8397
Wed, 10/Nov 4753.5372 3854.8058 979.0244
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Thu, 11/Nov 4823.2038 3904.4393 823.7438
Fri, 12/Nov 5871.244 4797.8412 588.8851
Mon, 15/Nov 3840.3072 2890.7136 522.465
Tue, 16/Nov 4695.6381 3764.563 533.0425
Wed, 17/Nov 3901.6202 3078.7191 602.5834
Thu,18/Nov 2865.5856 2233.4463 664.5072
Fri, 19/Nov 4867.9448 4000.6982 717.6478
Mon, 22/Nov 6322.8286 5026.456 411.5042
Tue, 23/Nov 5885.8345 4692.5581 673.8104
Wed, 24/Nov 6237.8403 5055.0327 475.1983
Thu, 25/Nov 7088.5935 5536.0993 477.9263
Fri, 26/Nov 7139.8123 5715.9221 454.5318
Mon, 29/Nov 6370.3635 4867.0272 457.97
Tue,30/Nov 6812.7151 5136.5311 411.4487
Wed, 01/Dec 6952.9834 5581.4484 375.7125
Thu, 02/Dec 7943.3025 5851.948 562.4117
Fri, 03/Dec 4603.7721 3626.1912 511.4511
Mon, 06/Dec 6079.8519 4694.0624 394.3546
Tue, 07/Dec 4027.1705 3144.8968 442.8754
Wed, 08/Dec 5419.0342 4373.7009 465.5272
Thu,09/Dec 6530.114 5153.6485 432.9929
Fri, 10/Dec 5214.425 4185.6955 626.2141
Mon, 13/Dec 4942.9805 3760.0511 335.6009
Tue, 14/Dec 7262.028 5750.0196 363.2163
Wed, 15/Dec 7210.8825 5776.6335 375.0627
Thu, 16/Dec 6565.6227 5256.5745 409.885
Fri, 17/Dec 7135.6386 5711.3268 572.0541
Mon, 20/Dec 5619.367 4277.442 302.6567
Tue, 21/Dec 6662.083 5245.33 332.939
Wed, 22/Dec 3774.5778 2892.2176 423.7185
Thu,23/Dec 3449.6818 2710.2285 625.1548
Fri, 24/Dec 7075.8798 5697.402 646.6561
Wed, 29/Dec 4800.3109 3281.7649 184.376
Thu,30/Dec 4795.8116 3624.6871 272.7167
Fri, 31/Dec 6433.738 5164.7565 506.655

Figure R-1 PI Design Model simulation results showing heat, chilling and ventilation over one full 
year of IWEC format averaged weather

350



Appendices

Appendix S -  Test building , description, reduction programme and 

energy models

Images of the T1 test building and associated plant

Figure S-1 Exterior view of main multi-storey retail area with no glazing

Figure S-2 Interior view  of atrium showing the roof glazing and a small vertically 

glazed area in the background
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Figure S-3 Primary condenser pumps with variable speed drives mounted overhead

Figure S-4 One of 4 no. double evaporative cooling towers

Figure S-5 Main control panel for T1 landlord's cooling plant
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The BMS for T1 is extensive and controls not only the landlord's plant but many 

other separate structures and lighting. The images are from the landlord’s section 

of the BMS.

SITE PLAN INDEX
C U R R E N T  C R ITIC A L A U R M S

CRITICM. ALARM HISTORY

CURRENT NON CRITICAL ALARMS

î agaTT-i;

Civio Sq UghbnQ

Figure S-6 Total T1 development plan BMS graphic showing the various buildings controlled 
by the landlord’s BMS (extracted from T1 BMS screens]

CONDENSER WATER SYSTEM  — ^

PRIMARY CIRCUIT PUMPS

CT S ^rtch  O f 69777.0 KW I
CoolinQ T o v w f Param «t«rs >

2 7 i  0««C

K3271 OICW I

50 0X  I 71645.0KW

50.0 X I 68500 0>CW

Static Line Pressu re  2 3 BAR

CCW R ow  To >

« CCW R«(ijrrt From H«»d«r

Figure S-7 Primary condenser water pumps and associated variable speed drives [VSD). 
The mimic shows the run power and instantaneous running speed percentage (50%) for 
each VSD (extracted from T1 BMS screens)
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CONDENSER WATER SYSTEM 
SECONDARY CIRCUIT PUMPS

P2 DAY TIME ZONE On P3 DAY TIME ZONE On |

CCW Row HaMw »> 

<« CCW Ra»<jrn

R«(«l
CCW P2AKWHR 757030 I

CCW.P2A

CCWP2A CT Svrttcft 

CCW-P26 CT

CCWP28K N ^ 149S4 0

CCW To R«uil Unit 
Zontt C East

p :WP3AlCWHR353?45.Q J CCWP3B

CQW-WtA f !  n  CCW-P3t

R36BBaO

SOOX

CCW-P3A CT SvMtc«% 

C C W ^8 CT $v4«ch

CCW To Rouil Unit 
Zono D & O

CCW-KA 4 P2B Duly $«*c< 

CCW-P2A4 F7B FMit R*s«l

CCWP3A « Duly M a d  

CCW.P3A i  P3B F*U1 R*Mt

I P36

r  R«s«i

Figure S-8 Each of the four pumpsets, collectively making up the condenser secondary 
system run in Duty/Standby mode. The active pump VSD is shown in green with it's run 
power [kWh) and instantaneous speed (75% and 90%). These represent the percentages of 
the maximum speed possible (extracted from T1 BMS screens).

CONDENSER WATER SYSTEM 
COOLING TOWER EVC-1
T >

evc.l itMai 

lsol*on VMv* Driv* Am  MO0S«e

Cochng Te>sw Rotil« *c*al«

W o e k  1

H ^S pM dS tM  a»i

IffvrCT tMtcfi On

C r  SMtsh OR

Figure S-9 One of four cooling towers with two spray pumps (one on each section). Cooling 
of condenser water is accomplished by either direct fan and/or the addition of the spray 
pump which sprays water directly onto cooling coils. This function gives the unit its name as 
an evaporative cooler and steam is often evident from the top of the unit in summer 
(extracted from T1 BMS screens).
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CtULLKa ■  CH ILLB^

Pum ps Normal
>?5b«qC 
200tgC  I

Figure S-10 Two chillers supply chilled w ater to the cooling coils of the T1 landlord’s air 
handling units. They operate in lead/lag configuration meaning one chiller is enabled with 
the second enabled only if demand exists (extracted from T1 BMS screens].

Mall Tem peratures
G r a p h  L « v « l  2

^ d u IL
/ ' I • • I • i  \ ........

Levels

Figure S-11 Overall mall view of space tem peratures on three levels (extracted from T1 
BMS screens).
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AIR HANDLING UNIT No.13 
Mall Zone E Level 3

r>

-- l . . j j i i a a  •<  fta lixn  «ir

n

AHU 13 s Tim« Z en *  o n  
A H U 1 3 R T im * Z o n « O n

Figure S-12 Typical landlord air handling unit with outside air temperature measurement and 
various flow and return temperatures to inform the BMS of the correct level of air mixing to 
be carried out The louvres on the left control this mixing function. In summer, the louvres 
are often set to dump all extract air. This is not necessarily the case in winter when warm air 
is recirculated to avoid heating fresh air (extracted from T1 BMS screens).
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Appendix T - T1 lag plots for overnight calculation of Natural Thermal 

Lag
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5450

5400

TO 5350
3

5300

£ 5250

5200

5150
1 2 3 4 5 6 7 8  9 1011 12131415 16171819 20 21

Lag periods (15 m inutes)

T1 NTL 7-11-2013
8600

8400

8200

8000

7800

7600
1 2 3 4 5 6 7 8 9  101112 1314 151617 1819 20 21

Lag periods (15 m inutes)

T1 NTL 8-11-2013
7800

7700

7600

7500

7400

7300

7200

7100
1 2 3 4 5 6 7 8 9  101112 1314 1516171819 20 21

Lag periods (15 m inutes)

357



A ppendices

T1 NTL 9-11-2013
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Figure T-1 T1 lag plots for overnight calculation of Natural Thermal Lag
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Appendix U - T1 average hourly energy with Met Eireann average daily 

temperatures 15*̂  September 2010-29*^ November 2011

Date
Met E Avg 
Daily To

T1 Avg Hourly 
Electrical E

15-Sep-lO 15.21 772.0
16-Sep-lO 13.84 753.0
17-Sep-lO 13.05 749.5
18-Sep-lO 11.58 731.5
19-Sep-lO 11.00 723.3
20-Sep-10 15.05 782.3
21-Sep-lO 17.16 795.3
22-Sep-lO 17.58 834.5
23-Sep-lO 17.74 788.0
24-Sep-lO 13.84 740.3
25-Sep-lO 11.32 690.8
26-Sep-lO Essential Maintainence
27-Sep-lO 10.84 695.5
28-Sep-lO 11.84 772.3
29-Sep-lO 14.79 744.8
30-Sep-10 12.84 768.3

1-Oct-lO 13.05 753.5
2-Oct-lO 14.74 719.8
3-Oct-lO 13.37 691.3
4-Oct-lO 13.32 742.3
5-Oct-lO 13.68 728.5
6-Oct-lO 13.84 743.8
7-Oct-lO 13.21 755.0
8-Oct-lO 15.11 777.8
9-Oct-lO 16.89 751.3

lO-Oct-10 14.58 703.5
11-Oct-lO 13.16 689.3
12-Oct-lO 13.42 686.0
13-OcMO 11.89 696.5
14-Oct-lO 10.00 690.3
15-Oct-lO Essential Maintainence
16-Oct-lO 11.37 705.5
17-Oct-lO 9.68 636.3
18-Oct-lO 10.11 689.3
19-Oct-lO 11.63 628.0
20-OCMO 9.06 613.0
21-Oct-lO 5.95 657.8
22-Oct-lO 9.11 682.8
23-Oct-lO 10.00 630.5
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24-OcMO 8.63 546.5
25-Oct-lO 6.21 560.8
26-Oct-lO 7.79 572.0

27-OcMO 15.37 677.8
28-OcMO 11.42 722.0
29-Oct-lO 12.16 671.3
30-0ct-10 10.95 647.3
31-Oct-lO 10.00 562.0
1-Nov-lO 10.37 648.5
2-Nov-lO 10.00 578.5
3-Nov-lO 11.26 653.3
4-Nov-lO 9.84 702.3
5-Nov-lO 15.42 582.0
6-Nov-lO 10.21 546.8
7-Nov-lO 5.53 495.0
8-Nov-lO 4.63 527.0
9-Nov-lO 6.79 501.5

lO-Nov-lO 8.00 485.3
11-Nov-lO 4.21 472.5
12-Nov-lO 9.32 491.0
13-Nov-lO 8.32 500.3
14-Nov-lO 6.21 454.8
15-Nov-lO 3.79 480.3
16-Nov-lO 6.26 485.8
17-Nov-lO 8.47 482.8
18-Nov-lO 9.84 494.0
19-Nov-lO 9.53 505.0
2O-N0 V-IO 7.42 515.3
21-Nov-lO 8.42 470.0
22-Nov-lO 5.47 490.0
23-Nov-lO 4.95 477.0
24-Nov-lO 5.37 476.5
25-Nov-lO 3.00 477.8

26-Nov-lO 2.05 480.5
27-Nov-lO 2.21 498.0
28-Nov-lO 1.37 456.0
29-Nov-lO -4.26 506.5

3O-N0 V-IO -1.00 523.3
1-Dec-lO 2.11 567.3

2-Dec-lO -0.32 591.3
3-Dec-lO -0.21 591.5
4-Dec-lO 0.25 613.0
5-Dec-lO 0.58 608.5
6-Dec-lO -2.42 537.8
7-Dec-lO -1.89 531.5
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8-Dec-lO 2.11 584.3
9-Dec-lO -2.89 586.8

lO-Dec-10 1.32 554.0
11-Dec-lO 4.42 592.0
12-Dec-lO 4.58 593.3
13-Dec-lO 4.16 496.5
14-Dec-lO 5.16 519.0
15-Dec-lO 2.68 555.8
16-Dec-lO 4.11 558.8
17-Dec-lO 4.21 584.5
18-Dec-lO -1.00 621.3
19-Dec-lO -2.63 608.8
20-Dec-10 0.53 594.5
21-Dec-lO -3.11 574.5
22-Dec-lO -5.17 595.3
23-Dec-lO -5.00 569.8
24-Dec-lO -0.89 580.0
25-Dec-lO -7.26 580.8
26-Dec-lO -7.89 587.0
27-Dec-lO 3.79 530.0
28-Dec-lO 7.74 547.3
29-Dec-lO 8.05 541.3
30-Dec-10 7.21 518.8
31-Dec-lO 8.05 535.3

1-Jan-ll 6.95 549.3
2-Jan-ll 5.89 591.3
3-Jan-ll 1.89 539.8
4 -Jan -ll 1.00 519.3
5-Jan-ll 3.68 529.8
6-Jan-ll 4.37 542.8
7-Jan-ll 1.68 523.8
8-Jan-ll 3.53 569.5
9-Jan-ll 1.74 557.3

10-Jan-ll 2.95 445.0
11-Jan-ll 7.84 540.5
12-Jan-ll 4.21 571.7
13-Jan-ll 11.26 559.4
14-Jan-ll 11.21 535.8
15-Jan-ll 8.74 574.1
16-Jan-ll 11.84 572.6
17-Jan-ll 9.79 510.5
18-Jan-ll 5.58 563.1
19-Jan-ll 3.26 564.8
20-Jan-ll 3.42 574.8
21-Jan-ll 1.47 580.0
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22-Jan-ll 0.94 562.2
23-Jan-ll 3.32 565.8
24-Jan-ll 2.63 492.3
25-Jan-ll 5.05 536.2
26-Jan-ll 8.00 526.5
27-Jan-ll 5.11 565.9
28-Jan-ll 3.42 571.7
29-Jan-ll 2.68 592.0
30-Jan-ll 3.47 607.8
31-Jan-ll 1.21 492.1
1-Feb-ll 5.63 535.7
2-Feb-ll 8.63 541.7
3-Feb-ll 10.47 526.4
4-Feb-ll 6.95 552.8
5-Feb-ll 12.53 539.6
6-Feb-ll 7.95 541.5
7-Feb-ll 9.37 501.3
8-Feb-ll 6.53 534.0
9-Feb-ll 5.68 543.5

10-Feb-ll 10.37 526.8
11-Feb-ll 6.53 536.2
12-Feb-ll 8.58 548.3
13-Feb-ll 6.37 529.7
14-Feb-ll 6.68 483.3
15-Feb-ll 4.74 529.6
16-Feb-ll 5.95 519.2
17-Feb-ll 6.16 528.5
18-Feb-ll 5.47 530.8
19-Feb-ll 6.84 572.1
20-Feb-ll 9.53 517.9
21-Feb-ll 7.11 469.8
22-Feb-ll 8.84 537.4
23-Feb-ll 8.95 582.2
24-Feb-ll 12.37 603.9
25-Feb-ll 12.32 629.6
26-Feb-ll 11.89 575.5
27-Feb-ll 7.58 545.2
28-Feb-ll 7.05 499.2
1-M ar-ll 5.68 558.9
2-M ar-ll 7.58 541.6
3-M ar-ll 5.84 556.5
4-M ar-ll 4.89 590.2
5-M ar-ll 7.61 578.8
6-M ar-ll 7.32 561.1
7-M ar-ll 6.47 499.0
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8-M ar-ll 7.26 571.9
9-M ar-ll 7.47 532.0

10-M ar-ll 8.05 539.8
11-M ar-ll 8.42 556.3
12-M ar-ll 5.95 595.5
13-M ar-ll 6.95 556.4
14-M ar-ll 4.21 488.1
15-M ar-ll 6.53 543.6
16-M ar-ll 6.89 494.1
17-M ar-ll 5.84 477.6
18-M ar-ll 7.84 498.5
19-M ar-ll 8.37 537.2
20-M ar-ll 9.79 523.8
21-M ar-ll 12.11 513.8
22-M ar-ll 12.79 562.3
23-M ar-ll 12.74 542.5
24-M ar-ll 12.11 547.6
25-M ar-ll 11.50 503.8
26-M ar-ll 9.39 564.7
27-M ar-ll 7.16 463.8
28-M ar-ll 8.79 477.4
29-M ar-ll 8.42 503.2
30-M ar-ll 9.47 512.3
31-M ar-ll 11.58 554.7

1-A pr-ll 12.74 562.3
2-A pr-ll 13.00 563.3
3-A pr-ll 10.84 487.5
4-A pr-ll 9.26 504.8
5-A pr-ll 11.79 589.8
6-A pr-ll 15.37 600.5
7-A pr-ll 15.32 589.3
8-A pr-ll 12.00 645.5
9-A pr-ll 12.74 656.3

10-Apr-ll 14.37 664.0
11-Apr-ll 17.32 521.3
12-Apr-ll 10.74 565.8
13-Apr-ll 9.68 572.5
14-Apr-ll 10.21 586.3
15-Apr-ll 11.37 583.8
16-Apr-ll 12.47 577.8
17-Apr-ll 11.05 529.5
18-Apr-ll 11.11 501.8
19-Apr-ll 12.84 546.3
20-A pr-ll 13.95 576.8
21-A pr-ll 15.22 582.2
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22-Apr-ll 14.89 628.7
23-Apr-ll 15.47 591.6
24-Apr-ll 12.11 558.8
25-Apr-ll 13.42 500.4
26-Apr-ll 10.95 543.3
27-Apr-ll 10.53 557.7
28-Apr-ll 13.26 571.0
29-Apr-ll 13.37 633.4
30-Apr-ll 12.95 666.1
1-M ay-ll 12.53 604.5
2-M ay-ll 12.63 503.8
3-M ay-ll 12.21 534.2
4-M ay-ll 10.53 537.4
5-M ay-ll 11.18 489.3
6-M ay-ll 12.42 616.1
7-M ay-ll 15.05 630.2
8-M ay-ll 12.95 584.7
9-M ay-ll 14.11 544.8

10-M ay-ll 14.47 586.3
11-M ay-ll 14.68 591.7
12-M ay-ll 12.84 593.8
13-M ay-ll 12.05 607.2
14-M ay-ll 10.21 616.2
15-M ay-ll 11.00 587.4
16-M ay-ll 12.05 542.7
17-M ay-ll 13.47 579.5
18-M ay-ll 14.11 566.1
19-M ay-ll 12.42 591.0
20-M ay-ll 11.53 622.7
21-M ay-ll 12.11 654.6
22-M ay-ll 13.79 583.2
23-M ay-ll 12.05 534.3
24-M ay-ll 12.06 590.7
25-M ay-ll 12.79 574.3
26-M ay-ll 12.53 582.5
27-M ay-ll 11.58 648.7
28-M ay-ll 11.42 689.8
29-M ay-ll 12.84 654.3
30-M ay-ll 14.47 568.6
31-M ay-ll 11.89 603.3

1-Jun-ll 13.21 652.7
2-Jun-ll 15.42 680.7
3-Jun-ll 15.37 757.8
4-Jun-ll 19.26 714.3
5-Jun-ll 15.89 617.3
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6-Jun-ll 11.00 595.8
7-Jun-ll 12.06 629.8
8-Jun-ll 11.33 636.3

9-Jun-ll 12.32 634.8
10-Jun-ll 10.63 656.6
11-Jun-ll 11.05 668.1
12-Jun-ll 11.84 587.4

13-Jun-ll 9.74 627.1
14-Jun-ll 14.79 662.3

15-Jun-ll 15.58 691.9
16-Jun-ll 16.79 673.2
17-Jun-ll 13.42 659.5
18-Jun-ll 12.26 672.9
19-Jun-ll 13.53 631.5
20-Jun-ll 14.26 627.7

21-Jun-ll 14.32 672.7
22-Jun-ll 15.37 666.7
23-Jun-ll 14.16 694.8
24-Jun-ll 14.11 670.0
25-Jun-ll 11.84 766.1
26-Jun-ll 18.50 730.1
27-Jun-ll 20.26 675.0
28-Jun-ll 14.79 691.3
29-Jun-ll 14.37 705.3
30-Jun-ll 13.53 718.4

1-Jul-ll 14.42 717.2
2-Jul-ll 14.63 708.9
3-Jul-ll 16.42 673.3
4-Jul-ll 17.37 713.5
5-Jul-ll 18.63 775.3
6-Jul-ll 17.84 711.8
7-Jul-ll 14.32 741.9
8-Jul-ll 15.05 548.7
9-Jul-ll 14.11 572.2

10-Jul-ll 16.84 621.8
11-Jul-ll 15.95 650.8
12-Jul-ll 15.05 667.6
13-Jul-ll 15.95 691.5
14-Jul-ll 17.26 722.4
15-Jul-ll 18.47 741.3
16-Jul-ll 16.26 684.8
17-Jul-ll 15.16 643.5
18-Jul-ll 14.00 690.1
19-Jul-ll 13.95 689.0
20-Jul-ll 13.84 648.1
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21-Jul-ll 13.89 690.2
22-Jul-ll 11.53 695.6
23-Jul-ll 14.37 632.6
24-Jul-ll 16.05 571.6
25-Jul-ll 16.79 706.4
26-Jul-ll 16.95 731.9
27-Jul-ll 17.68 754.1
28-Jul-ll 20.37 690.8
29-Jul-ll 14.74 693.8
30-Jul-ll 14.26 690.4
31-Jul-ll 17.79 651.2
1-Aug-ll 17.47 628.2
2-Aug-ll 16.37 640.4
3-Aug-ll 16.37 683.5
4-A ug-ll 17.47 675.3
5-Aug-ll 18.84 666.5
6-Aug-ll 15.32 620.5
7-Aug-ll 14.79 583.4
8-Aug-ll 15.11 674.4
9-Aug-ll 15.47 667.2

10-Aug-ll 14.53 742.8
11-Aug-ll 16.47 740.0
12-Aug-ll 18.00 763.8
13-Aug-ll 17.84 675.6
14-Aug-ll 16.47 610.4
15-Aug-ll 15.11 639.0
16-Aug-ll 15.53 686.7
17-Aug-ll 15.95 659.8
18-Aug-ll 14.16 672.3
19-Aug-ll 14.37 685.1
20-Aug-ll 14.63 633.3
21-Aug-ll 15.95 595.6
22-Aug-ll 16.68 653.3
23-Aug-ll 15.84 677.7
24-Aug-ll 15.95 663.8
25-Aug-ll 14.79 650.0
26-Aug-ll 14.26 671.3
27-Aug-ll 14.53 618.8
28-Aug-ll 13.26 564.1
29-Aug-ll 13.47 589.3
30-Aug-ll 12.63 593.3
31-Aug-ll 13.32 632.3

1-Sep-ll 14.00 649.2
2-Sep-ll 15.84 662.2
3-Sep-ll 16.58 608.8

366



Appendices

4-S ep-ll Essential Maintainence
5-Sep-ll 12.84 592.6

6-Sep-ll 13.68 577.2

7-S ep-ll 14.05 614.3

8-S ep-ll 13.42 655.3

9-S ep-ll 15.32 722.4

10-Sep-ll 18.89 669.1
11-Sep-ll 18.16 595.9

12-Sep-ll 14.21 611.8

13-Sep-ll 15.26 583.0

14-Sep-ll 13.11 621.1

15-Sep-ll 13.42 631.8

16-Sep-ll 14.47 590.3

17-Sep-ll Essential Maintainence
18-Sep-ll Essential Maintainence

19-Sep-ll 13.11 621.8
20-Sep-ll 15.05 541.7
21-Sep-ll 12.32 585.0
22-Sep-ll 13.42 582.9
23-Sep-ll 13.16 623.3
24-Sep-ll 15.58 609.0
25-Sep-ll 15.68 571.3

26-Sep-ll 15.58 580.5
27-Sep-ll 13.89 596.9
28-Sep-ll 17.84 641.1
29-Sep-ll Essential Maintainence
30-Sep-ll 19.79 678.2

1 -O c t-ll 17.42 590.1
2 -O cM l 13.32 596.0
3 -O cM l 16.53 592.9
4 -O c t- ll 17.63 559.9
5 -O cM l 12.58 639.6
6 -O c t-ll 17.26 541.0
7 -O c M l 9.74 577.1
8 -O c t- ll 11.79 565.7
9 -O c t-ll 14.95 570.6

lO-Oct-11 16.53 622.7
11-O cM l 15.84 586.8
12-O ct-ll 15.47 660.3
13-O ct-ll 16.16 630.1
14-O ct-ll 15.00 626.7
15-O ct-ll 13.74 568.1
16-O ct-ll 14.53 516.8
17-O cM l 12.47 484.9

367



Appendices

18-O ct-ll 11.21 458.0
19-O ct-ll Essential Maintainence
2 0 -0 c t-ll 7.63 459.5
21-O ct-ll 8.06 575.3
22-O ct-ll 12.63 610.9
23-O ct-ll 12.32 591.6
24-O ct-ll 11.79 559.4
25-O ct-ll Essential Maintainence
26-O ct-ll 9.53 523.8
27-O ct-ll 9.68 520.8
28-O ct-ll 10.63 512.6
29-O ct-ll 10.16 537.0
3 0 -0 c t-ll 14.58 529.6
31-O ct-ll 14.84 521.8
1-Nov-ll 13.74 496.9
2-Nov-ll 11.00 552.8
3-Nov-ll 13.21 551.0
4-N ov-ll 13.32 530.5
5-Nov-ll 9.84 508.8
6-Nov-ll 6.53 475.6
7-Nov-ll 8.26 472.1
8-Nov-ll 8.05 517.3
9-Nov-ll 10.79 564.8

10-Nov-ll 13.16 546.9
11-Nov-ll 12.47 568.6
12-Nov-ll 13.00 564.2
13-Nov-ll 11.63 555.9
14-Nov-ll 13.53 526.1
15-Nov-ll 10.95 525.2
16-Nov-ll 10.89 546.1
17-Nov-ll 10.63 542.6
18-Nov-ll 11.47 628.5
19-Nov-ll 14.00 575.9
20-Nov-ll 12.63 540.2
21-Nov-ll 11.89 530.4
22-Nov-ll 10.16 493.9
23-Nov-ll 6.89 565.6
24-Nov-ll 11.89 588.2
25-Nov-ll 12.16 515.2
26-Nov-ll 7.26 574.8
27-Nov-ll 12.21 489.7
28-Nov-ll 7.47 517.3
29-Nov-ll 10.74 458.4

Figure T-1 T1 average hourly electrical energy usage and average daily Met Eireann external 
temperature from Dublin Airport prior to the condenser water VSD installation
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Appendix V - T1 Electrical energy usage data with the Met Eireann average daily temperature and all calculated lagged

temperature indices used in the 2012 -  2013 T1 regression analysis

D ate
T1

Solar
Index

T1 
M et E 

Avg

T1 Avg 
H ourly 

E

T1 Avg 
Rh

8 Hr 

Lag 
To

7 Hr 

Lag 
To

6 Hr 

Lag 
To

5 Hr 

Lag 
To

4 Hr 

Lag 
To

3 Hr 

Lag 
To

2 Hr 

Lag 
To

1 Hr 
Lag 
To

OHr

Lag
To

T1 WS 
Daily Avg 

To

22-May-12 1950.00 13.12 518.25 93.00 9.48 9.95 10.62 11.24 11.81 12.48 13.10 13.62 14.05 11.50
23-May-12 Essential Maintenance
24-May-12 2810.00 14.69 598.00 88.00 11.95 12.29 12.76 13.24 13.76 14.67 15.62 16.62 17.11 14.92
25-May-12 2500.00 15.14 594.42 87.00 11.29 11.81 12.52 13.29 14.05 14.95 15.95 16.95 17.58 14.63
26-May-12 2860.00 15.63 617.25 82.00 11.81 12.52 13.33 14.14 14.90 15.81 16.71 17.52 17.95 15.31
27-May-12 2770.00 15.04 628.50 77.00 13.29 13.62 14.00 14.43 15.00 15.67 16.38 17.10 17.47 15.65
28-May-12 2840.00 15.76 566.20 88.00 12.14 12.43 12.86 13.38 14.00 14.90 15.76 16.57 17.00 15.02
29-May-12 1010.00 13.79 646.25 82.00 13.10 13.67 14.38 15.10 15.90 16.81 17.76 18.57 19.05 15.85
30-May-12 1090.00 14.27 567.58 100.00 12.38 12.67 13.00 13.38 13.76 14.14 14.57 14.90 15.16 13.73
31-May-12 829.00 14.38 618.83 82.00 11.86 12.38 12.90 13.52 14.05 14.38 14.86 15.48 15.74 14.42

l-Jun-12 1290.00 14.44 617.58 94.00 12.81 12.81 12.86 13.05 13.29 13.67 14.05 14.52 14.79 14.42
2-Jun-12 1270.00 12.85 608.42 88.00 14.19 14.33 14.52 14.76 15.05 15.19 15.38 15.52 15.68 14.33
3-Jun-12 390.00 9.75 590.10 94.00 12.33 12.67 12.95 13.24 13.43 13.52 13.62 13.71 13.84 12.88
4-Jun-12 2990.00 10.30 472.30 87.00 10.05 9.90 9.81 9.67 9.62 9.52 9.43 9.52 9.58 9.67
5-Jun-12 520.00 10.02 506.42 71.00 8.48 8.81 9.29 9.81 10.33 10.90 11.52 11.95 12.21 10.27

6-Jun-12 1410.00 13.37 516.42 100.00 8.62 8.71 8.86 9.14 9.62 10.05 10.38 10.57 10.74 10.02
7-Jun-12 330.00 11.94 595.58 94.00 11.48 11.76 12.14 12.62 13.14 13.71 14.29 14.86 15.26 13.38
8-Jun-12 610.00 11.17 543.00 100.00 11.00 11.10 11.29 11.48 11.71 11.81 11.90 12.05 12.16 11.94
9-Jun-12 1740.00 11.27 532.08 87.00 12.14 12.14 12.05 11.95 11.86 11.76 11.67 11.52 11.47 11.10
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lO-Jun-12 2110.00 11.84 582.30 93.00 9.33 9.52 9.76 10.05 10.43 10.90 11.48 12.05 12.32 11.31

ll-Jun-12 2860.00 13.20 530.40 94.00 8.62 9.33 10.10 10.67 11.24 12.05 13.00 13.86 14.42 12.00

12-Jun-12 1230.00 11.65 589.83 94.00 11.60 12.00 12.40 12.85 13.45 13.90 14.43 14.90 15.16 13.21

13-Jun-12 1190.00 11.73 536.58 94.00 10.71 10.95 11.24 11.57 11.90 12.24 12.52 12.76 12.95 11.65

14-Jun-12 1060.00 11.96 585.25 94.00 10.62 10.81 11.05 11.38 11.71 12.00 12.29 12.62 12.79 11.77

15-Jun-12 940.00 12.47 535.08 94.00 11.76 11.95 12.19 12.38 12.52 12.67 12.71 12.71 12.79 11.96

16-Jun-12 1400.00 12.67 560.67 100.00 11.57 11.67 11.76 11.90 12.10 12.29 12.57 12.86 12.95 12.52

17-Jun-12 1730.00 11.12 592.00 87.00 12.29 12.48 12.71 13.00 13.24 13.48 13.62 13.76 13.95 12.65

18-Jun-12 1890.00 11.48 511.50 100.00 9.76 9.95 10.14 10.38 10.76 11.14 11.57 11.90 12.11 11.06

19-Jun-12 2380.00 12.69 583.83 94.00 8.71 9.38 10.00 10.71 11.57 12.38 13.29 14.00 14.32 11.52

20-Jun-12 2630.00 12.48 565.92 82.00 9.81 10.19 10.71 11.19 11.81 12.38 13.05 13.71 14.16 12.65

21-Jun-12 780.00 12.04 592.08 94.00 9.43 9.86 10.52 11.38 12.33 13.29 14.19 14.90 15.26 12.48

22-Jun-12 1280.00 12.65 535.33 100.00 11.57 11.48 11.43 11.52 11.57 11.71 11.90 12.10 12.11 12.06

23-Jun-12 1240.00 12.77 558.17 82.00 11.52 11.57 11.71 11.95 12.19 12.43 12.90 13.14 13.37 12.63

24-Jun-12 2130.00 13.65 595.80 94.00 11.81 12.10 12.48 12.90 13.29 13.57 13.90 14.14 14.37 12.77

25-Jun-12 2170.00 12.13 542.80 93.00 11.38 11.76 12.19 12.67 13.00 13.57 14.24 14.86 15.21 13.58

26-Jun-12 1383.00 16.48 597.92 82.00 9.57 10.00 10.57 11.29 12.00 12.71 13.52 14.05 14.42 12.21

27-Jun-12 1980.00 18.92 646.33 83.00 12.62 12.95 13.43 14.00 14.71 15.48 16.29 17.19 17.63 16.65

28-Jun-12 2390.00 16.48 692.42 88.00 17.38 17.57 17.81 18.14 18.62 19.10 19.57 20.05 20.47 18.88

29-Jun-12 1830.00 15.52 637.17 88.00 14.24 14.33 14.81 15.43 15.95 16.62 17.29 17.76 18.16 16.40

30-Jun-12 1750.00 12.90 618.67 82.00 13.81 14.00 14.24 14.52 14.90 15.24 15.67 16.19 16.53 15.54

l-Jul-12 1600.00 12.88 578.50 87.00 12.81 12.81 12.81 12.81 12.81 12.81 12.90 13.10 13.21 12.81

2-Jul-12 1130.00 15.56 528.30 94.00 11.10 11.43 11.86 12.29 12.81 13.19 13.62 14.00 14.32 13.00

3-Jul-12 710.00 14.77 651.67 100.00 14.10 14.19 14.38 14.57 14.90 15.14 15.48 15.86 16.05 15.60

4-Jul-12 2330.00 14.52 599.17 100.00 14.38 14.33 14.38 14.48 14.62 14.86 15.05 15.14 15.26 14.73
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5-Jul-12 2040.00 14.59 622.67 100.00 12.95 13.10 13.29 13.52 14.00 14.57 15.14 15.67 16.00 14.46

6-Jul-12 360.00 13.84 600.25 94.00 12.71 13.10 13.71 14.38 15.00 15.71 16.24 16.62 16.95 14.56

7-Jul-12 2440.00 15.46 629.00 100.00 11.38 11.81 12.38 13.05 13.67 14.14 14.52 14.95 15.16 13.85

8-Jul-12 470.00 12.65 598.70 88.00 13.90 14.00 14.19 14.43 14.71 15.05 15.43 15.90 16.21 15.38

9-Jul-12 990.00 12.46 523.20 94.00 12.48 12.52 12.67 12.76 12.95 13.14 13.24 13.24 13.26 12.60

lO-Jul-12 1330.00 12.37 500.83 94.00 10.52 10.62 10.71 11.00 11.33 11.76 12.33 12.90 13.11 12.46

ll-Jul-12 2080.00 12.04 538.67 88.00 10.14 10.33 10.67 11.00 11.33 11.86 12.48 12.86 13.16 12.35

12-Jul-12 2015.00 11.21 559.25 93.00 10.81 10.86 11.10 11.33 11.86 12.43 13.00 13.19 13.53 11.92

13-Jul-12 1160.00 13.14 534.17 82.00 8.62 9.10 9.62 10.29 11.00 11.67 12.33 12.95 13.37 11.29

14-Jul-12 1400.00 11.88 565.75 94.00 11.90 12.10 12.33 12.62 12.90 13.19 13.57 13.95 14.16 13.08

15-Jul-12 1850.00 12.65 584.50 82.00 10.33 10.62 10.90 11.19 11.48 11.90 12.43 12.95 13.32 11.96

16-Jul-12 1110.00 15.53 535.00 88.00 9.62 10.05 10.57 11.14 11.81 12.43 13.24 14.05 14.53 12.73

17-Jul-12 1850.00 17.37 642.50 88.00 13.62 13.81 14.05 14.33 14.62 15.00 15.38 15.86 16.16 15.44

18-Jul-12 1990.00 15.23 657.33 94.00 14.25 14.40 14.75 15.30 15.95 16.75 17.60 18.45 18.94 17.49

19-Jul-12 1480.00 12.86 573.83 100.00 14.81 14.71 14.81 15.00 15.33 15.67 16.00 16.43 16.74 15.13

20-Jul-12 1560.00 12.31 552.08 94.00 11.24 11.38 11.62 11.95 12.38 12.95 13.48 13.90 14.26 12.77

21-Jul-12 1950.00 13.27 569.08 93.00 10.81 11.05 11.33 11.67 12.14 12.67 13.14 13.67 14.05 12.23

22-Jul-12 1450.00 16.88 610.60 63.00 8.67 9.43 10.38 11.43 12.48 13.62 14.67 15.71 16.32 13.46

23-Jul-12 1740.00 19.73 574.50 88.00 14.43 14.71 15.10 15.57 16.19 16.95 17.67 18.24 18.63 17.00

24-Jul-12 Essential Maintenance

25-Jul-12 1930.00 15.08 620.92 100.00 15.95 16.00 16.10 16.29 16.38 16.48 16.67 16.86 16.95 16.19

26-Jul-12 2300.00 14.35 607.17 93.00 14.05 14.19 14.43 14.71 15.10 15.57 16.05 16.52 16.79 14.88

27-Jul-12 2040.00 14.04 611.83 88.00 9.67 10.57 11.62 12.81 14.00 15.14 16.14 17.14 17.95 14.50

28-Jul-12 1810.00 12.04 595.08 87.00 12.62 12.76 13.00 13.52 14.10 14.71 15.19 15.67 16.00 13.96

29-Jul-12 2050.00 11.90 569.10 88.00 10.19 10.62 11.00 11.48 12.05 12.67 13.24 13.62 14.00 12.06
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30-Jul-12 2130.00 12.81 502.60 94.00 10.14 10.38 10.81 11.29 11.71 12.24 12.76 13.19 13.53 11.94

31-Jul-12 780.00 13.30 581.42 88.00 9.86 10.19 10.67 11.14 11.81 12.57 13.48 14.19 14.68 12.90

l-Aug-12 1420.00 16.52 563.25 82.00 11.90 12.00 12.19 12.33 12.52 12.71 12.90 13.14 13.21 13.35

2-Aug-12 1940.00 15.36 602.92 88.00 16.14 16.43 16.76 16.95 17.14 17.43 17.43 17.48 17.63 16.42

3-Aug-12 1420.00 15.00 564.08 77.00 13.00 13.38 13.71 14.24 14.86 15.57 16.29 16.90 17.37 15.38

4-Aug-12 1250.00 15.08 588.00 94.00 14.14 14.19 14.24 14.33 14.57 14.90 15.29 15.57 15.74 14.98

5-Aug-12 700.00 13.12 593.40 100.00 14.19 14.38 14.62 14.90 15.19 15.52 15.81 16.05 16.26 15.02

6-Aug-12 1310.00 13.71 506.60 94.00 11.24 11.52 11.90 12.38 13.00 13.43 13.95 14.38 14.68 13.17

7-Aug-12 1060.00 14.90 548.75 94.00 11.90 11.95 12.00 12.14 12.38 12.71 13.19 13.76 14.05 13.69

8-Aug-12 1700.00 13.61 577.00 100.00 13.52 13.67 13.95 14.19 14.48 14.90 15.29 15.57 15.84 14.75

9-Aug-12 1550.00 15.81 602.58 100.00 10.86 11.24 11.76 12.33 13.05 13.62 14.38 15.29 15.68 13.63

lO-Aug-12 2480.00 16.30 614.83 94.00 13.19 13.62 14.24 15.00 15.67 16.29 16.86 17.48 18.00 15.81

ll-Aug-12 1750.00 16.75 630.25 94.00 13.52 14.19 14.86 15.62 16.52 17.48 18.48 19.33 19.95 16.31

12-Aug-12 850.00 15.81 620.00 94.00 14.90 15.43 16.00 16.48 16.86 17.24 17.67 18.05 18.32 16.85

13-Aug-12 1225.00 17.44 546.70 94.00 15.19 15.19 15.19 15.29 15.57 15.67 15.86 16.14 16.26 15.81

14-Aug-12 1632.00 17.24 632.50 94.00 15.10 15.24 15.62 16.14 16.71 17.19 17.81 18.33 18.68 17.46

15-Aug-12 533.00 15.94 624.08 94.00 15.52 15.81 16.19 16.57 16.86 17.33 17.76 18.24 18.58 17.15

16-Aug-12 1205.00 16.39 602.58 77.00 16.10 16.19 16.24 16.33 16.33 16.33 16.33 16.43 16.42 15.98

17-Aug-12 1196.00 17.65 618.08 100.00 15.80 16.00 16.30 16.60 17.00 17.50 17.76 17.95 18.26 16.38

18-Aug-12 1976.00 18.25 647.25 83.00 15.95 16.33 16.62 17.00 17.38 17.81 18.24 18.62 18.89 17.81

19-Aug-12 Essential Maintenance

20-Aug-12 Essential Maintenance

21-Aug-12 1614.00 15.92 621.92 88.00 14.57 15.05 15.76 16.52 17.24 17.95 18.67 19.38 19.84 17.50

22-Aug-12 1418.00 14.75 595.50 94.00 14.76 14.95 15.43 15.95 16.19 16.29 16.62 17.05 17.42 15.90

23-Aug-12 969.00 14.56 599.75 88.00 13.43 13.76 14.10 14.43 14.90 15.14 15.67 16.00 16.26 14.77
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24-Aug-12 550.00 13.62 589.67 82.00 13.19 13.43 13.71 14.00 14.29 14.62 15.00 15.43 15.68 14.58

25-Aug-12 1090.00 14.12 579.25 100.00 12.95 13.14 13.48 13.76 14.00 14.10 14.19 14.24 14.37 13.63

26-Aug-12 1658.00 13.33 600.00 94.00 13.24 13.38 13.57 13.86 14.19 14.52 14.76 15.00 15.21 13.98

27-Aug-12 590.00 15.82 524.10 90.00 9.90 10.33 10.86 11.62 12.29 12.95 13.67 14.52 15.05 13.44

28-Aug-12 1350.00 14.13 611.00 88.00 15.52 15.62 15.71 15.81 15.95 16.10 16.38 16.62 16.68 15.79

29-Aug-12 1190.00 14.62 574.00 77.00 12.00 12.19 12.48 12.81 13.19 13.67 14.24 14.81 15.21 14.21

30-Aug-12 1580.00 12.14 585.08 100.00 13.86 14.00 14.29 14.71 15.14 15.38 15.62 15.81 16.11 14.50

31-Aug-12 641.00 11.98 573.42 87.00 10.90 11.05 11.29 11.57 11.95 12.33 12.76 13.10 13.47 12.00

l-Sep-12 1690.00 15.88 586.67 88.00 9.29 9.81 10.29 10.67 11.05 11.48 11.95 12.48 12.74 12.17

2-Sep-12 1540.00 16.08 610.90 88.00 13.62 13.81 14.05 14.43 14.90 15.52 16.14 16.71 17.11 15.94

3-Sep-12 1510.00 16.82 548.70 94.00 15.43 15.43 15.48 15.52 15.67 15.86 16.19 16.57 16.74 15.98

4-Sep-12 1630.00 15.06 633.50 88.00 12.76 13.19 13.71 14.38 15.19 16.05 16.90 17.81 18.42 16.90

5-Sep-12 1600.00 12.37 586.50 87.00 15.71 15.52 15.48 15.43 15.43 15.52 15.67 15.90 16.11 14.83

6-Sep-12 1830.00 14.58 606.17 82.00 8.76 9.33 10.00 10.81 11.57 12.38 13.29 14.19 14.84 12.44

7-Sep-12 1520.00 16.22 622.42 88.00 10.76 11.19 11.81 12.57 13.38 14.19 15.14 16.19 16.89 14.69

8-Sep-12 1670.00 16.65 655.42 94.00 13.48 13.71 14.05 14.57 15.10 15.71 16.43 17.10 17.47 16.33

9-Sep-12 730.00 13.74 658.70 93.00 15.67 15.81 16.05 16.29 16.62 17.05 17.52 18.00 18.32 16.46

lO-Sep-12 470.00 12.98 576.50 88.00 9.05 9.86 10.90 11.95 13.05 14.14 15.33 16.38 17.16 13.90

ll-Sep-12 1470.00 10.13 602.17 94.00 14.76 14.67 14.48 14.24 13.90 13.62 13.38 13.29 13.21 12.90

12-Sep-12 1220.00 11.82 550.75 87.00 8.71 8.81 9.00 9.24 9.52 9.86 10.29 10.71 11.11 10.19

13-Sep-12 1130.00 12.21 589.92 87.00 10.57 10.95 11.43 11.95 12.48 13.00 13.43 13.86 14.16 11.71

14-Sep-12 1360.00 13.65 597.33 88.00 8.33 8.90 9.67 10.48 11.43 12.38 13.33 14.14 14.68 12.42

15-Sep-12 530.00 13.06 599.50 88.00 12.86 12.86 13.00 13.14 13.43 13.76 14.14 14.57 14.84 13.56

16-Sep-12 950.00 13.25 594.20 88.00 11.86 12.05 12.24 12.52 12.71 13.05 13.43 13.76 13.95 13.10

17-Sep-12 1080.00 11.25 540.50 82.00 12.76 12.95 13.24 13.52 13.86 14.19 14.38 14.67 14.89 13.23
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18-Sep-12 1460.00 9.44 571.08 93.00 9.95 10.19 10.38 10.76 11.19 11.67 12.10 12.48 12.74 11.21

19-Sep-12 1160.00 9.78 543.58 87.00 7.86 8.05 8.33 8.81 9.29 9.71 10.29 10.71 11.16 9.40

20-Sep-12 630.00 12.31 566.50 94.00 6.48 6.90 7.43 8.05 8.76 9.57 10.48 11.24 11.89 9.81

21-Sep-12 1200.00 9.38 577.83 94.00 10.86 11.10 11.43 11.86 12.19 12.57 12.90 13.14 13.37 12.35

22-Sep-12 1310.00 7.06 565.08 100.00 9.62 9.43 9.38 9.52 9.62 9.81 10.05 10.33 10.53 9.13

23-Sep-12 670.00 8.04 556.20 87.00 2.57 3.38 4.33 5.38 6.43 7.57 8.71 9.86 10.63 7.17

24-Sep-12 170.00 9.15 491.00 76.00 3.95 4.67 5.48 6.43 7.38 8.48 9.52 10.57 11.37 8.25

25-Sep-12 310.00 9.43 528.50 100.00 9.52 9.38 9.29 9.19 9.14 9.10 9.10 9.14 9.16 9.08

26-Sep-12 970.00 11.39 513.50 94.00 8.76 8.81 8.86 8.95 9.05 9.14 9.14 9.19 9.21 9.52

27-Sep-12 800.00 10.02 558.67 93.00 10.14 10.33 10.62 11.00 11.38 11.86 12.29 12.67 12.95 11.38

28-Sep-12 902.00 11.08 549.83 82.00 7.81 7.95 8.19 8.57 9.00 9.57 10.10 10.67 10.95 10.10

29-Sep-12 1050.00 10.24 565.17 87.00 10.38 10.43 10.62 10.90 11.19 11.48 11.81 12.14 12.42 10.96

30-Sep-12 570.00 13.54 563.00 77.00 7.19 7.48 7.95 8.52 9.14 9.71 10.43 11.10 11.53 10.42

l-0 cM 2 770.00 10.98 514.20 88.00 13.29 13.57 13.76 13.95 14.14 14.33 14.52 14.67 14.74 13.54

2-Oct-12 830.00 10.75 556.42 76.00 10.24 10.33 10.57 10.86 11.10 11.38 11.52 11.67 11.95 10.96

3-Oct-12 740.00 8.33 549.67 87.00 9.95 10.24 10.62 11.00 11.38 11.81 12.10 12.29 12.58 10.69

4-OcM2 780.00 8.75 538.17 93.00 7.38 7.57 7.81 8.14 8.52 8.86 9.19 9.38 9.63 8.31

5-Oct-12 640.00 9.10 550.00 87.00 6.95 7.05 7.29 7.67 8.14 8.67 9.24 9.62 9.95 8.81

6-Oct-12 1060.00 8.18 546.33 93.00 7.95 8.00 8.14 8.38 8.71 9.00 9.33 9.71 10.00 9.06

7-Oct-12 800.00 7.65 557.10 93.00 4.95 5.05 5.30 5.86 6.62 7.38 8.24 9.05 9.58 8.17

8-Oct-12 350.00 10.17 481.30 87.00 4.10 4.57 5.29 5.86 6.57 7.33 8.24 9.10 9.89 7.79

9-Oct-12 750.00 7.29 549.92 93.00 9.95 10.14 10.33 10.43 10.52 10.67 10.81 10.90 11.00 10.13

10-OcM2 200.00 9.87 534.08 93.00 4.90 5.24 5.81 6.67 7.48 8.19 8.81 9.48 10.05 7.27

ll-Oct-12 250.00 11.19 571.83 94.00 6.67 7.48 8.24 8.76 9.24 9.71 10.19 10.57 10.84 10.15

12-Oct-12 1060.00 6.90 554.75 87.00 12.29 12.24 12.24 12.19 12.14 12.05 11.95 11.76 11.74 11.04
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A p p e n d ic e s

13-Oct-12 970.00 5.94 518.83 100.00 4.71 4.81 5.19 5.71 6.33 7.00 7.71 8.33 8.84 6.85

14-Oct-12 320.00 7.12 511.70 93.00 3.57 3.62 3.95 4.48 5.05 5.67 6.43 7.10 7.53 5.88

15-OCM 2 600.00 6.98 434.00 100.00 5.48 5.57 5.81 6.14 6.52 6.95 7.33 7.71 7.95 7.10

16-OCM 2 920.00 8.14 508.92 87.00 5.48 5.48 5.48 5.62 5.95 6.29 6.62 7.00 7.21 7.04

17-Oct-12 450.00 10.33 505.83 93.00 7.19 7.10 7.10 7.19 7.48 7.81 8.24 8.71 9.00 8.13

18-OCM 2 400.00 10.52 532.92 87.00 9.29 9.48 9.52 9.67 9.71 9.90 10.19 10.52 10.74 10.33

19-Oct-12 300.00 8.92 544.42 100.00 10.00 10.19 10.48 10.76 11.10 11.38 11.57 11.76 11.95 10.40

2 0-O cM 2 580.00 10.67 537.92 100.00 7.00 7.29 7.67 8.33 9.00 9.52 9.90 10.19 10.37 9.00

21-O ct-12 610.00 8.94 561.60 93.00 9.33 9.57 9.95 10.38 10.71 11.14 11.52 11.95 12.26 10.69

2 2-O cM 2 510.00 10.23 489.70 100.00 7.38 7.62 8.14 8.81 9.29 10.05 10.67 10.95 11.37 8.90

23-O ct-12 120.00 11.79 546.50 94.00 7.62 8.05 8.57 9.19 9.86 10.48 11.14 11.71 12.05 10.40

24-O ct-12 140.00 11.72 565.00 100.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 11.77

25-O CM 2 220.00 10.92 559.42 94.00 11.29 11.38 11.43 11.52 11.62 11.71 11.81 11.90 12.00 11.73

26-O ct-12 490.00 5.90 512.17 76.00 11.29 11.19 11.14 11.14 11.19 11.19 11.19 11.19 11.21 10.83

27-O ct-12 810.00 3.94 447.00 81.00 7.43 7.29 7.14 6.95 6.71 6.57 6.38 6.19 6.21 5.73

28-O ct-12 190.00 7.46 440.00 81.00 1.05 1.24 1.52 2.05 2.62 3.24 3.90 4.52 4.95 4.04

2 9-O cM 2 360.00 6.14 417.20 93.00 7.00 7.19 7.38 7.57 7.67 7.76 7.86 7.86 7.84 7.52

3 0 -0c t-12 380.00 6.25 420.08 93.00 5.48 5.38 5.29 5.48 5.86 6.24 6.62 7.00 7.21 6.04

3 1-O cM 2 230.00 5.90 457.33 76.00 3.86 4.24 4.71 5.24 5.81 6.38 6.95 7.33 7.58 6.40

l-N ov-12 640.00 3.33 404.58 87.00 7.33 7.05 6.81 6.62 6.43 6.29 6.10 5.95 5.74 5.79

2-N0 V-I2 640.00 4.88 379.08 87.00 1.00 1.05 1.43 1.90 2.48 3.00 3.48 3.95 4.37 3.40

3-N0V-I2 710.00 4.38 405.08 87.00 4.19 4.38 4.67 4.90 5.29 5.62 5.90 6.05 6.32 4.83

4 -N0V-I2 140.00 6.75 390.40 61.00 2.62 2.86 3.19 3.57 4.10 4.67 5.14 5.48 5.84 4.48

5-N0V-I2 640.00 4.77 331.30 76.00 6.52 6.48 6.38 6.43 6.48 6.57 6.57 6.52 6.47 6.77

6-N0V-I2 460.00 7.35 397.08 93.00 3.57 3.48 3.67 4.00 4.38 4.81 5.24 5.76 6.26 4.65

375



Appendices

7-NOV-12 450.00 9.28 450.75 81.00 5.24 5.86 6.57 7.29 7.95 8.43 8.81 9.10 9.37 7.50

8-NOV-12 476.00 8.57 473.58 87.00 8.57 8.71 8.90 9.14 9.33 9.52 9.71 9.86 9.95 9.31

9-NOV-12 180.00 7.98 480.42 87.00 7.90 7.90 7.90 8.10 8.29 8.48 8.67 8.86 9.05 8.52

lO-Nov-12 330.00 4.81 477.00 87.00 8.43 8.52 8.52 8.57 8.62 8.67 8.76 8.76 8.79 7.94

ll-N ov-12 480.00 4.96 426.70 93.00 4.52 4.62 4.71 4.95 5.24 5.57 5.81 5.95 6.16 4.73

I 2-N0V-I2 230.00 10.91 337.50 87.00 2.29 2.62 3.10 3.67 4.24 4.86 5.43 5.95 6.37 5.06

I 3-N0V-I2 240.00 12.71 483.08 88.00 8.24 8.86 9.48 10.14 10.76 11.43 11.95 12.43 12.74 11.10

I 4 -N0V-I2 370.00 11.27 504.42 94.00 12.76 12.81 12.86 12.86 12.86 12.86 12.86 12.86 12.89 12.69

I 5-N0V-I2 370.00 9.64 521.08 87.00 11.76 11.76 11.71 11.81 11.90 12.00 12.00 12.00 12.11 11.23

I 6-N0V-I2 130.00 6.69 512.50 93.00 9.14 9.29 9.57 9.81 10.19 10.48 10.67 10.76 10.95 9.60

I 7-N0V-I2 480.00 5.00 481.50 100.00 5.90 5.86 5.90 6.10 6.19 6.38 6.57 6.76 6.84 6.67

lB-Nov-12 250.00 5.10 425.40 87.00 4.95 4.95 5.00 5.14 5.29 5.43 5.52 5.62 5.84 4.92

I 9-N0V-I2 210.00 11.81 410.10 82.00 2.33 2.57 2.90 3.38 3.90 4.43 4.90 5.29 5.58 5.31

2O-N0V-I2 380.00 10.44 468.67 82.00 11.81 12.00 12.19 12.33 12.48 12.57 12.67 12.71 12.79 11.79

2 I-N 0V-I2 450.00 7.90 482.50 76.00 11.19 11.43 11.52 11.90 12.05 12.10 12.00 11.81 11.79 10.35

22-N0V-I2 90.00 8.13 464.00 82.00 6.10 6.29 6.57 7.05 7.52 7.95 8.19 8.48 8.79 7.98

23-N0V-I2 440.00 5.29 410.50 81.00 10.48 10.19 9.81 9.38 8.86 8.29 7.71 7.14 6.79 8.00

24 -N0V-I2 130.00 2.57 403.42 93.00 5.24 5.29 5.38 5.67 5.95 6.19 6.33 6.43 6.58 5.19

25-N0V-I2 210.00 3.71 416.60 93.00 0.00 -0.10 -0.05 0.19 0.76 1.24 1.81 2.48 2.95 2.56

26-NOV-12 240.00 5.40 352.50 93.00 2.38 2.43 2.48 2.57 2.62 2.81 3.14 3.52 3.79 3.77

27-N0V-I2 360.00 3.73 377.50 76.00 5.00 5.00 5.10 5.24 5.43 5.62 5.71 5.81 5.89 5.40

28-NOV-12 410.00 1.73 425.67 100.00 3.76 3.81 4.00 4.24 4.62 4.95 5.10 5.10 5.21 3.60

29-N0V-I2 260.00 1.17 361.33 93.00 0.52 0.81 1.14 1.57 2.05 2.48 2.90 3.14 3.47 1.73

3O-N0V-I2 370.00 2.52 354.92 93.00 -0.24 -0.05 0.29 0.76 1.19 1.57 1.90 2.19 2.47 1.17

1-DC1.-12 300.00 2.33 370.07 ±00.00 ±.±-+ J..*40 1.33 2.32 3.03 3.-40 3.DO -+.2D •+.03 2.30
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2-Dec-12 110.00 3.80 369.20 100.00 2.00 2.24 2.57 3.00 3.29 3.57 3.62 3.52 3.63 2.27

3-Dec-12 337.00 6.00 329.00 94.00 0.76 1.00 1.29 1.71 2.14 2.62 3.05 3.33 3.53 4.04

4-Dec-12 260.00 3.42 334.92 93.00 6.71 6.24 5.95 5.86 5.67 5.52 5.52 5.52 5.58 5.75

5-D0C-12 360.00 1.31 349.50 93.00 2.33 2.38 2.48 2.67 2.95 3.24 3.57 3.86 4.05 3.50

6-Dec-12 100.00 3.31 331.42 100.00 1.10 0.86 0.86 0.95 1.10 1.24 1.38 1.52 1.74 1.23

7-Dec-12 330.00 3.79 347.50 93.00 2.10 2.43 2.76 3.05 3.43 3.76 4.10 4.38 4.42 3.38

8-Dec-12 220.00 4.00 365.50 93.00 2.81 2.95 3.33 3.81 4.29 4.67 4.86 5.05 5.26 3.73

9-Dec-12 180.00 5.12 410.80 93.00 1.00 1.33 1.71 2.14 2.62 3.14 3.81 4.48 4.95 4.17

lO-Dec-12 280.00 1.20 358.20 100.00 6.38 6.38 6.38 6.48 6.52 6.57 6.43 6.24 6.21 4.96

ll-Dec-12 250.00 0.88 344.08 87.00 -0.95 -0.86 -0.57 -0.05 0.62 1.10 1.48 1.95 2.32 1.13

12-Dec-12 70.00 4.02 345.17 87.00 -0.71 -0.62 -0.19 0.00 0.48 1.00 1.52 1.81 2.26 0.88

13-Dec-12 180.00 3.49 362.67 81.00 2.19 2.57 2.86 3.24 3.57 3.95 4.33 4.81 5.16 4.17

14-Dec-12 50.00 6.54 354.33 85.00 3.19 3.14 3.10 3.10 3.19 3.29 3.33 3.43 3.68 3.48

15-Dec-12 220.00 6.73 387.75 93.00 6.05 6.14 6.30 6.40 6.45 6.50 6.60 6.70 6.78 6.49

16-Dec-12 210.00 6.83 420.30 87.00 6.29 6.43 6.62 6.76 7.00 7.24 7.43 7.43 7.53 6.75

17-Dec-12 240.00 6.56 433.90 87.00 6.05 6.29 6.57 6.86 7.19 7.48 7.62 7.76 7.95 6.83

18-Dec-12 260.00 3.80 394.42 87.00 6.10 6.19 6.38 6.52 6.62 6.76 6.86 6.95 7.05 6.52

19-Dec-12 60.00 7.94 347.00 87.00 2.95 2.67 2.43 2.14 2.05 2.24 2.24 2.57 2.74 3.92

20-Dec-12 100.00 7.08 431.92 100.00 7.24 7.33 7.43 7.52 7.71 7.90 8.10 8.29 8.42 7.98

21-Dec-12 150.00 6.62 411.42 100.00 7.81 7.76 7.67 7.57 7.48 7.38 7.29 7.10 7.00 7.04

22-Dec-12 70.00 11.20 407.58 93.00 6.57 6.62 6.71 6.90 7.05 7.14 7.10 6.90 6.89 6.69

23-Dec-12 340.00 8.56 511.20 77.00 8.95 9.43 9.90 10.38 10.95 11.48 11.90 12.29 12.63 11.40

24-Dec-12 140.00 7.75 445.80 81.00 9.33 8.90 8.52 8.29 8.24 8.24 8.24 8.24 8.32 8.40

25-Dec-12 Closed for Christmas Day

26-D0C-12 240.00 5.61 403.92 87.00 8.14 8.19 8.29 8.38 8.48 8.52 8.43 8.24 8.26 5.58
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27-Dec-12 290.00 5.40 414.58 81.00 5.29 5.43 5.57 5.81 6.14 6.33 6.62 6.90 7.05 6.23

28-Dec-12 100.00 10.71 367.17 93.00 4.76 4.62 4.57 4.67 4.71 4.86 5.00 5.14 5.26 5.38

29-Dec-12 220.00 6.92 445.67 87.00 9.24 9.81 10.38 10.90 11.29 11.43 11.52 11.62 11.68 10.90

30-Dec-12 201.00 6.17 396.60 87.00 9.24 9.00 8.62 8.24 7.95 7.67 7.33 7.00 6.79 6.73

31-Dec-12 163.00 7.83 402.90 82.00 3.10 3.33 3.71 4.19 4.76 5.24 5.71 6.24 6.58 6.38

l-Jan-13 250.00 3.97 369.00 87.00 10.33 10.10 9.86 9.57 9.33 8.95 8.57 8.14 7.89 7.65

2-Jan-13 120.00 9.83 325.33 87.00 2.48 2.48 2.62 2.81 3.10 3.38 3.76 4.14 4.37 4.02

3-Jan-13 180.00 11.27 468.33 94.00 7.81 8.33 8.81 9.24 9.62 10.05 10.43 10.76 10.95 10.00

4-Jan-13 290.00 9.10 494.08 87.00 11.05 11.05 11.14 11.24 11.33 11.43 11.48 11.52 11.58 11.25

5-Jan-13 140.00 9.56 419.17 93.00 9.48 9.48 9.52 9.52 9.52 9.52 9.52 9.67 9.84 9.04

6-Jan-13 100.00 8.98 475.20 94.00 8.14 8.57 9.19 9.81 10.10 10.29 10.52 10.81 10.95 9.60

7-Jan-13 70.00 10.33 444.50 82.00 7.48 7.52 7.62 8.14 8.76 9.29 9.48 9.76 9.79 8.98

8-Jan-13 190.00 8.40 434.50 88.00 9.38 9.43 9.57 9.76 10.00 10.19 10.38 10.57 10.74 10.35

9-Jan-13 390.00 1.68 401.33 93.00 11.43 11.24 10.95 10.67 10.38 10.10 9.76 9.24 8.95 8.21

lO-Jan-13 120.00 3.64 382.42 100.00 0.19 0.14 0.48 1.14 1.76 2.38 3.00 3.43 3.89 1.65

ll-Jan-13 190.00 4.21 405.17 93.00 1.10 1.33 1.62 2.19 2.90 3.76 4.48 5.05 5.42 3.56

12-Jan-13 150.00 5.23 387.75 100.00 1.90 2.19 2.48 2.86 3.29 3.71 4.29 4.95 5.58 4.17

13-Jan-13 120.00 1.12 410.00 87.00 6.33 6.48 6.43 6.38 6.29 6.19 6.05 5.90 5.84 5.21

14-Jan-13 270.00 3.50 302.90 93.00 -0.67 -0.62 -0.48 -0.24 0.19 0.67 1.10 1.48 1.68 1.17

15-Jan-13 300.00 1.13 310.75 93.00 4.00 4.14 4.33 4.43 4.57 4.62 4.52 4.38 4.42 3.46

16-Jan-13 90.00 4.31 294.58 87.00 0.43 0.48 0.62 0.90 1.10 1.38 1.62 1.67 1.84 1.23

17-Jan-13 140.00 5.95 328.83 100.00 4.38 4.38 4.29 4.19 4.10 4.00 4.00 4.00 4.00 4.33

18-Jan-13 70.00 2.81 374.33 87.00 5.38 5.57 5.81 5.90 6.00 6.10 6.14 6.29 6.42 5.94

19-Jan-13 70.00 2.30 317.42 93.00 3.14 2.86 2.57 2.38 2.24 2.14 2.05 2.05 2.00 2.79

20-Jan-13 80.00 2.00 336.30 81.00 2.67 2.48 2.29 2.19 2.10 2.00 1.95 1.95 2.00 2.25
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21-Jan-13 200.00 1.03 283.90 70.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.02

22-Jan-13 250.00 -1.31 303.42 100.00 1.33 1.19 1.10 1.10 1.00 1.00 1.05 1.10 1.21 0.92

23-Jan-13 Essential Maintenance

24-Jan-13 130.00 3.47 311.67 87.00 1.14 1.33 1.62 1.90 2.29 2.62 2.76 2.86 3.05 2.06

25-Jan-13 70.00 6.35 330.58 87.00 2.14 2.33 2.43 2.62 2.86 3.19 3.48 3.71 3.89 3.54

26-Jan-13 220.00 6.89 343.33 81.00 5.33 5.52 5.71 5.95 6.24 6.48 6.76 7.05 7.26 6.52

27-Jan-13 420.00 4.90 378.70 88.00 3.57 3.62 3.90 4.33 4.81 5.43 6.00 6.52 6.84 7.06

28-Jan-13 Essential Maintenance

29-Jan-13 Essential Maintenance

30-Jan-13 Essential Maintenance

31-Jan-13 300.00 6.69 323.50 71.00 6.95 6.95 6.71 6.62 6.57 6.57 6.67 6.76 6.79 6.79

l-Feb-13 270.00 4.65 364.42 81.00 6.86 6.67 6.67 6.67 6.67 6.62 6.71 6.67 6.79 6.58

2-Feb-13 370.00 2.27 345.17 87.00 4.81 4.71 4.71 4.81 4.90 5.00 5.10 5.19 5.32 4.50

3-Feb-13 240.00 8.02 374.30 81.00 0.29 0.57 0.95 1.38 1.86 2.43 2.90 3.43 3.89 2.46

4-Feb-13 Essential Maintenance

5-Feb-13 430.00 2.77 312.08 87.00 6.86 6.57 6.38 6.29 6.29 6.29 6.29 6.33 6.37 5.54

6-Feb-13 680.00 3.12 277.50 81.00 0.29 0.29 0.43 0.86 1.33 1.86 2.43 3.05 3.37 2.85

7-Feb-13 140.00 2.25 327.00 93.00 2.95 3.00 3.10 3.29 3.52 3.81 4.10 4.29 4.53 3.04

8-Feb-13 180.00 4.98 340.25 93.00 0.67 0.95 1.29 1.67 2.10 2.67 3.24 3.52 3.79 2.44

9-Feb-13 310.00 6.55 360.25 93.00 3.81 3.90 4.00 4.19 4.43 4.71 5.05 5.43 5.63 5.02

lO-Feb-13 120.00 5.79 401.80 93.00 5.57 5.76 6.00 6.29 6.67 7.05 7.29 7.48 7.63 6.56

ll-Feb-13 Essential Maintenance

12-Feb-13 230.00 3.69 308.58 100.00 3.57 3.52 3.52 3.52 3.52 3.57 3.67 3.67 3.68 3.51

13-Feb-13 160.00 8.10 272.08 93.00 3.14 3.24 3.33 3.43 3.52 3.62 3.71 3.81 3.89 3.75

14-Feb-13 700.00 6.50 385.75 87.00 5.38 5.62 6.05 6.57 7.14 7.71 8.38 9.00 9.32 8.21
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15-Feb-13 630.00 5.52 387.33 93.00 6.05 5.95 6.05 6.29 6.48 6.67 6.95 7.14 7.37 6.31

16-Feb-13 540.00 7.65 381.08 93.00 3.71 4.00 4.33 4.71 5.19 5.71 6.29 6.81 7.21 5.50

17-Feb-13 550.00 7.08 430.00 87.00 5.52 6.19 6.90 7.52 8.24 8.76 9.19 9.52 9.89 7.83

18-Feb-13 Essential Maintenance

19-Feb-13 890.00 4.04 317.83 87.00 5.38 5.33 5.38 5.52 5.71 5.86 6.00 6.14 6.26 5.79

20-Feb-13 Essential Maintenance

21-Feb-13 310.00 2.40 361.67 75.00 2.19 2.71 3.38 4.05 4.67 5.19 5.43 5.62 5.84 4.15

22-Feb-13 270.00 1.63 339.33 65.00 2.52 2.33 2.24 2.24 2.19 2.24 2.33 2.38 2.42 2.35

23-Feb-13 190.00 1.08 318.92 70.00 1.24 1.14 1.14 1.19 1.29 1.38 1.48 1.57 1.63 1.63

24-Feb-13 300.00 1.21 342.20 87.00 1.10 1.00 0.90 0.90 0.95 1.05 1.14 1.19 1.21 1.08

25-Feb-13 970.00 2.06 290.10 93.00 0.10 0.19 0.38 0.48 0.62 1.10 1.67 2.14 2.47 1.23

26-Feb-13 390.00 3.88 301.83 93.00 -0.43 -0.05 0.52 1.10 1.76 2.43 2.95 3.67 4.37 2.06

27-Feb-13 Essential Maintenance

28-Feb-13 310.00 3.48 348.25 93.00 4.57 4.62 4.71 4.81 4.90 5.05 5.24 5.33 5.47 4.33

l-Mar-13 740.00 4.62 360.50 100.00 2.19 2.38 2.67 2.90 3.19 3.57 4.00 4.48 4.74 3.58

2-Mar-13 660.00 1.98 416.75 93.00 5.14 5.48 5.76 6.05 6.38 6.62 6.81 6.90 7.11 4.60

3-Mar-13 670.00 4.80 422.20 87.00 -1.95 -1.38 -0.57 0.38 1.29 2.14 3.05 3.86 4.58 2.17

4-Mar-13 760.00 4.33 368.80 76.00 4.10 4.29 4.52 4.81 5.19 5.52 5.81 6.05 6.32 4.83

5-Mar-13 950.00 3.33 311.00 93.00 4.67 4.71 5.00 5.29 5.52 5.62 5.67 5.67 5.74 4.15

6-Mar-13 Essential Maintenance

7-Mar-13 100.00 7.02 374.08 93.00 5.76 6.05 6.33 6.62 6.90 7.10 7.19 7.29 7.42 6.58

8-Mar-13 189.00 7.73 443.58 93.00 7.00 7.00 7.05 7.05 7.05 7.05 7.05 7.05 7.05 7.02

9-Mar-13 150.00 5.57 435.75 100.00 7.33 7.43 7.57 7.67 7.76 7.90 8.05 8.10 8.16 7.73

lO-Mar-13 410.00 3.13 434.80 87.00 6.48 6.38 6.29 6.19 6.10 6.05 5.90 5.76 5.74 5.50

ll-M ar-13 900.00 -0.07 343.10 52.00 3.67 3.67 3.62 3.67 3.76 3.76 3.76 3.67 3.63 3.04
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12-Mar-13 Essential Maintenance

13-Mar-13 1000.00 1.85 270.25 93.00 -0.33 -0.05 0.33 0.67 1.00 1.29 1.57 1.95 2.37 1.10

14-Mar-13 870.00 2.92 338.17 86.00 -0.10 0.48 1.05 1.67 2.38 3.05 3.71 4.33 4.95 1.85

15-Mar-13 1010.00 5.63 393.25 81.00 -0.86 -0.24 0.48 1.29 2.24 3.14 3.95 4.67 5.26 3.08

16-Mar-13 1010.00 1.90 375.25 93.00 5.62 5.90 6.14 6.43 6.52 6.71 6.90 6.90 7.11 5.50

17-Mar-13 350.00 1.84 413.40 93.00 -1.00 -0.33 0.38 1.24 2.10 2.95 3.76 4.62 5.37 1.94

18-Mar-13 580.00 3.35 333.30 100.00 0.63 0.68 0.84 1.26 1.74 2.21 2.38 2.67 2.84 1.83

19-Mar-13 400.00 1.65 339.92 81.00 2.43 2.81 3.19 3.57 3.95 4.33 4.67 4.71 4.89 3.44

20-Mar-13 751.00 2.76 287.00 100.00 1.19 1.14 1.10 1.10 1.24 1.43 1.62 1.86 2.05 1.60

21-Mar-13 500.00 4.21 362.92 93.00 0.67 0.90 1.29 1.71 2.14 2.67 3.14 3.71 4.11 2.85

22-Mar-13 80.00 4.27 403.67 93.00 4.10 4.19 4.29 4.38 4.38 4.33 4.33 4.33 4.37 4.19

23-Mar-13 150.00 2.77 375.25 93.00 4.57 4.67 4.67 4.67 4.67 4.71 4.62 4.52 4.47 4.25

24-Mar-13 170.00 1.42 379.20 87.00 2.95 2.95 2.95 2.95 3.00 3.00 3.00 3.00 3.00 2.73

25-IV!ar-13 790.00 2.23 353.60 75.00 1.29 1.19 1.10 1.00 1.00 1.05 1.14 1.24 1.26 1.40

26-IViar-13 600.00 1.12 376.17 65.00 1.52 1.76 1.95 2.19 2.43 2.62 2.76 2.86 2.95 2.25

27-Mar-13 690.00 0.91 286.75 81.00 1.00 0.90 0.76 0.76 0.86 1.00 1.10 1.29 1.32 1.10

28-Mar-13 770.00 1.48 325.92 100.00 0.19 0.33 0.48 0.67 0.86 1.00 1.14 1.38 1.53 0.96

29-Mar-13 Essential Maintenance

30-Mar-13 1060.00 3.12 354.50 60.00 1.43 1.43 1.48 1.57 1.71 2.00 2.19 2.38 2.53 2.27

31-Mar-13 1200.00 3.70 456.30 56.00 2.14 2.38 2.67 2.95 3.19 3.52 3.81 4.10 4.37 3.17

l-Apr-13 450.00 3.00 422.00 70.00 3.53 3.58 3.62 3.71 3.76 3.76 3.76 3.81 3.89 3.67

2-Apr-13 Essential Maintenance

3-Apr-13 1940.00 2.60 301.00 70.00 1.71 1.90 2.29 2.57 2.86 3.24 3.71 4.10 4.53 3.33

4-Apr-13 1880.00 1.53 336.25 87.00 1.67 1.95 2.24 2.67 3.19 3.86 4.48 5.05 5.47 3.40

5-Apr-13 1090.00 2.10 432.75 93.00 0.33 0.81 1.43 2.05 2.62 3.33 4.00 4.90 5.63 2.94
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6-Apr-13 1870.00 -0.37 439.92 86.00 1.48 1.86 2.33 2.86 3.29 3.71 4.10 4.48 4.68 2.98

7-Apr-13 1210.00 2.66 485.50 75.00 -2.24 -1.57 -0.67 0.29 1.38 2.52 3.62 4.81 5.74 2.48

8-Apr-13 1180.00 4.20 448.80 76.00 1.52 1.86 2.29 2.95 3.81 4.52 4.95 5.33 5.68 3.88

9-Apr-13 680.00 3.43 392.83 76.00 3.71 3.71 3.81 4.10 4.57 4.95 5.38 5.76 5.89 5.10

lO-Apr-13 670.00 4.37 310.17 87.00 3.19 3.10 3.10 3.14 3.29 3.48 3.81 4.24 4.37 4.10

ll-Apr-13 390.00 5.57 385.67 93.00 3.67 4.00 4.38 4.71 5.14 5.57 6.05 6.57 6.79 5.40

12-Apr-13 1170.00 6.07 467.67 100.00 5.38 5.57 5.67 5.81 6.00 6.24 6.38 6.48 6.53 6.23

13-Apr-13 700.00 5.03 476.08 87.00 5.29 5.52 5.81 6.19 6.52 6.95 7.38 7.90 8.21 6.98

14-Apr-13 1080.00 11.73 497.20 82.00 4.38 4.81 5.24 5.57 6.10 6.43 6.71 7.05 7.26 7.17

15-Apr-13 1540.00 11.17 497.70 76.00 11.43 11.29 11.24 11.29 11.38 11.57 11.76 12.05 12.21 11.96

16-Apr-13 Essential Maintenance

17-Apr-13 Essential Maintenance

18-Apr-13 Essential Maintenance

19-Apr-13 1610.00 6.03 483.92 87.00 7.71 7.76 7.90 8.14 8.52 8.76 9.05 9.38 9.63 8.23

20-Apr-13 1490.00 7.03 494.83 93.00 4.86 5.19 5.67 6.24 6.95 7.76 8.67 9.43 10.00 7.46

21-Apr-13 1560.00 8.85 555.40 76.00 5.57 6.38 6.95 7.57 8.24 8.90 9.67 10.57 11.32 8.79

22-Apr-13 1140.00 8.30 491.40 76.00 7.71 7.81 8.00 8.24 8.57 8.71 8.90 9.19 9.32 8.79

23-Apr-13 1600.00 9.66 523.83 87.00 7.43 7.76 8.24 8.71 9.29 9.95 10.76 11.43 11.84 10.17

24-Apr-13 600.00 12.77 458.83 77.00 9.05 9.38 9.76 10.24 10.76 11.38 11.95 12.62 13.00 11.94

25-Apr-13 1490.00 7.24 570.67 93.00 12.81 12.86 12.71 12.52 12.48 12.38 12.29 12.19 12.21 11.06

26-Apr-13 1860.00 4.73 566.25 87.00 6.71 6.81 6.95 7.24 7.62 8.10 8.57 8.95 9.16 7.94

27-Apr-13 2160.00 5.43 505.25 70.00 3.62 3.86 4.29 4.81 5.29 5.81 6.38 7.05 7.53 5.96

28-Apr-13 1370.00 7.63 531.50 71.00 4.43 4.71 5.29 5.76 6.29 6.90 7.48 8.10 8.58 6.77

29-Apr-13 2190.00 6.00 490.80 81.00 7.00 7.19 7.48 7.81 8.14 8.57 9.05 9.29 9.63 7.88

30-Apr-13 1770.00 4.83 528.25 87.00 4.86 5.24 5.76 6.43 7.10 7.81 8.62 9.33 9.84 7.35
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l-May-13 1660.00 8.03 539.58 66.00 3.29 3.86 4.52 5.29 6.05 6.86 7.76 8.57 9.21 6.85

2-May-13 1620.00 6.47 571.00 93.00 7.00 7.24 7.62 8.05 8.71 9.52 10.33 11.10 11.53 9.13
3-May-13 1000.00 11.03 587.67 71.00 4.38 5.24 6.29 7.57 8.95 10.29 11.38 12.14 12.74 9.52

4-May-13 Essential Maintenance

5-!Vlay-13 1590.00 13.03 557.50 88.00 7.95 8.05 8.29 8.57 9.00 9.57 10.29 10.95 11.26 10.71

6-iVlay-13 1700.00 11.83 540.80 76.00 12.29 12.62 13.05 13.43 13.71 14.10 14.57 15.00 15.26 13.46

7-May-13 2230.00 9.53 580.75 93.00 10.81 11.10 11.48 11.90 12.52 13.10 13.62 14.14 14.47 12.46

8-May-13 1130.00 11.24 583.75 88.00 8.00 8.67 9.19 9.95 10.90 11.81 12.71 13.67 14.16 11.35

9-May-13 1070.00 8.87 569.67 71.00 10.60 10.70 10.75 10.95 11.14 11.52 12.10 12.19 12.42 11.00

lO-May-13 1890.00 9.45 541.92 82.00 8.24 8.38 8.67 9.05 9.29 9.48 9.67 9.71 9.84 9.10

ll-M ay-13 1990.00 7.69 564.17 81.00 8.52 8.81 9.29 9.86 10.33 10.86 11.19 11.48 11.84 9.83

12-iVlay-13 970.00 7.70 518.30 81.00 7.14 7.43 7.67 8.05 8.29 8.52 8.71 8.95 9.05 8.15

13-May-13 2140.00 6.70 517.40 76.00 6.67 7.05 7.62 8.29 8.95 9.62 10.29 10.86 11.21 9.29

14-May-13 2239.00 6.40 497.50 81.00 6.33 6.48 6.71 6.90 7.10 7.33 7.62 8.05 8.26 7.35

15-May-13 1890.00 7.07 535.33 87.00 5.33 5.62 6.10 6.67 7.24 8.00 8.81 9.62 10.11 8.04

16-May-13 1670.00 5.50 527.58 87.00 6.19 6.43 6.76 7.29 7.76 8.43 8.81 9.14 9.47 7.33

17-May-13 2057.00 4.87 516.00 100.00 4.52 4.90 5.38 5.90 6.48 6.95 7.52 8.00 8.32 6.35

18-IVIay-13 782.00 8.43 540.00 76.00 3.19 3.95 4.90 5.95 6.95 8.05 9.05 9.95 10.42 7.67

19-May-13 2480.00 10.40 524.60 100.00 7.86 8.24 8.48 8.67 8.90 9.14 9.33 9.52 9.79 8.98

20-May-13 870.00 11.93 529.40 77.00 9.43 9.71 10.19 10.71 11.29 11.86 12.43 13.00 13.37 11.92

21-May-13 Essential Maintenance

22-May-13 1700.00 9.67 534.67 88.00 8.71 8.95 9.33 9.86 10.43 11.14 11.95 12.76 13.26 11.83

23-May-13 1490.00 6.73 561.58 71.00 9.38 9.29 9.38 9.57 9.90 10.33 10.71 11.05 11.21 10.13

24-May-13 2270.00 8.54 517.58 61.00 5.90 6.19 6.48 6.81 7.19 7.71 8.24 8.76 9.05 7.46

25-May-13 2750.00 9.75 553.75 87.00 6.38 6.71 7.14 7.62 8.24 8.90 9.67 10.38 10.79 8.44
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26-May-13 2410.00 12.58 573.00 82.00 5.29 6.24 7.29 8.33 9.38 10.52 11.71 12.57 13.00 9.94

27-May-13 1370.00 10.60 544.10 71.00 10.62 10.81 11.24 11.71 12.38 13.05 13.67 14.24 14.68 12.60

28-May-13 2210.00 9.75 535.08 76.00 10.10 9.90 9.81 9.86 10.05 10.14 10.43 10.67 10.74 10.48

29-May-13 2710.00 13.06 554.67 87.00 7.57 7.86 8.29 8.76 9.38 10.00 10.71 11.33 11.63 9.79

30-May-13 2660.00 13.88 598.58 67.00 9.62 10.00 10.48 11.00 11.62 12.38 13.24 14.05 14.47 13.15

31-May-13 1356.00 11.29 631.33 82.00 10.86 11.33 12.00 12.81 13.71 14.67 15.62 16.52 17.16 13.85

l-Jun-13 1600.00 10.40 591.42 81.00 9.33 9.76 10.38 11.14 11.76 12.38 13.00 13.48 13.79 11.21

2-Jun-13 1650.00 12.15 567.00 81.00 7.76 8.29 9.05 9.86 10.48 11.05 11.67 12.24 12.63 10.33

3-Jun-13 2300.00 14.52 544.60 77.00 9.29 10.05 10.67 11.24 11.81 12.33 12.90 13.48 13.79 12.38

4-Jun-13 2950.00 12.79 597.08 87.00 12.81 13.24 13.71 14.24 14.67 15.24 15.81 16.33 16.68 14.38

5-Jun-13 2970.00 12.54 614.33 87.00 8.90 9.76 10.76 11.86 13.00 14.24 15.52 16.48 17.00 12.75

6-Jun-13 2880.00 12.50 615.58 87.00 8.95 9.95 11.00 12.14 13.29 14.33 15.29 16.10 16.53 12.56

7-Jun-13 2920.00 14.23 614.08 82.00 9.38 10.05 10.62 11.33 12.29 13.29 14.29 15.05 15.42 12.56

8-JUP-13 3040.00 13.27 630.25 82.00 10.43 11.05 12.14 13.10 14.19 15.29 16.33 17.19 17.68 14.27

9-Jun-13 3020.00 13.50 613.20 93.00 10.00 10.62 11.57 12.67 13.86 15.00 16.05 16.90 17.42 13.17

lO-Jun-13 2560.00 12.58 592.80 76.00 9.57 10.67 11.81 13.00 14.29 15.52 16.62 17.52 18.11 13.52

ll-Jun-13 1000.00 13.06 592.83 88.00 9.33 10.14 11.10 12.00 13.10 14.19 15.19 15.95 16.32 12.65

12-Jun-13 1337.00 12.77 605.42 94.00 10.86 10.90 11.24 11.67 12.19 12.71 13.43 14.05 14.42 13.06

13-Jun-13 1790.00 12.15 590.17 94.00 12.14 12.33 12.62 13.00 13.29 13.38 13.62 13.86 14.00 12.75

14-Jun-13 900.00 11.81 585.83 87.00 10.90 10.95 11.14 11.33 11.62 12.00 12.38 12.76 13.16 12.06

15-Jun-13 2570.00 11.98 587.25 93.00 10.76 11.33 12.00 12.62 13.19 13.67 13.95 14.10 14.32 11.83

16-Jun-13 1620.00 12.15 579.30 94.00 8.76 9.14 9.62 10.24 10.95 11.76 12.62 13.52 14.05 12.04

17-Jun-13 1300.00 12.49 545.50 100.00 10.81 11.05 11.38 11.67 12.19 12.71 13.29 13.71 14.00 12.17

18-Jun-13 2450.00 13.98 573.58 88.00 11.05 11.14 11.24 11.48 11.76 12.14 12.43 12.81 13.00 12.50

19-Jun-13 2770.00 14.44 627.25 88.00 9.48 10.05 10.90 11.86 13.05 14.29 15.57 16.48 17.16 14.04
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20-Jun-13 2370.00 14.21 633.00 87.00 11.71 11.95 12.38 12.90 13.52 14.19 15.00 15.86 16.47 14.40

21-Jun-13 1670.00 15.02 629.50 82.00 10.90 11.71 12.57 13.48 14.29 15.05 15.86 16.57 17.11 14.38

22-Jun-13 2010.00 13.17 619.33 88.00 14.24 14.19 14.24 14.38 14.71 15.10 15.48 15.76 15.95 14.96

23-Jun-13 1190.00 12.14 583.60 88.00 12.33 12.43 12.57 12.81 13.05 13.29 13.57 13.76 14.00 13.15

24-Jun-13 1850.00 12.27 532.30 82.00 11.86 12.00 12.14 12.24 12.29 12.29 12.43 12.67 12.79 12.13

25-Jun-13 1530.00 14.37 577.17 87.00 9.67 10.14 10.57 11.24 11.81 12.48 13.24 13.90 14.37 12.23

26-Jun-13 2270.00 14.31 605.08 88.00 11.52 12.05 12.57 13.10 13.67 14.19 14.86 15.62 16.00 14.46

27-Jun-13 740.00 13.29 625.00 88.00 12.19 12.43 12.71 13.10 13.62 14.24 14.90 15.52 15.95 14.29

28-Jun-13 1340.00 15.14 641.33 100.00 10.24 10.38 10.81 11.33 11.90 12.57 13.19 13.86 14.16 13.40

29-Jun-13 1480.00 14.73 631.00 88.00 14.33 14.52 14.71 14.81 14.86 15.10 15.33 15.67 15.95 15.00

30-Jun-13 1600.00 14.92 629.10 82.00 11.33 11.52 11.81 12.19 12.76 13.52 14.38 15.29 15.63 14.81

l-Jul-13 1800.00 13.40 585.20 72.00 14.43 14.52 14.62 14.90 15.19 15.48 15.71 15.95 16.16 14.83

2-Jul-13 620.00 13.79 584.67 77.00 11.10 11.24 11.57 12.05 12.57 13.10 13.62 14.19 14.53 13.40

3-Jul-13 1490.00 15.10 602.08 88.00 12.71 12.81 12.76 12.71 12.86 13.00 13.33 13.67 13.74 13.81

4-Jul-13 2000.00 16.06 624.58 83.00 12.38 12.52 12.76 13.10 13.52 14.05 14.62 15.24 15.58 15.25

5-Jul-13 2490.00 15.10 631.83 77.00 16.38 16.29 16.19 16.24 16.38 16.57 16.67 16.81 16.84 15.90

6-Jul-13 2630.00 16.80 656.42 59.00 11.52 11.81 12.29 12.95 13.76 14.62 15.48 16.24 16.68 15.15

7-Jul-13 1620.00 17.65 660.50 88.00 12.90 13.29 13.81 14.48 15.29 16.19 17.19 18.14 18.63 16.56

8-Jul-13 2820.00 17.50 641.40 94.00 16.48 16.48 16.48 16.52 16.67 17.05 17.48 18.05 18.32 17.54

9-Jul-13 2810.00 19.15 675.92 88.00 13.67 14.48 15.38 16.43 17.57 18.71 19.67 20.52 21.05 17.52

lO-Jul-13 Essential Maintenance

ll-Jul-13 2790.00 17.04 696.00 94.00 13.57 14.14 14.90 15.62 16.43 17.43 18.43 19.24 19.63 16.81

12-Jul-13 2732.00 18.93 702.92 94.00 13.90 14.57 15.48 16.52 17.57 18.71 19.57 20.29 20.84 17.13

13-Jul-13 Essential Maintenance

14-Jul-13 2070.00 17.72 763.80 94.00 17.38 17.81 18.14 18.52 19.00 19.57 20.24 20.86 21.37 18.35
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15-Jul-13 1300.00 16.24 650.30 94.00 13.86 14.29 14.90 15.71 16.81 17.90 18.86 19.86 20.42 17.79

16-Jul-13 1690.00 17.97 668.58 72.00 14.48 14.62 14.76 15.14 15.48 15.90 16.38 16.86 17.16 16.29

17-Jul-13 2020.00 19.30 673.83 77.00 15.29 15.57 16.05 16.62 17.24 17.95 18.48 19.10 19.42 18.02

18-Jul-13 2760.00 18.98 705.25 77.00 17.10 17.38 17.86 18.33 18.95 19.62 20.19 20.76 21.16 19.29

19-Jul-13 Essential Maintenance

20-Jul-13 Essential Maintenance

21-Jul-13 1380.00 16.25 697.60 94.00 16.43 16.86 17.48 18.24 19.14 19.95 20.71 21.29 21.79 18.63

22-Jul-13 2210.00 18.13 622.90 94.00 14.71 15.00 15.43 15.95 16.33 16.71 17.19 17.67 17.79 16.31

23-Jul-13 1500.00 19.00 699.17 88.00 15.52 16.05 16.71 17.43 18.14 18.76 19.33 19.76 20.16 18.21

24-Jul-13 1300.00 17.92 687.67 82.00 17.71 17.90 18.05 18.33 18.71 19.24 19.76 20.24 20.58 18.96

25-Jul-13 1740.00 17.10 685.00 94.00 16.52 16.71 16.90 17.14 17.76 18.19 18.71 19.24 19.47 17.88

26-Jul-13 1680.00 16.67 689.00 94.00 15.95 16.14 16.38 16.71 16.90 17.24 17.71 18.19 18.42 17.08

27-Jul-13 1910.00 15.27 683.58 88.00 15.38 15.86 16.14 16.38 16.90 17.48 17.95 18.38 18.74 16.71

28-Jul-13 1400.00 15.65 652.30 100.00 13.05 13.52 14.00 14.67 15.43 16.24 17.05 17.86 18.37 15.15

29-Jul-13 1660.00 16.71 611.70 100.00 13.33 14.10 15.00 15.86 16.52 17.05 17.48 17.76 18.11 15.65

30-Jul-13 2060.00 16.10 645.50 77.00 15.29 15.81 16.24 16.67 17.00 17.24 17.67 17.86 18.16 16.75

31-Jul-13 859.00 15.62 644.58 77.00 13.48 13.81 14.29 14.90 15.62 16.29 17.00 17.81 18.26 16.15
Figure V-1 T1 E ectrical energy usage data with the Met Eireann average daily temperature and all calculated 
regression analysis

agged temperature indices used in the 2012 -  2013 T1
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Appendix W - Single and multiple regression models energy forecast 

results and actuals for T1 in August 2013

[a) Single Linear Regression m odel data

T1 SLR Energy Forecast - August 2013

Date Aug
0 Hr Lag 

Aug
T1 Aug 
Avg E

Forecast
Energy CLIMITI CLIMIT2 PLIMITl PLIMIT2

01/08/2013 14.7 7,333.0 6,928.2 6,873.5 6,982.9 6,022.2 7,834.2

02/08/2013 19.5 8,484.0 8,075.4 7,989.2 8,161.5 7,167.0 8,983.8

03/08/2013 18.9 8,047.0 7,949.3 7,867.1 8,031.5 7,041.3 8,857.4

04/08/2013 16.8 6,222.0 6,193.7 6,137.8 6,249.6 5,438.0 6,949.4

05/08/2013 17.5 6,085.0 6,330.3 6,270.5 6,390.0 5,574.3 7,086.2
06/08/2013 16.3 7,223.0 7,319.0 7,254.9 7,383.0 6,412.4 8,225.6
07/08/2013 16.5 7,390.0 7,369.4 7,304.0 7,434.8 6,462.7 8,276.1
08/08/2013 18.5 7,399.0 7,835.8 7,757.1 7,914.6 6,928.1 8,743.6
09/08/2013 19.6 8,065.0 8,100.6 8,013.6 8,187.5 7,192.1 9,009.1
10/08/2013 15.8 7,409.0 7,192.9 7,132.1 7,253.8 6,286.6 8,099.3
11/08/2013 17.6 6,343.0 6,351.3 6,290.9 6,411.6 5,595.3 7,107.3
12/08/2013 16.5 5,763.0 6,130.7 6,076.4 6,184.9 5,375.1 6,886.2
13/08/2013 14.8 7,186.0 6,966.0 6,910.5 7,021.5 6,060.0 7,872.0
14/08/2013 16.4 7,251.0 7,331.6 7,267.2 7,396.0 6,425.0 8,238.2
15/08/2013 19.5 7,947.0 8,075.4 7,989.2 8,161.5 7,167.0 8,983.8
16/08/2013 19.1 8,394.0 7,987.1 7,903.7 8,070.5 7,079.0 8,895.3
17/08/2013 17.2 7,705.0 7,520.7 7,451.1 7,590.2 6,613.7 8,427.7
18/08/2013 18.5 6,690.0 6,529.9 6,464.2 6,595.5 5,773.4 7,286.3
19/08/2013 15.7 5,769.0 5,983.6 5,933.2 6,034.0 5,228.3 6,738.9
20/08/2013 16.8 7,409.0 7,445.0 7,377.6 7,512.5 6,538.2 8,351.9
21/08/2013 18.3 7,583.0 7,785.4 7,708.2 7,862.7 6,877.8 8,693.0
22/08/2013 19.3 7,486.0 8,037.5 7,952.6 8,122.5 7,129.2 8,945.8
23/08/2013 16.9 7,772.0 7,470.3 7,402.1 7,538.4 6,563.4 8,377.1
24/08/2013 15.8 7,737.0 7,205.5 7,144.4 7,266.7 6,299.1 8,111.9
25/08/2013 14.3 5,649.0 5,699.9 5,655.8 5,744.0 4,945.1 6,454.8
26/08/2013 17.0 5,658.0 6,235.7 6,178.6 6,292.8 5,480.0 6,991.5
27/08/2013 16.4 7,084.0 7,331.6 7,267.2 7,396.0 6,425.0 8,238.2
28/08/2013 17.1 6,828.0 7,495.5 7,426.6 7,564.3 6,588.5 8,402.4
29/08/2013 15.5 7,012.0 7,117.3 7,058.3 7,176.3 6,211.0 8,023.5
30/08/2013 18.9 7,544.0 7,949.3 7,867.1 8,031.5 7,041.3 8,857.4
31/08/2013 18.4 7,350.0 7,810.6 7,732.6 7,888.6 6,903.0 8,718.3

Figure W-1 Single linear regression model energy forecast results and actuals for T1 in August 2013
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(b) Multiple Linear Regression model

T1 MLR Energy Forecast - August 2013

Date Aug

0 Hr 
Lag 
Aug

T1 Aug 
Solar 
Index

T1 Aug 
Avg E

Forecast
Energy

CLIMIT
1

CLIMIT
2

PLIMIT
1

PLIMIT
2

01/08/2013 14.7 1310 7,333.0 6,904.7 6,850.3 6,959.2 6,019.0 7,790.4
02/08/2013 19.5 2000 8,484.0 8,085.8 8,001.4 8,170.1 7,197.7 8,973.8
03/08/2013 18.9 1910 8,047.0 7,953.7 7,873.3 8,034.1 7,066.0 8,841.4
04/08/2013 16.8 1580 6,222.0 6,182.1 6,127.1 6,237.0 5,443.3 6,920.8
05/08/2013 17.5 1730 6,085.0 6,329.6 6,271.2 6,388.0 5,590.6 7,068.6
06/08/2013 16.3 1260 7,223.0 7,260.8 7,193.2 7,328.5 6,374.2 8,147.5
07/08/2013 16.5 1880 7,390.0 7,408.4 7,342.2 7,474.6 6,521.9 8,294.9
08/08/2013 18.5 1440 7,399.0 7,771.7 7,689.7 7,853.8 6,883.9 8,659.6
09/08/2013 19.6 1130 8,065.0 7,968.2 7,865.1 8,071.3 7,078.2 8,858.2
10/08/2013 15.8 1490 7,409.0 7,180.7 7,120.9 7,240.4 6,294.6 8,066.7
11/08/2013 17.6 1770 6,343.0 6,354.6 6,295.6 6,413.6 5,615.5 7,093.7
12/08/2013 16.5 1760 5,763.0 6,147.6 6,094.1 6,201.2 5,409.0 6,886.3
13/08/2013 14.8 1270 7,186.0 6,933.5 6,877.4 6,989.6 6,047.7 7,819.3
14/08/2013 16.4 1180 7,251.0 7,259.6 7,189.1 7,330.1 6,372.8 8,146.5
15/08/2013 19.5 790 7,947.0 7,889.6 7,772.1 8,007.1 6,997.8 8,781.4
16/08/2013 19.1 1510 8,394.0 7,924.1 7,837.9 8,010.2 7,035.9 8,812.3
17/08/2013 17.2 1050 7,705.0 7,414.8 7,332.3 7,497.3 6,526.9 8,302.7
18/08/2013 18.5 1840 6,690.0 6,530.5 6,466.3 6,594.7 5,791.0 7,270.0
19/08/2013 15.7 1700 5,769.0 6,002.5 5,952.5 6,052.5 5,264.1 6,740.8
20/08/2013 16.8 1280 7,409.0 7,381.6 7,309.9 7,453.2 6,494.6 8,268.5
21/08/2013 18.3 1540 7,583.0 7,741.0 7,662.9 7,819.0 6,853.5 8,628.4
22/08/2013 19.3 1700 7,486.0 8,001.9 7,917.3 8,086.4 7,113.8 8,890.0
23/08/2013 16.9 590 7,772.0 7,293.2 7,190.6 7,395.8 6,403.2 8,183.2
24/08/2013 15.8 1021 7,737.0 7,116.4 7,044.8 7,187.9 6,229.4 8,003.3
25/08/2013 14.3 1120 5,649.0 5,659.7 5,613.1 5,706.3 4,921.6 6,397.9
26/08/2013 17.0 1070 5,658.0 6,152.3 6,085.5 6,219.1 5,412.6 6,892.0
27/08/2013 16.4 700 7,084.0 7,181.8 7,090.6 7,273.0 6,293.1 8,070.5
28/08/2013 17.1 1370 6,828.0 7,443.2 7,372.0 7,514.3 6,556.3 8,330.1
29/08/2013 15.5 1660 7,012.0 7,137.7 7,079.4 7,196.1 6,251.8 8,023.7
30/08/2013 18.9 1230 7,544.0 7,843.4 7,750.5 7,936.4 6,954.5 8,732.3
31/08/2013 18.4 1470 7,350.0 7,753.1 7,672.7 7,833.5 6,865.4 8,640.8

Figure W-2 Multiple linear regression model energy forecast results anc 
2013

actuals for T1 in August
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Appendix X - T2 Construction and landlord plant images and BMS mimic 

images

•'rwUJody'

The T2 building viewed from the roof of the adjacent but separate T1 building looking at the 
northwest facade with shading evident

T2 southwest fafade with external solar shading visible and the use of internal shading evident in the 
occupied office space
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T2 Office air handling unit with heating batteries (LPHW fed) and cooling battery (CHW fed)

: Lag DCHltr Flow 
' -  ̂ Tempeiature

Enable LPHW 
System 5D0*C50 OX 120 0m b »

Ret |0 ^

0  7# rc

[T S*rt

a  *9rc

T2 BMS Boilers and LPHW mimic with schedules and set-point settings at the top (extracted from T2 
BMS screens)

Chuled B eam s Ccl 
OlffeierMial P ie s t ix e

i AMU. FCU» Cct. 
OifFerential P ressure

Enable Ch W aier 
System

Note: System  is 
enaU edvta 
CondeftMT I x te  
SchedultorC lM ief 
Time Schedule

T2 BMS chillers and CHW Mimic -  schedule and set-points at the top of the screen (extracted from T2 
BMS screens)
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I CC W P7(4)2A /B 
Inverter Mtn Speed! C ondenser W ater 

Return Tem perature

♦  C o rrart« r»cl
♦  Run
♦  Tup________

R e l  I  0  0 ^ 26 (TC

T2 BMS Condenser water pumpsets and evaporative coolers [2 No.) (extracted from T2 BMS 
screens)

• S p K e  E itrac t 
Hurradity 

High LinM

i Supply 
1 Tem perature

12 1«C 
84 8%

Build ing  4 Office*

26 I X

T2 BMS Office air handling unit showing LPHW heat battery, CHW cooling battery and heat recovery 
wheel (extracted from T2 BMS screens)
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Landlord Main Sw itchboard LMSB kWh M eter
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T2 BMS Landlord’s electricity metering (extracted from T2 BMS screens]
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S e p l e n i b e r  

O c t o b e r  

N o v e m b e r  

O e c e n t b e r

I I 11349

T2 BMS Gas metering (extracted from T2 BMS screens]
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Appendix Y - Natural Thermal Lag plots for the T2 test building September 2012, to August 18* 2013
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T2 NTL - Sep 23 2012
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12 NTL - Oct 14 2012
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T2 NTL - Dec 15 2012
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T2 NTL - Feb 2 2013
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T2 NTL - Mar 10 2013
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T2 NTL - Apr 7 2013
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T2 NTL - May 5 2013
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T2 NTL - May 26 2013
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T2 NTL-Jun23 2013

Sum
of

Squares

1200

1000

800

600

400

200

1 4 7 1013  1619  22 25 28 31

T2 NTL-Jun29 2013

Sum
of

Squares

3000

2500

2000

1500

1000

500

0
1 4 7 1013  1619  22 25 28 31

12 NTL-Jun30 2013

Sum
of

1000

800

600

400

200

0
1 4 7 1 0 131619  22 25 28 31

T2NTL-Jul6  2013 T2 NTL-Jul7 2013 12 NTL-Jul 13 2013

of

2500

2000

1500

1000

500

1 4 7 1013 1619 22 25 28 31

Sum
of

Squares

1200

1000

800

600

400

200

0
1 4 7 1013  1619 22 25 28 31

Sum
of

Squares

1400

1200

1000

800

600

400

200

0
1 4 7 1 0 131619  22 25 28 31

403



Appendices

T2 NTL - Jul 14 2013
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T2 NTL - Aug 4 2013
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Figure Y-1 Natural Thermal Lag plots for the T2 test building 1®* September 2012, to August 18‘*' 2013
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Appendix Z - T2 compiled NTL data for one full year showing any reason 

for omission (note - Ts: internal space temperature, To -  external

temperature]

T2 Lag Analysis - Septem ber 1st 2012, to  August 18th, 2013

Date 7-day Trm Lag Hours
Solar
Hrs Comment

l-Sep-12 14.06 7.00 1.75 0.75 Good
2-Sep-12 14.10 8.00 2.00 0.00 Good
8-Sep-12 15.49 9.00 2.25 0.50 Good
9-Sep-12 14.98 10.00 2.50 0.75 Good

15-Sep-12 12.63 8.00 2.00 0.50 Good
16-Sep-12 12.75 8.00 2.00 1.00 Good
22-Sep-12 9.64 8.00 2.00 0.25 Good
23-Sep-12 9.09 8.00 2.00 1.00 Good
29-Sep-12 10.17 8.00 2.00 0.00 Good
30-Sep-12 11.15 9.00 2.25 0.00 Good

6-Oct-12 9.25 6.00 1.50 1.00 Good
7-Oct-12 8.64 8.00 2.00 0.00 Good

13-Oct-12 8.05 8.00 2.00 0.00 Good
14-Oct-12 7.82 10.00 2.50 0.50 Good
20-0ct-12 9.48 No Ts Data
21-Oct-12 9.47 No Ts Data
27-Oct-12 8.06 No Ts Data

28-Oct-12 7.87 No Ts Data
B-Nov-12 5.03 No Ts Data

4-NOV-12 5.36 No Ts Data
lO-Nov-12 7.02 No Ts Data

ll-Nov-12 6.51 No Ts Data

lS-Nov-12 9.04 No Ts Data

17-NOV-12 8.19 No Ts Data

24-NOV-12 6.39 5.00 1.25 0.00 Good
25-NOV-12 5.65 8.00 4.25 0.00 Good

l-Dec-12 2.87 8.00 2.00 0.00 Good
2-D0C-12 3.06 Wrong To Profile
8-Dec-12 3.48 5.00 1.25 0.00 Good
9-D6C-12 4.15 7.00 1.50 0.00 Good

15-D6C-12 4.89 5.00 1.25 0.00 Good
16-Dec-12 5.43 5.00 1.25 0.00 Good
22-Dec-12 7.79 4.00 1.00 0.00 Good
23-D6C-12 7.52 6.00 4.75 0.00 Good
26-Dec-12 6.96 No Ts Data

27-D6C-12 6.54 No Ts Data

28-Dec-12 7.61 No Ts Data
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5-Jan-13 8.87 No Ts Data
6-Jan-13 9.06 5.00 1.25 0.25 Good

12-Jan-13 5.21 No Ts Data

13-Jan-13 3.90 4.00 1.00 0.00 Good

19-Jan-13 3.16 Wrong Ts Profile

20-Jan-13 2.96 No Ts Data
26-Jan-13 4.06 No Ts Data
27-Jan-13 4.39 No Ts Data
2-Feb-13 5.45 4.00 4.00 0.00 Good

3-Feb-13 6.28 4.00 1.00 0.00 Good

9-Feb-13 4.85 5.00 1.25 0.00 Good

lO-Feb-13 4.92 Wrong To Profile
16-Feb-13 4.26 No Ts Data
17-Feb-13 6.54 No Ts Data
23-Feb-13 2.81 Wrong To Profile
24-Feb-13 2.81 4.00 3.50 0.00 Good

2-Mar-13 3.65 6.00 1.50 0.00 Good

3-Mar-13 3.49 5.00 4.25 0.00 Good

9-Mar-13 6.01 Wrong To Profile
lO-Mar-13 6.05 5.00 1.25 0.25 Good

16-Mar-13 3.15 4.00 4.00 0.00 Good

17-Mar-13 2.98 6.00 4.50 0.00 Good

23-Mar-13 3.33 No Ts Data
24-Mar-13 3.20 No Ts Data
30-Mar-13 1.70 5.00 4.00 0.00 Good

31-Mar-13 2.40 7.00 1.75 0.00 Good

6-Apr-13 3.25 8.00 2.00 0.25 Good

7-Apr-13 3.00 5.00 1.25 0.50 Good

13-Apr-13 5.58 Wrong To Profile
14-Apr-13 6.08 8.00 2.00 0.00 Good

20-Apr-13 9.42 8.00 2.00 1.00 Good

21-Apr-13 9.31 8.00 2.00 0.75 Good

27-Apr-13 8.79 9.00 2.25 1.00 Good

28-Apr-13 8.27 9.00 2.25 0.50 Good

4-May-13 8.12 No Ts Data
5-May-13 9.64 10.00 2.50 0.75 Good

ll-M ay-13 10.72 9.00 2.25 0.00 Good

12-May-13 10.20 8.00 2.00 0.00 Good

18-May-13 7.56 7.00 1.75 0.75 Good

19-May-13 8.02 11.00 2.75 0.00 Good

25-May-13 9.66 12.00 3.00 0.00 Good

26-May-13 9.60 9.00 2.25 0.25 Good

l-Jun-13 11.85 11.00 2.75 0.00 Good

2-Jun-13 11.42 10.00 2.50 1.00 Good

8-Jun-13 13.04 11.00 2.75 0.00 Good
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9-Jun-13 13.24 12.00 3.00 1.00 Good
15-Jun-13 12.47 No Ts Data
16-Jun-13 12.31 No Ts Data
22-Jun-13 13.98 12.00 3.00 0.75 Good
23-Jun-13 13.91 10.00 2.50 1.00 Good
29-Jun-13 13.88 10.00 2.50 0.50 Good
30-Jun-13 14.31 12.00 3.00 0.00 Good

6-Jul-13 14.94 2.25 High Solar
7-Jul-13 15.21 1.75 High Solar

13-Jul-13 17.84 12.00 6.00 0.00 Good
14-Jul-13 18.05 10.00 2.50 0.00 Good
20-Jul-13 18.48 12.00 3.00 0.25 Good
21-Jul-13 18.58 11.00 2.75 0.00 Good
27-Jul-13 17.49 13.00 3.25 0.25 Good
28-Jul-13 16.86 14.00 3.50 0.50 Good
3-Aug-13 16.90 13.00 3.25 1.00 Good
4-Aug-13 16.42 13.00 3.25 0.25 Good

lO-Aug-13 15.54 1.75 High Solar
ll-Aug-13 15.63 2.00 High Solar
17-Aug-13 16.10 11.00 2.75 1.00 Good
18-Aug-13 16.32 10.00 2.50 0.75 Good

Figure Z-1 T2 compiled NTL data for one full year showing any reason for omission (note - Ts: 
internal space temperature, To -  external temperature)
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Appendix AA - T2 Heat usage data with Met Eireann and lagged temperature indices from 13*̂  September 2012 to 29^  

March 2013

Temp date
T2 Daily 

LPHW
Met E 
Avg

8 Avg 
Daily T 
0000- 
1000

7 Avg 
Daily T 
0100- 
1100

6 Avg 
Daily T 
0200- 
1200

5 Avg 
Daily T 
0300- 
1300

4 Avg 
Daily T 
0400- 
1400

3 Avg 
Daily T 
0500- 
1500

2 Avg 
Daily T 
0600- 
1600

1 Avg 
Daily T 
0700- 
1700

0 Avg 
Daily T 
0800- 
1700

T2
Solar
Index

9/13/2012 746.61 12.21 10.57 10.95 11.43 11.95 12.48 13.00 13.43 13.86 14.16 1130
9/14/2012 755.53 13.65 8.33 8.90 9.67 10.48 11.43 12.38 13.33 14.14 14.68 1360
9/17/2012 807.34 11.25 12.76 12.95 13.24 13.52 13.86 14.19 14.38 14.67 14.89 1080
9/18/2012 1,156.01 9.44 9.95 10.19 10.38 10.76 11.19 11.67 12.10 12.48 12.74 1460
9/19/2012 1,035.91 9.78 7.86 8.05 8.33 8.81 9.29 9.71 10.29 10.71 11.16 1160
9/20/2012 1,089.47 12.31 6.48 6.90 7.43 8.05 8.76 9.57 10.48 11.24 11.89 630
9/21/2012 1,192.88 9.38 10.86 11.10 11.43 11.86 12.19 12.57 12.90 13.14 13.37 1200
9/24/2012 1,114.05 9.15 3.95 4.67 5.48 6.43 7.38 8.48 9.52 10.57 11.37 170
9/25/2012 Essential Maintenance
9/26/2012 Essential Maintenance
9I11I1Q12 1,173.37 10.02 10.14 10.33 10.62 11.00 11.38 11.86 12.29 12.67 12.95 800
9/28/2012 Essential Maintenance
10/1/2012 779.73 10.98 13.29 13.57 13.76 13.95 14.14 14.33 14.52 14.67 14.74 770
10/2/2012 1,060.22 10.75 10.24 10.33 10.57 10.86 11.10 11.38 11.52 11.67 11.95 830
10/3/2012 965.43 8.33 9.95 10.24 10.62 11.00 11.38 11.81 12.10 12.29 12.58 740
10/4/2012 Essential Maintenance
10/5/2012 Essential Maintenance
10/8/2012 Essential Maintenance
10/9/2012 1,206.00 7.29 9.95 10.14 10.33 10.43 10.52 10.67 10.81 10.90 11.00 750
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250
1060

400
300
510
120
140
220
490
360

230
640
640
640
460
450
476
180
230
240
370

11.19 6.67 7.48 8.24 8.76 9.24 9.71 10.19 10.57 10.84
6.90 12.29 12.24 12.24 12.19 12.14 12.05 11.95 11.76

Essent ial  M a in t e n a n c e

11.74

Essent ial  M a in t e n a n c e

Essent ial  M a in t e n a n c e

10.52 9.29 9.48 9.52 9.67 9.71 9.90 10.19 10.52 10.74
8.92 10.00 10.19 10.48 10.76 11.10 11.38 11.57 11.76 11.95
10.23 7.38 7.62 8.14 8.81 9.29 10.05 10.67 10.95 11.37
11.79 7.62 8.05 8.57 9.19 9.86 10.48 11.14 11.71 12.05
11.72 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00
10.92 11.29 11.38 11.43 11.52 11.62 11.71 11.81 11.90 12.00
5.90 11.29 11.19 11.14 11.14 11.19 11.19 11.19 11.19 11.21
6.14 7.00 7.19 7.38 7.57 7.67 7.76 7.86 7.86 7.84

Essent ial  M a in t e n a n c e

5.90
3.33
4.88
4.77
7.35
9.28
8.57
7.98
10.91
12.71

3.86
7.33
1.00
6.52
3.57
5.24
8.57 
7.90 
2.29
8.24

4.24
7.05
1.05
6.48
3.48
5.86 
8.71 
7.90 
2.62
8.86

4.71
6.81
1.43
6.38
3.67
6.57
8.90
7.90 
3.10 
9.48

5.24
6.62
1.90
6.43
4.00
7.29
9.14 
8.10 
3.67
10.14

5.81
6.43
2.48
6.48 
4.38 
7.95 
9.33 
8.29 
4.24 
10.76

6.38
6.29
3.00
6.57
4.81
8.43 
9.52 
8.48 
4.86
11.43

6.95 
6.10 
3.48 
6.57 
5.24 
8.81 
9.71 
8.67 
5.43
11.95

7.33
5.95
3.95 
6.52 
5.76 
9.10
9.86
8.86
5.95 
12.43

7.58
5.74
4.37 
6.47 
6.26
9.37 
9.95 
9.05
6.37
12.74

11.27 12.76 12.81 12.86 12.86 12.86 12.86 12.86 12.86 12.89
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370

130
210
380

450

90
440
240
360

410
260
370
337
260
360
100
330

280

250
70

180
50

240
260

60
100

9.64 11.76 11.76 11.71 11.81 11.90 12.00 12.00 12.00 12.11
6.69 9.14 9.29 9.57 9.81 10.19 10.48 10.67 10.76 10.95

11.81 2.33 2.57 2.90 3.38 3.90 4.43 4.90 5.29 5.58
10.44 11.81 12.00 12.19 12.33 12.48 12.57 12.67 12.71 12.79

7.90 11.19 11.43 11.52 11.90 12.05 12.10 12.00 11.81 11.79
8.13 6.10 6.29 6.57 7.05 7.52 7.95 8.19 8.48 8.79
5.29 10.48 10.19 9.81 9.38 8.86 8.29 7.71 7.14 6.79
5.40 2.38 2.43 2.48 2.57 2.62 2.81 3.14 3.52 3.79
3.73 5.00 5.00 5.10 5.24 5.43 5.62 5.71 5.81 5.89
1.73 3.76 3.81 4.00 4.24 4.62 4.95 5.10 5.10 5.21
1.17 0.52 0.81 1.14 1.57 2.05 2.48 2.90 3.14 3.47
2.52 - 0.24 - 0.05 0.29 0.76 1.19 1.57 1.90 2.19 2.47
6.00 0.76 1.00 1.29 1.71 2.14 2.62 3.05 3.33 3.53
3.42 6.71 6.24 5.95 5.86 5.67 5.52 5.52 5.52 5.58
1.31 2.33 2.38 2.48 2.67 2.95 3.24 3.57 3.86 4.05

3.31 1.10 0.86 0.86 0.95 1.10 1.24 1.38 1.52 1.74

3.79 2.10 2.43 2.76 3.05 3.43 3.76 4.10 4.38 4.42

1.20 6.38 6.38 6.38 6.48 6.52 6.57 6.43 6.24 6.21
0.88 - 0.95 - 0.86 - 0.57 - 0.05 0.62 1.10 1.48 1.95 2.32

4.02 - 0.71 - 0.62 - 0.19 0.00 0.48 1.00 1.52 1.81 2.26
3.49 2.19 2.57 2.86 3.24 3.57 3.95 4.33 4.81 5.16
6.54 3.19 3.14 3.10 3.10 3.19 3.29 3.33 3.43 3.68
6.56 6.05 6.29 6.57 6.86 7.19 7.48 7.62 7.76 7.95
3.80 6.10 6.19 6.38 6.52 6.62 6.76 6.86 6.95 7.05
7.94 2.95 2.67 2.43 2.14 2.05 2.24 2.24 2.57 2.74

7.08 7.24 7.33 7.43 7.52 7.71 7.90 8.10 8.29 8.42
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12/21/2012 3,381.07 6.62 7.81 7.76 7.67 7.57 7.48 7.38 7.29 7.10 7.00 150
12/24/2012 2,634.13 7.75 9.33 8.90 8.52 8.29 8.24 8.24 8.24 8.24 8.32 140
12/28/2012 4,016.83 10.71 4.76 4.62 4.57 4.67 4.71 4.86 5.00 5.14 5.26 100
12/31/2012 2,977.44 7.83 3.10 3.33 3.71 4.19 4.76 5.24 5.71 6.24 6.58 163

1/2/2013 4,143.18 9.83 2.48 2.48 2.62 2.81 3.10 3.38 3.76 4.14 4.37 120
1/3/2013 2,262.61 11.27 7.81 8.33 8.81 9.24 9.62 10.05 10.43 10.76 10.95 180

1/4/2013 2,226.05 9.10 11.05 11.05 11.14 11.24 11.33 11.43 11.48 11.52 11.58 290
1/7/2013 2,788.39 10.33 7.48 7.52 7.62 8.14 8.76 9.29 9.48 9.76 9.79 70
1/8/2013 2,111.79 8.40 9.38 9.43 9.57 9.76 10.00 10.19 10.38 10.57 10.74 190
1/9/2013 2,223.78 1.68 11.43 11.24 10.95 10.67 10.38 10.10 9.76 9.24 8.95 390

1/10/2013 4,294.44 3.64 0.19 0.14 0.48 1.14 1.76 2.38 3.00 3.43 3.89 120
1/11/2013 3,430.17 4.21 1.10 1.33 1.62 2.19 2.90 3.76 4.48 5.05 5.42 190
1/14/2013 4,677.26 3.50 -0.67 -0.62 -0.48 -0.24 0.19 0.67 1.10 1.48 1.68 270
1/15/2013 3,986.01 1.13 4.00 4.14 4.33 4.43 4.57 4.62 4.52 4.38 4.42 300
1/16/2013 4,292.74 4.31 0.43 0.48 0.62 0.90 1.10 1.38 1.62 1.67 1.84 90
1/17/2013 3,608.24 5.95 4.38 4.38 4.29 4.19 4.10 4.00 4.00 4.00 4.00 140
1/18/2013 3,181.75 2.81 5.38 5.57 5.81 5.90 6.00 6.10 6.14 6.29 6.42 70
1/21/2013 4,486.01 1.03 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 200

1/22/2013 4,392.74 -1.31 1.33 1.19 1.10 1.10 1.00 1.00 1.05 1.10 1.21 250

1/23/2013 Essential Maintenance
1/24/2013 4,292.74 3.47 1.14 1.33 1.62 1.90 2.29 2.62 2.76 2.86 3.05 130

1/25/2013 3,808.24 6.35 2.14 2.33 2.43 2.62 2.86 3.19 3.48 3.71 3.89 70

1/28/2013 Essential Maintenance
1/29/2013 Essential Maintenance
1/30/2013 Essential Maintenance
1/31/2013 3,478.65 6.69 6.95 6.95 6.71 6.67 6.57 6.57 6.67 6.76 6,79 300
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m n o u 3,107.40 4.65 6.86 6.67 6.67 6.67 6.67 6.62 6.71 6.67 6.79 270
2/4/2013 3,805.51 2.27 4.81 4.71 4.71 4.81 4.90 5.00 5.10 5.19 5.32 370
2/5/2013 3,157.19 2.77 6.86 6.57 6.38 6.29 6.29 6.29 6,29 6.33 6.37 430
2/6/2013 4,109.85 3.12 0.29 0.29 0.43 0.86 1.33 1.86 2,43 3.05 3.37 680
2/7/2013 3,513.28 2.25 2.95 3.00 3.10 3.29 3.52 3.81 4.10 4.29 4.53 140

2/8/2013 3,531.62 4.98 0.67 0.95 1.29 1.67 2.10 2.67 3.24 3.52 3.79 180
2/11/2013 Essential Maintenance
2/12/2013 4,104.15 3.69 3.57 3.52 3.52 3.52 3.52 3.57 3.67 3.67 3.68 230

2/13/2013 3,757.19 8.10 3.14 3.24 3.33 3.43 3.52 3.62 3.71 3.81 3.89 160
2/14/2013 2,309.85 6.50 5.38 5.62 6.05 6.57 7.14 7.71 8.38 9.00 9.32 700

2/15/2013 3,213.28 5.52 6.05 5.95 6.05 6.29 6.48 6.67 6.95 7.14 7.37 630

2/18/2013 Essential Maintenance
2/19/2013 3,530.88 4.04 5.38 5.33 5.38 5.52 5.71 5.86 6.00 6.14 6.26 890
2/20/2013 Essential Maintenance
2/21/2013 3,516.86 2.40 2.19 2.71 3.38 4.05 4.67 5.19 5.43 5.62 5.84 310

112112013, 4,727.18 1.63 2.52 2.33 2.24 2.24 2.19 2.24 2.33 2.38 2.42 270
2/25/2013 4,514.74 2.06 0.10 0.19 0.38 0.48 0.62 1.10 1.67 2.14 2.47 970

2/26/2013 3,972.44 3.88 -0.43 -0.05 0.52 1.10 1.76 2.43 2.95 3.67 4.37 390

2/27/2013 Essential Maintenance
2/28/2013 3,603.04 3.48 4.57 4.62 4.71 4.81 4.90 5.05 5.24 5.33 5.47 310
3/1/2013 3,826.51 4.62 2.19 2.38 2.67 2.90 3.19 3.57 4.00 4.48 4.74 740

3/4/2013 3,216.97 4.33 4.10 4.29 4.52 4.81 5.19 5.52 5.81 6.05 6.32 760
3/5/2013 3,578.16 3.33 4.67 4.71 5.00 5.29 5.52 5.62 5.67 5.67 5.74 950

3/6/2013 Essential Maintenance
3/7/2013 2,903.66 7.02 5.76 6.05 6.33 6.62 6.90 7.10 7.19 7.29 7.42 100

3/8/2013 2,813.34 7.73 7.00 7.00 7.05 7.05 7.05 7.05 7.05 7.05 7.05 189
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3/11/2013 3,972.67 -0.07 3.67 3.67 3.62 3.67 3.76 3.76 3.76 3.67 3.63 900
3/12/2013 Essent ial  M a in t e n a n c e

3/13/2013 4,862.94 1.85 -0.33 -0.05 0.33 0.67 1.00 1.29 1.57 1.95 2.37 1000
3/14/2013 3,898.71 2.92 -0.10 0.48 1.05 1.67 2.38 3.05 3.71 4.33 4.95 870
3/15/2013 3,730.72 5.63 -0.86 -0.24 0.48 1.29 2.24 3.14 3.95 4.67 5.26 1010
3/18/2013 4,343.52 3.35 0.63 0.68 0.84 1.26 1.74 2.21 2.38 2.67 2.84 580
3/19/2013 3,811.23 1.65 2.43 2.81 3.19 3.57 3.95 4.33 4.67 4.71 4.89 400
3/20/2013 4,767.51 2.76 1.19 1.14 1.10 1.10 1.24 1.43 1.62 1.86 2.05 751
3/21/2013 3,893.54 4.21 0.67 0.90 1.29 1.71 2.14 2.67 3.14 3.71 4.11 500
3/22/2013 3,765.37 4.27 4.10 4.19 4.29 4.38 4.38 4.33 4.33 4.33 4.37 80
3/25/2013 4,580.22 2.23 1.29 1.19 1.10 1.00 1.00 1.05 1.14 1.24 1.26 790
3/26/2013 4,360.09 1.12 1.52 1.76 1.95 2.19 2.43 2.62 2.76 2.86 2.95 600
3/27/2013 4,570.25 0.91 1.00 0.90 0.76 0.76 0.86 1.00 1.10 1.29 1.32 690
3/28/2013 4,618.19 1.48 0.19 0.33 0.48 0.67 0.86 1.00 1.14 1.38 1.53 770
3/29/2013 4,267.25 2.21 -0.10 0.10 0.29 0.52 0.86 1.14 1.52 1.86 2.16 1210

Figure AA-1 T2 Heat usage data with Met Eireann and lagged temperature indices from 13**> September 2012 to 29̂ *’ March 2013
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Appendix AB -  T2 Chilling usage data with Met Eireann and lagged temperature indices from 15^ April 2013 to 31̂ *̂  

July 2013

Date

Daily
CHW
kWh

Met 
E Avg rh

8 hr 
Lag 
To

7 Hr 
Lag 
To

6 Hr 
Lag 
To

5 Hr 
Lag 
To

4 Hr 
Lag 
To

3 Hr 
Lag 
To

2 Hr
Lag
To

1 Hr 
Lag 
To

0 Hr 
Lag 
To

Solar
Index

4/15/2013 4,904.0 11.17 76.00 11.43 11.29 11.24 11.29 11.38 11.57 11.76 12.05 12.21 1540
4/16/2013 Maintenance Issues
4/17/2013 Maintenance Issues
4/18/2013 Maintenance Issues
4/19/2013 4,113.4 6.03 87.00 7.71 7.76 7.90 8.14 8.52 8.76 9.05 9.38 9.63 1610
4/22/2013 3,930.3 8.30 76.00 7.71 7.81 8.00 8.24 8.57 8.71 8.90 9.19 9.32 1140
4/23/2013 5,189.4 9.66 87.00 7.43 7.76 8.24 8.71 9.29 9.95 10.76 11.43 11.84 1600
4/24/2013 5,525.0 12.77 77.00 9.05 9.38 9.76 10.24 10.76 11.38 11.95 12.62 13.00 600
4/25/2013 4,880.2 7.24 93.00 12.81 12.86 12.71 12.52 12.48 12.38 12.29 12.19 12.21 1490
4/26/2013 4,875.4 4.73 87.00 6.71 6.81 6.95 7.24 7.62 8.10 8.57 8.95 9.16 1860
4/29/2013 4,103.0 6.00 81.00 7.00 7.19 7.48 7.81 8.14 8.57 9.05 9.29 9.63 2190
4/30/2013 3,726.4 4.83 87.00 4.86 5.24 5.76 6.43 7.10 7.81 8.62 9.33 9.84 1770

5/1/2013 3,696.8 8.03 66.00 3.29 3.86 4.52 5.29 6.05 6.86 7.76 8.57 9.21 1660
5/2/2013 4,594.9 6.47 93.00 7.00 7.24 7.62 8.05 8.71 9.52 10.33 11.10 11.53 1620
5/3/2013 5,239.3 11.03 71.00 4.38 5.24 6.29 7.57 8.95 10.29 11.38 12.14 12.74 1000
5/6/2013 6,450.7 11.83 76.00 12.29 12.62 13.05 13.43 13.71 14.10 14.57 15.00 15.26 1700
5/7/2013 6,529.7 9.53 93.00 10.81 11.10 11.48 11.90 12.52 13.10 13.62 14.14 14.47 2230
5/8/2013 6,368.0 11.24 88.00 8.00 8.67 9.19 9.95 10.90 11.81 12.71 13.67 14.16 1130
5/9/2013 6,209.4 8.87 71.00 10.60 10.70 10.75 10.95 11.14 11.52 12.10 12.19 12.42 1070

5/10/2013 5,126.9 9.45 82.00 8.24 8.38 8.67 9.05 9.29 9.48 9.67 9.71 9.84 1890
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5/13/2013 4,928.9 6.70 76.00 6.67 7.05 7.62 8.29 8.95 9.62 10.29 10.86 11.21 2140
5/14/2013 3,245.2 6.40 81.00 6.33 6.48 6.71 6.90 7.10 7.33 7.62 8.05 8.26 2239
5/15/2013 3,926.1 7.07 87.00 5.33 5.62 6.10 6.67 7.24 8.00 8.81 9.62 10.11 1890
5/16/2013 4,318.1 5.50 87.00 6.19 6.43 6.76 7.29 7.76 8.43 8.81 9.14 9.47 1670
5/17/2013 3,421.8 4.87 100.00 4.52 4.90 5.38 5.90 6.48 6.95 7.52 8.00 8.32 2057
5/20/2013 Essential Maintenance
5/21/2013 Essential Maintenance
5/22/2013 5,250.3 9.67 88.00 8.71 8.95 9.33 9.86 10.43 11.14 11.95 12.76 13.26 1700
5/23/2013 3,836.5 6.73 71.00 9.38 9.29 9.38 9.57 9.90 10.33 10.71 11.05 11.21 1490
5/24/2013 4,006.8 8.54 61.00 5.90 6.19 6.48 6.81 7.19 7.71 8.24 8.76 9.05 2270
SIT7I2Q1Z Essential Maintenance
5/28/2013 4,974.8 9.75 76.00 10.10 9.90 9.81 9.86 10.05 10.14 10.43 10.67 10.74 2210
5/29/2013 5,487.6 13.06 87.00 7.57 7.86 8.29 8.76 9.38 10.00 10.71 11.33 11.63 2710
5/30/2013 5,961.6 13.88 67.00 9.62 10.00 10.48 11.00 11.62 12.38 13.24 14.05 14.47 2660
5/31/2013 6,249.6 11.29 82.00 10.86 11.33 12.00 12.81 13.71 14.67 15.62 16.52 17.16 1356

6/3/2013 5,705.7 14.52 77.00 9.29 10.05 10.67 11.24 11.81 12.33 12.90 13.48 13.79 2300
6/4/2013 6,136.2 12.79 87.00 12.81 13.24 13.71 14.24 14.67 15.24 15.81 16.33 16.68 2950
6/5/2013 5,999.7 12.54 87.00 8.90 9.76 10.76 11.86 13.00 14.24 15.52 16.48 17.00 2970
6/6/2013 6,965.7 12.50 87.00 8.95 9.95 11.00 12.14 13.29 14.33 15.29 16.10 16.53 2880

6/7/2013 5,947.8 14.23 82.00 9.38 10.05 10.62 11.33 12.29 13.29 14.29 15.05 15.42 2920
6/10/2013 6,926.7 12.58 76.00 9.57 10.67 11.81 13.00 14.29 15.52 16.62 17.52 18.11 2560
6/11/2013 6,134.1 13.06 88.00 9.33 10.14 11.10 12.00 13.10 14.19 15.19 15.95 16.32 1000

6/12/2013 6,066.9 12.77 94.00 10.86 10.90 11.24 11.67 12.19 12.71 13.43 14.05 14.42 1337

6/13/2013 6,600.4 12.15 94.00 12.14 12.33 12.62 13.00 13.29 13.38 13.62 13.86 14.00 1790
6/14/2013 5,870.1 11.81 87.00 10.90 10.95 11.14 11.33 11.62 12.00 12.38 12.76 13.16 900
6/17/2013 6,527.2 12.49 100.00 10.81 11.05 11.38 11.67 12.19 12.71 13.29 13.71 14.00 1300
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6/18/2013 5,901.1 13.98 88.00 11.05 11.14 11.24 11.48 11.76 12.14 12.43 12.81 13.00 2450
6/19/2013 6,053.2 14.44 88.00 9.48 10.05 10.90 11.86 13.05 14.29 15.57 16.48 17.16 2770
6/20/2013 7,240.8 14.21 87.00 11.71 11.95 12.38 12.90 13.52 14.19 15.00 15.86 16.47 2370
6/21/2013 7,138.0 15.02 82.00 10.90 11.71 12.57 13.48 14.29 15.05 15.86 16.57 17.11 1670
6/24/2013 5,864.4 12.27 82.00 11.86 12.00 12.14 12.24 12.29 12.29 12.43 12.67 12.79 1850
6/25/2013 6,244.9 14.37 87.00 9.67 10.14 10.57 11.24 11.81 12.48 13.24 13.90 14.37 1530
6/26/2013 6,427.9 14.31 88.00 11.52 12.05 12.57 13.10 13.67 14.19 14.86 15.62 16.00 2270
6/27/2013 6,500.7 13.29 88.00 12.19 12.43 12.71 13.10 13.62 14.24 14.90 15.52 15.95 740
6/28/2013 5,289.9 15.14 100.00 10.24 10.38 10.81 11.33 11.90 12.57 13.19 13.86 14.16 1340

7/1/2013 6,806.4 13.40 72.00 14.43 14.52 14.62 14.90 15.19 15.48 15.71 15.95 16.16 1800
7/2/2013 5,730.9 13.79 77.00 11.10 11.24 11.57 12.05 12.57 13.10 13.62 14.19 14.53 620
7/3/2013 5,620.0 15.10 88.00 12.71 12.81 12.76 12.71 12.86 13.00 13.33 13.67 13.74 1490
7/4/2013 7,113.8 16.06 83.00 12.38 12.52 12.76 13.10 13.52 14.05 14.62 15.24 15.58 2000
7/5/2013 7,827.3 15.10 77.00 16.38 16.29 16.19 16.24 16.38 16.57 16.67 16.81 16.84 2490
7/8/2013 7,926.6 17.50 94.00 16.48 16.48 16.48 16.52 16.67 17.05 17.48 18.05 18.32 2820
7/9/2013 8,133.3 19.15 88.00 13.67 14.48 15.38 16.43 17.57 18.71 19.67 20.52 21.05 2810

7/10/2013 Essential Maintenance
7/11/2013 8,505.9 17.04 94.00 13.57 14.14 14.90 15.62 16.43 17.43 18.43 19.24 19.63 2790
7/12/2013 8,828.2 18.93 94.00 13.90 14.57 15.48 16.52 17.57 18.71 19.57 20.29 20.84 2732
7/15/2013 9,234.7 16.24 94.00 13.86 14.29 14.90 15.71 16.81 17.90 18.86 19.86 20.42 1300
7/16/2013 8,792.5 17.97 72.00 14.48 14.62 14.76 15.14 15.48 15.90 16.38 16.86 17.16 1690
7/17/2013 9,028.6 19.30 77.00 15.29 15.57 16.05 16.62 17.24 17.95 18.48 19.10 19.42 2020
7/18/2013 9,315.4 18.98 77.00 17.10 17.38 17.86 18.33 18.95 19.62 20.19 20.76 21.16 2760
7/19/2013 Essential Maintenance
7/22/2013 8,956.5 18.13 94.00 14.71 15.00 15.43 15.95 16.33 16.71 17.19 17.67 17.79 2210
7/23/2013 9,218.5 19.00 88.00 15.52 16.05 16.71 17.43 18.14 18.76 19.33 19.76 20.16 1500
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7/24/2013 9,208.1 17.92 82.00 17.71 17.90 18.05 18.33 18.71 19.24 19.76 20.24 20.58 1300
7/25/2013 9,173.0 17.10 94.00 16.52 16.71 16.90 17.14 17.76 18.19 18.71 19.24 19.47 1740
7/26/2013 9,203.0 16.67 94.00 15.95 16.14 16.38 16.71 16.90 17.24 17.71 18.19 18.42 1680
7/29/2013 8,422.1 16.71 100.00 13.33 14.10 15.00 15.86 16.52 17.05 17.48 17.76 18.11 1660

7/30/2013 9,148.5 16.10 77.00 15.29 15.81 16.24 16.67 17.00 17.24 17.67 17.86 18.16 2060

7/31/2013 9,095.6 15.62 77.00 13.48 13.81 14.29 14.90 15.62 16.29 17.00 17.81 18.26 859
Figure AB-1 T2 Chilling usage data with Met Eireann and lagged temperature indices from 15* April 2013 to 31®* July 2013
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Appendix AC -  T2 Heat energy forecast results with regressor values 

used

T2 H e a t  
E n e rg y  

F o r e c a s t
A ctu a l
LPHW

A pr
T o u t

F o re c a s t
LPHW

A pr CLIMITl CLIMIT2 PLIMITl PLIMIT2

4/1/2013 3,970 3.89 4,050.9 3,978.2 4,123.6 3,434.4 4,667.5
4/2/2013 4,258 2.84 4,381.7 4,298.1 4,465.3 3,763.8 4,999.6
4/3/2013 3,773 4.53 3,852.5 3,785.3 3,919.6 3,236.6 4,468.4
4/4/2013 3,340 5.47 3,554.8 3,494.1 3,615.4 2,939.6 4,170.0
4/5/2013 3,265 5.63 3,505.2 3,445.3 3,565.0 2,890.0 4,120.3
4/8/2013 3,292 5.68 3,488.6 3,429.1 3,548.2 2,873.5 4,103.8
4/9/2013 3,269 5.89 3,422.5 3,363.8 3,481.2 2,807.4 4,037.5
4/10/2013 3,809 4.37 3,902.1 3,833.6 3,970.5 3,286.0 4,518.1
4/11/2013 2,831 6.79 3,141.4 3,084.7 3,198.0 2,526.5 3,756.2
4/12/2013 2,995 6.53 3,224.0 3,167.1 3,280.9 2,609.2 3,838.9
4/15/2013 1,286 12.21 1,438.0 1,340.0 1,536.0 817.9 2,058.0
4/23/2013 1,398 11.84 1,553.7 1,460.2 1,647.2 934.4 2,173.1
4/24/2013 1,282 13.00 1,189.9 1,081.9 1,297.8 568.2 1,811.6
4/25/2013 1,623 12.21 1,438.0 1,340.0 1,536.0 817.9 2,058.0
4/26/2013 1,946 9.16 2,397.2 2,331.2 2,463.1 1,781.4 3,012.9
4/29/2013 2,003 9.63 2,248.3 2,178.4 2,318.2 1,632.1 2,864.5
4/30/2013 2,176 9.84 2,182.2 2,110.3 2,254.0 1,565.7 2,798.6

Figure AC-1 T2 Heat energy forecast results with regressor values used (Boiler pump issues were
identified and worked on in mid-April 2013)

419



1

Appendices

Appendix AD - T2 Chilling energy forecast results with regressor values 

used

T2
Chilling
e n e rg y

fo re c a s t
3H Lag 
T em p

T2 CHW 
P o w e r  Aug F orecas t CLIMITl CLIMIT2 PLIMITl PLIMIT2

20130801 14.10 1,375.1 1,130.0 1,107.2 1,152.8 945.4 1,314.5
20130802 19.05 1,700.5 1,524.1 1,480.0 1,568.1 1,335.7 1,712.4
20130805 15.90 1,393.0 1,274.0 1,245.7 1,302.3 1,088.7 1,459.3
20130806 15.29 1,403.9 1,224.7 1,198.7 1,250.7 1,039.8 1,409.7
20130807 15.10 1,245.4 1,209.6 1,184.2 1,234.9 1,024.7 1,394.4
20130808 16.43 1,330.3 1,315.7 1,285.1 1,346.2 1,130.0 1,501.3
20130809 17.52 1,305.7 1,402.8 1,367.0 1,438.7 1,216.2 1,589.4
20130812 14.95 1,192.0 1,198.2 1,173.3 1,223.1 1,013.4 1,383.0
20130813 13.80 1,125.3 1,106.5 1,084.2 1,128.8 922.0 1,291.0
20130814 14.62 1,149.9 1,171.7 1,147.7 1,195.6 987.0 1,356.3
20130815 17.52 1,324.6 1,402.8 1,367.0 1,438.7 1,216.2 1,589.4
20130816 18.67 1,183.5 1,493.8 1,451.8 1,535.7 1,305.9 1,681.6
20130819 14.48 1,214.3 1,160.3 1,136.7 1,183.9 975.7 1,344.9
20130820 14.81 1,181.4 1,186.8 1,162.4 1,211.3 1,002.1 1,371.6
20130821 16.81 1,182.6 1,346.0 1,313.6 1,378.3 1,160.0 1,531.9
20130822 18.43 1,350.1 1,474.8 1,434.2 1,515.4 1,287.2 1,662.4
20130823 15.81 1,244.1 1,266.4 1,238.5 1,294.3 1,081.2 1,451.6
20130826 15.52 1,201.2 1,243.7 1,216.8 1,270.5 1,058.6 1,428.7
20130827 14.62 1,220.3 1,171.7 1,147.7 1,195.6 987.0 1,356.3
20130828 16.05 1,190.7 1,285.3 1,256.4 1,314.3 1,100.0 1,470.7
20130829 13.67 1,108.3 1,095.9 1,073.7 1,118.1 911.4 1,280.3
20130830 17.57 1,151.4 1,406.6 1,370.5 1,442.7 1,219.9 1,593.2

Figure AD-1 T2 Heat energy forecast results with regressor values used [No issues reported during 
August 2013 for the chilling plant]
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