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Abstract— Increasing  connections for distributed generation constraints on the penetration of DG has been demonstrated
(DG), and in particular wind generation, are being sought in jn [3] [4], along with the network sterilisation effect witic

power systems across the world. These increased applicationsan geeyr if DG capacity is not allocated with full account of
present a significant challenge to the existing connection policies .
these constraints [5], [6].

of distribution network operators. In particular, non firm access ) .
to the network has been proposed as a method to increase the Non firm access refers to output greater than the firm
penetration of DG. The impact of the connection policies arising amount, at which generators may be allowed operate depen-
from non firm access are investigated in detail here. The Irish dent on the load and generation levels throughout the year. N
system is used as a case study, and with reference to the availablg;y, access utilises some form of active control to manage the

energy resource and network parameters, the costs and bensfi . .
of DG are determined under a number of planning policies. The constraint breaches. Previous work has shown the scopledfor t

costs and benefits assessed include connection and cycling cost@ptimisation of plant mix for the maximisation of energy .[7]
along with emissions, capacity value and fuel bill saving. It is There are a number of costs and benefits associated with the
shown that a significant increase in the net benefits of DG is various types of DG. Previous work has attempted to quantify
gained if the appropriate connection policy is utilised from the the net benefits of DG [8], where a number of benefits such

outset and conversely that significant costs are incurred if ad hoc d dl d volt fil d
policies are employed. Furthermore, it is shown that non firm as reduced losses and vollage profile were assessed.

access has the scope to facilitate a significant extra amount of ~ This paper seeks to assess the impact of a high penetration
DG capacity. of DG, with account taken for the likely DG plant mix. It

Index Terms— Power distribution planning, Power system does not attempt to place an upper limit on t.he "%mf?um_ of
economics, Linear programming, Energy resources, Dispersed DG that can be feaS|ny connected to an entire distribution

storage and generation, Wind power generation, Costs. network. The impact of DG on the transmission system is not
included here. The dispatch model used is a single busbar
|. INTRODUCTION system and the aim of this paper is to assess the impact

ISTRIBUTED generation (DG) can be defined as smaIP—f DG on Fhe d'smbl.mon system.. In particular, the voltage
onstraint is the dominant constraint and can be managed on

scale generation, which is not directly connected 9 non firm basis. The implementation of non firm management
the transmission system and is not centrally dispatched. . - P . o 9
constraints requires a change in the traditional conoect

connection of DG has led to a change in the characterisn%sl_ f network i Furth it leads t
of the network. If increasing levels of generation are to olicy of network operators. Furthermore, it leads to a gean

accommodated, then there should be a change of thinkif fhe optimal allocation of DG as calculated using previpus

regarding the planning and design of the distribution netwo e&ablished methodologies [5] [6] [4]. It is issues sucthase,

Wind generation is the fastest growing form of DG Witﬁ’jlriSing out of the change in Connection policy, that lead to
significant penetrations connected already in many castre change in the costs and benefits of DG. These costs and

[1] |benefits are gquantified here to assess the impact of connectio

The traditional approach to DG planning, on a first Com%olicy on DG and more specifically to assess the impact of

first served basis, is becoming outdated as the volume Or_ap[glo?hflr?arc]:cesi. is tak tudv. Drawi i
cations increase. Indeed, in some countries it has alreagly b i € r;sth syls_ er:n IS ta egl as a case study. rgwmgdon ets -
replaced [2]. Another traditional approach to DG planniag h mates of the Irish renewable energy resource [9] and system

been to permit access to the distribution network only ornafirdata [10] [11], the impact of different connection policies

basis. The amount of firm access granted under the connectoq::itIs as‘T’f?ﬁ d,.quan?fylng ": eaclh casetthtfa cg_ststgnd b?:ﬁf't
agreement to a distributed generator is the level of output at resutt. The importance of a ciear Set of objectives &

which they can always operate without violating any of th tart of the connection process is highlighted and it will be

N-1 constraints on the network. The impact of these technid emonstrated that significant costs can be incurred through
the employment of ad hoc methodologies. The optimal firm
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Science Engineering and Technology. A. Keane, E. Denny an@Malley  jmpact on the costs and benefits of DG and it is these costs
are with the School of Electrical, Electronic & Mechanicahdineering, d b fi hich ified h d b f
University College Dublin, Dublin 4, Ireland (Ph: +353 (0J161857; e-mail: aNd benefits which are quantified here under a number o

andrew.keane@ee.ucd.ie; eleanor.denny@ee.ucd.ie;amafley@ucd.ie) ~ connection policies.



IEEE TRANSACTIONS ON ENERGY CONVERSION, (IN PRESS), 2006 2

Section Il describes the methodology used to determine tisepermitted, thus allowing an increase in the permissable
impact of various connection policies. Results and digoass capacity. This non firm capacity is optimised through the use
are given in Section 1V illustrating the impact that the cean of bus voltage sensitivities;. These sensitivities are included
tion policy has on the cost and benefits of DG. Comparisoirsthe objective function as a means of reducing the occaeen
between different cases are given. Conclusions are givenaih overvoltage conditions, thereby reducing the amount of
Section V. energy curtailed and enabling easier congestion managemen

on the distribution network.

Il. METHODOLOGY
The optimisation of access to the distribution network hda. Non Firm Constraint Management

been demonstrated for a single section of distribution 8w T |ocal network constraints have previously been andlyse
in [5] and [7]. Here the integration of DG across the Wholg, yetaj in [3]. The voltage constraint, given in Equatiof) (
system is investigated. The distribution network is oSl s the key constraint in the analysis. Voltage rise is one of
using previously established methodologies. These methode gominant technical constraints on DG. The assessment of
are applied under three different connection policies & 4o \oltage constraint at a N-1 peaking condition can ptesen
costs and benefits are then quantified to determine the 'mpé‘cgignificant barrier to further penetration of DG. While

of connection policy on DG and more specifically on Winghfrequent, it is important for the operation of the systéatt

generation. the voltage stays within its limits. A number of voltage aoht
techniques have been proposed to mitigate the voltage rise
A. Obijective Function effect [12] [13]. These techniques along with others feerié

The objective of the methodology is to maximise the amoufiP" firm management of the voltage constraint. The short
of DG energy per euro of investment by making best use of tRECUit level may be dominant in more urban areas. However,
existing network assets and available energy resource. ighi 2Ctive management of fault levels is some way off and isyikel
done subject to the technical constraints on the network. TP P& very expensive [14]. Hence, it is non firm management
optimisation problem is formulated as a linear programhwit®f the voltage constraint which is considered here.
the amount of constraint breaches that arise with non firm
access taken into account. The load factors of each enegyNetwork Analysis
resource are included, meaning that the available capacity

allocated based on the amount of energy that is delivereel. ThA number of representative samples of the distribution
o R . . network were analysed. These sections were chosen based on
objective function is given in Equation (1).

their geographical location and also on their charactesist
(i.e. rural or semi urban). Likely energy resource portsli
(1) were associated with each section. Drawing on the methods

M N
J = Z PAmilelantijLFj

oo ConnCostijv; developed in [5] and [7], each section was analysed and the
Where P,q:1; is the jth available energy resourc®lant;, gp;;n;zlsallocatlon of the energy resources was determioed f

are the control variables representing the fractionPaf,..; ; _
allocated to theith bus. LF; is the load factor of thejth o Firm
energy resourcev; gives the total voltage sensitivity of the « Non Firm
ith bus to power injections at all other busegonnCost;; « Firm + Non Firm
is the connection costs of thgh energy resource at thgh The first case is the base case of the maximum firm
bus. M & N are the number of energy resources and busafocation optimised on a MW basis, i.e. the amount
respectively. The geographical dispersion of DG impacts tlof energy per euro of connection costs is maximised. The
connection costs. The connection costs of each resourcevtitage constraint in Equation (7) is included and the \g#ta
each bus are determined and are minimised in the objectsensitivitiesy; are removed from the objective function. The
function. The objective function is maximised with respct second case refers to the maximum non firm access permitted,
the technical constraints in Equations (3), (4), (5) and (8)here the voltage sensitivitieg are utilised in the objective
given in the Appendix [5]. These constraints limit the DGunction to reduce the instances of overvoltage. The third
allocation based on the technical characteristics of thear&. case examined is the case where firm access is initially only
This objective function in Equation (1) maximises thg@ermitted and then non firm access is permitted at a latee stag
energy harvesting capability of the existing network. Itxna These two non firm cases are optimised on a M@KV basis
imises it with respect to the technical constraints. Thélave as shown in Equation (1).
capacity is a valuable asset and should be optimally utilise The implementation and stages of the methodology are
This objective function maximises the energy harvestethfroshown in Figure 1. It is seen that based on the technical
the available capacity by using the load factors of the generconstraints the allocations under the two objectives ate ca
tion. Load factors express the energy output of a generatadated. The firm allocation (MWH) is fed as a constraint
as a fraction of the maximum possible energy output thaito the non firm allocation, which yields the firm + non firm
is produced by a generator in a year. In addition, it is noallocation. Each of the three allocations are then simdlate
assumed that non firm management of the voltage constratm distribution network over a year using load flow analysis
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From these load flow analyses, the instances of curtailntent aut for half hourly data. The data included in the simulation
determined and used to appropriately manipulate the psofilacludes active and reactive load and generation profiles fo
used in the dispatch model. Based on analysis of the Irisach of the energy resources, along with data on frequency
distribution network and energy resource, the allocatiares of N-1 outages and the sending voltage at the transmission
scaled to reflect both the likely DG penetrations of eadtation.

resource and the overall characteristics of the Irishitigtion When constraint breaches occur due to overvoltage, the
network. The dispatch model is run based on these scaledel of curtailment is calculated using the formula shown i
allocations for the same year and the costs and benefitsEmfuation (2).

each of the three connection policies are calculated based o Vi — Vitas

the results of this. Pourtaili = 5. iV N. 2

Where Pcoyriairi (MWh) is the amount of energy that is
curtailed over a half hour period at th#h bus. V; and
Ve (KV) are the voltage at théth bus and the maximum
permissable voltage respectively. is the voltage sensitivity
(kVIMW) of the ith bus and N is the number of distribution

SAMPLE
NETWORK
SECTIONS

TECHNICAL . . .
CONSTRAINTS buses.y; is calculated for each bus drawing on the analysis

used in [5]. This curtailment method results in the least@mo
of energy being curtailed, by curtailing the generator whse h
i the highest voltage sensitivity at that bus. The annual load

flow simulation yields the amount of energy curtailed over th
FIRM AL G eATIoN year, which in turn gives modified generation profiles, which
(MWh/Euro) | can then be used in the economic dispatch model.
NON EIRM 2) Dispatch Model: A dispatch model of the full Irish

(ngﬁgm sy§tem was developed WhICh genera}tes Iegst—cost dlgpgtche
using a linear programming formulation which co-optimises

e generators’ operating and reserve levels on a half houdisba

(discussed in detail in [16] and [17]). Given that renewable

energy resources must receive priority dispatch in Ire[a8{

it is assumed that the DG resources bid zero into the model

and are dispatched according to their actual energy oultiput.

is assumed that the DG resources do not provide reserve. The

conventional generators are then dispatched accordirtteto t

bid prices for energy and reserve on a least cost basis.

The dispatch model was run for each half hour for one
year and the generation and reserve operating levels fér eac
generator were determined given the DG installed capacitie
””””””””””””””””””””””””””””” in each of the three connection policy scenarios. As desdrib
above, the profiles are then manipulated to curtail the DG
COST BENEFIT ANALYSIS [26]: output at times of high output and low load, which correspond
CAPITAL, O&M & CONNECTION COSTS, to the times of curtailment recorded from the annual load flow

RESERVE & CYCLING COSTS, . . . .

EMISSIONS BENEFIT, simulation. The chosen test year is 2007 with the assumeld loa

AT e and conventional plant mix given in [19]. These dispatches
were then used to calculate the costs and benefits of the three
different connection policies.

ANNUAL LOAD FLOW SIMULATION
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Fig. 1. Methodology

E. Costs and Benefits

The capital cost of wind generation is assumed to be
€900,000 per MW with an operation and maintenance cost

1) Load Flow Simulation:The allocations of DG capacity of €45,000 per MW per year with a term of 15 years and a
on the system are determined and the annual energy outputdisicount rate of 7.5% [20]. The connection costs are vagiabl
each DG resource is ascertained. For the firm case, the anmpeal km of line and are taken to be 50,&Rm.
energy output is determined using actual historical dat@se An increase in the penetration of variable wind generation
from [15]. For the non firm cases, over the year, constraioh a system results in an increase in uncertainty on the elec-
breaches will occur at times of high generation and low loatticity system as wind generation is relatively unpreditta
Annual simulations are carried out for the network sectiorand non-dispatchable. This results in a requirement toycarr
to determine the time and magnitude of energy curtailmemtdditional reserve capacity in order to maintain systermrigc
These simulations consist of load flow calculations carrigd1], and is a cost imposed on the system by increased wind

D. Annual Simulations
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generation. A DG technology which can be considered to be I1l. TESTSYSTEMS AND ENERGY RESOURCE
dlspatchable,_such as biomass, does not impose an adu't'%.aTest Systems
reserve requirement on the system. The additional reserve

requirement for the installed wind generation under theghr N Ireland, DG is typically connected at 38kV or by direct

. . . or 20kV). Voltage rise tends to be the dominant constraint
Conventional thermal units are designed to be at thejr ; . . LT

- . ) ue to the network in Ireland, which outside the main cities

most efficient when online and running at a stable load. . .
. o . IS typically a weak rural network with a large amount of
In general, units are optimised for continuous rather than ;
. : Lo . conductor. A weak network means a network with a low short
cyclical operation and when operating in their normal rangé

can operate for relatively lona periods with relatively loisk ircuit level or fault level. Ireland has a rich wind resoeirc
P y ong p y especially along its western coastline. In addition to thedw

and loss of equipment life [23]. An increase in the cycling L
. . : . ._ 1esource, there is limited scope for small scale hydro and
of conventional units, as a result of an increase in vanaTe

) o andfill gas along with significant amounts of biomass in the
generation on the system, can result in increased wear and (€

. : orm of industry and forest residue [9]. Drawing on [9] and
on the components of the machine and result in a shorten . .
) . . . ], estimates of the Irish renewable energy resource and
of the life span of the unit [23]. Cycling costs are high aNits geographical dispersion are used to assess the sudcessf
can range from€200 to€500,000 (including fuel cost) per geograp b

single on-off cycle depending on the type of unit [23]. Thass, mtlii%?ttlggtcg sDtSnfsn ;reS ﬁ]tgsz:v I:se : arlzlsr.esentative sample of
increase in cycling as a result of an increase in the peratrat y P P

of variable generation on the system can have a significéﬂ? types of network encountered on the lrish distribution

impact on system cycling costs and are therefore includesl henetwork wh'ere' generat'|or.1 will seek to cor]nect. Load flow
and short circuit analysis is used to determine and forraulat

Despite being variable, wind generation and the other Dfge various constraints and factors used in the optimisatio
resources have a capacity benefit. The extent to which a tegzq values and network parameters for each section were
nology can substitute for conventional generation is givgn piained from ESB National Grid [10] and ESB Networks
the capacity value of that technology and for non dispatehaly 17, Figure 2 shows the likely future per county distritouti
technologies, the capacity value decreases with incrgasyy jnstalled wind power per county, reproduced from [22]eTh
installed capacity [24]. An increase in the penetration Qf,e network sections were selected from along the western
DG results in a reduced requirement for new conventiongbsstiine and also in the southeast of the country. It isentid
generation development. Thus, the capacity benefit of DG cfgm Figure 2 that it is in these locations that connections

be deemed to be the saved cost of building and maintainiggpG, and in particular wind generation, will and are being
conventional thermal generation in its place. The capac%ught_

credit for Ireland ranges from 41% at low wind penetratians t
20% at high wind penetrations [24]. It is assumed that any new
conventional generation built in Ireland will be gas firedthw

a capital cost 0£687,000 per MW installed and operation and
maintenance costs &50,000 per MW per year [24], [25].

The operation of renewable generation can result in a
reduction in the operation of some of the thermal units on
the system. The carbon dioxid€@Q-) and sulphur dioxide
(SO,) emissions of a thermal unit depend on the carbon and
sulphur content of the fuel respectively and the quantity of
fuel burnt. Thus, a reduction in the output of a thermal unit,
as a result of an increase in DG generation, can lead to a
reduction inCO, andSO5 emissions [16]. This is a significant
benefit of increased DG penetration. Nitrogen OXxitie()
emissions are more complicated and are effected by the flame
temperature, residence time, oxygen concentration etgs,Th
it is not necessarily the case that a reduction in outputsiead
to a reduction inNO, emissions, and an increase in variable
generation could in fact result in an increase in sysiéoy
emissions [16].

A reduction in the output of thermal units on the SySterﬁg. 2. Future per-county distribution of installed windwsr capacity in
can result in a reduction in the quantity of fuel burnt. Thugercent
an increase in DG can result in a system fuel saving. This
is a significant benefit of increased DG generation, and inThe network sections were also selected based on their
particular for wind generation which has a zero fuel cost. Atharacteristics and structure from network data availghlg
of the above costs and benefits were calculated for each of ey represent the types of network encountered on the Irish
three connection policy allocations [26]. distribution network, from voltage constrained rural netks
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to more urban networks where voltage is less of a problesmtra capacity. However, for one of the sections no diffeeen

and short circuit level can become significant. was found between the two non firm connection policies. In
this case, it was found that the constraint of the existing fir
B. Energy Resource access did not affect the optimal non firm allocation. Althiou

. o in the other two voltage constrained network sections, the
A representative energy resource portfolio is drawn up for .. , . : : .
. . . . exjsting firm allocation did affect the non firm allocation,

each network section based on its geographical location and ..~ . . . .
: ) . . resulting in higher connection costs and more curtailmént o
with reference to Figure 2 and [9]. Using typical values for

. energy.
the load factor of each type of generation [28], these ressur oy
are incorporated into the objective function (1). Each roekw TABLE II
section has its own distinct assumed energy resource. Tabl@ | ocarions UNDER THE THREE DIFFERENTCONNECTION POLICIES
| shows the total assumed energy resource and load factors FOR THE FIVE NETWORK SECTIONSMW)
across the five representative network sections.
irm +
TABLE | Firm | Non Firm Flrm'
ASSUMEDENERGY RESOURCE(MW) Non Firm
wind | 48.6 94 94
Energy Source| Capacity | LF | Installed MW Biomass| 34.4 35 35
Wind 138 | 0.35 LFG | 12 12 12
Biomass 3 | 085 Hydro | 5.0 58 58
LFG 12 0.76 Wund 153 291 289
Hydro 6 0.32 Energy GWh BuomGass 285;9 28%4 28604
Total 101 - LF
Hydro 14 16.5 16.5
Wind | 4.45 8.55 10.35
Conn. Cost&€m Biomass| 3.10 2.775 3.1
IV. RESULTS& DISCUSSION LFG 2025 | 2.025 2.025
A. Energy Allocations Hydro | 1.35 1.85 1.85

The allocations for the five network sections were deter-

mined under the three connection policies using the method+rom Table Il it is evident that given a large wind resource,
ology described in Section Il and are shown in Table Il. Giveflon firm access has the potential to facilitate much higher
their significantly higher load factor, any available bis@nd penetrations than firm access. Nonetheless, the questi®s ar
landfill gas (LFG) are allocated the available firm capacityf what is the optimal way of providing non firm access.
first. As a result, there is very little difference, betwebeit The allocations shown in Table Il are only for five network
firm and non firm capacities, leading to the conclusion thgkctions.
when a maximisation of energy Strategy is fO”OWGd, forms of To quantify fu”y the effect of the connection po||cy of DG
generation with higher load factors are largely indepen@én on the whole system, these allocations were scaled up based o
the connection policy as they will always be connected firghe total Irish distribution network and the likely pendimas
The small scale hydro generation also has very little difiee and locations of renewable energy [9] [27] [24] [11]. The
between its firm and non firm allocation, but this is due to thg-gled allocations for DG under the three connection rslici
limited resource available. When these factors are combing@re determined to facilitate the quantification of the sastd
with the high wind resource, itis evident that it is the castsl  penefits of DG on a system wide basis. The installed capscitie
benefits of wind generation that are affected by the CormleCtiand the annual energy outputs, based on actual output data
policy and it is wind generation therefore that is the foclis @eries [15] and the total curtailed energy, are given in &abl
the results in this paper. M.

Initially, it is assumed that there is no generation presipu Figure 3 shows the output profile for each of the four
connected. For the firm + non firm case, it is assumed that thocated DG types over a single day in March on a single
maximum firm capacity has been connected. The non firgaction of network. This day is illustrated as it is an exanpl

capacity is then allocated on top of the existing firm capacitof 5 day of particularly high wind generation when the output
Two out of the five network sections analysed were not voltaggd to be curtailed in the non-firm case.

constrained. These network sections were located in leak ru

areas, i.e. with higher load and short circuit levels. It aasd .

that the short circuit level was the binding constraint iasta B- Wind Generation Development Costs

cases and therefore non firm voltage access did not yield anyrhe total connection costs for wind under the three con-
further generation capacity. The other three network gasti nection policies across the whole system are given in Table
were all voltage constrained and had a rich wind resource, I8 A considerable saving in connection costs is made when
would be typical all along the western coastline of Irelaimd. a non firm connection policy is pursued from the outset. In
these cases, non firm access yielded a significant amountsoie cases, the extra non firm capacity can share the existing
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TABLE Il
SCALED ALLOCATIONS UNDER THE THREE DIFFERENTCONNECTION
POLICIES FOR THE WHOLE SYSTENMW)

The additional reserve requirement for the system with
increased wind penetration is taken from [22] and the cost
incurred is valued a€1.15 per MW per hour [29]. However,
given that the installed capacity is the same in both non

Firm | Non Eirm | FM * firm cases, the additional reserve costs are unaffectedéy th
Non Firm connection policy and are the same in both cases.
Wind 655 1392 1392 In order to calculate the cycling cost associated with edich o
Biomass| 401 410 410 the three allocations, all of the starts and ramping exonssi
Installed MW .
LFG 96 96 96 over the year were counted and were converted into equivalen
Hydro 64 77 77 hot starts [23]. The cycling cost of each hot start was then
wind | 2065 | 4333 4302 calculated according to the type of generator in question.
Biomass | 3018 3089 3089 The additional cycling costs over zero installed wind cdtyac
Energy GWh | = _ | sag 639 639 under each of the connection policies is given in Table V. It
Hydro | 184 221 291 can be seen that significant extra cycling costs are incuased
more wind generation is installed on the system.
100 TABLE V
ADDITIONAL CYCLING COSTS WITHWIND GENERATION
90F I
1
80{ . %Hm_e_e_el_’le_e_f Connection Policy| Additional Cycling Cost
e N P SN S Firm €2,240,600
e, Non Firm €9,413,700
SO Zns ‘ | Firm + Non Firm €8,860,100

% Generation
al
o
7
.

40 The dispatch model was run for each day of the test year

and the resulting dispatches were then used to calculate the

30

Biomass COs, SO, and NO, emissions for each of the conventional
20r T gl Gas ] generators [16]. Since the wind generation displaced mostl
10+ m H;’grg"mwmd 1 marginal oil fired plants and gas plants it was seen to give

‘ ‘ ‘ ‘ ‘ a saving across each of the three emissions. Table VI below
0:00 4:00 8:00 12:00 16:00 20:00 0:00  shows the emission savings across the year compared to a

Time no wind case. The carbon dioxide emissions are valued at

Fig. 3. Output of DG generators as a percentage of theirliegtaapacity <30 Per ton, and th&O, and NO, emissions a€150 and

on a sample day €3000 per ton respectively [30]. Given the magnitude of the
CO5 emissions when compared to the other emissions, the
price of carbon dictates the benefits accruing from incrase

connection line, but it is seen from the results that on othaiind penetration. An emissions factor which accountedter t

occasions new connection lines must be built. price of the emissions was included in the bid price of each

generator in the dispatch model.
TABLE IV

CONNECTION COSTS FORWIND GENERATION TABLE VI
EMISSIONS SAVINGS (IN TONS) WITH WIND GENERATION

Connection Policy| Installed MW | Connection Cost|

Eirm 655 €61,300,000 Connection | CO2 | SO2 | NOx | Benefit€
Non Firm 1392 €128,000,000 Firm 1,035,400 2,185 | 1,147 | 34,830,000
Firm + Non Firm 1392 €156,800,000 Non Firm 2,189,700| 3,659 | 1,965 | 72,136,000

Firm + Non Firm | 2,181,300 3,659 | 1,959 | 71,863,000

The additional wind generation on the system also provides
a saving in fuel consumption as thermal units are displaced.
The DG output levels for each technology under the thr&able VII shows the fuel savings with increased wind genera-
connection policy scenarios for each day of the sample weation. The fuel prices given in Table VII were also used in the
determined from the DG generation profiles from [15]. Thes#ispatch of the generators [26].
operating levels were then bid into the dispatch model with
a bid price of zero, ensuring priority dispatch. The resgiti D- Net Benefits
dispatches were then analysed to determine the costs an@ihe costs and benefits above were combined and the net
benefits of each of the three connection policy approachesbenefits of each connection policy were determined. It was

C. System Costs & Benefits
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TABLE VI
FUEL SAVINGS IN PETAJOULES WITHWIND GENERATION APPENDIX
Thermal Constraint
Fu'el Type Gas | Coal | Peat | Qil Benefite€
Price €/GJ 416 | 2.15 | 3.14 | 4.13 I < IZ_Rated iV N 3)
Firm 8.86 | 0.02 | 0.953 | 4.45 | 58,273,000
Non Firm 19.99 | 0.22 | 2.25 | 7.63 | 122,240,000 Where I; is the current flowing from generatarto busi,
Firm + Non Firm | 19.87 | 0.22 | 2.25 | 7.63 | 121,740,000 IRated js the maximum rated current for the line between each

generator and its corresponding bus.

found that although the benefits outweighed the costs undgtort Circuit Level
all three connection policies there was a significant diffiee

in the net benefits. Table VIII shows the net benefits of each N
of the connection policies. zt%TxPDGj + ary < SCLRated- 4)
j=1
TABLE VI

Whered,;r,. is the dependency of the SCL at the transmission

station to power injections at bys ar, is the initial SCL at

the transmission bus with no generation presentetid g ;cq

[ Cap. (MW) | Total Cost| Total Benefit| Net Benef is me (rjna:![)ntim per:jnlssable short circuit level as laid down
in the distribution code.

NET BENEFITS OFWIND GENERATION (IN €M)

Firm 655 932 1,127 191
Non Firm 1392 2,019 2,347 328
Firm+NonFirm 1392 2,043 2,335 293 Short Circuit Ratio

As is evident from Table VIII, while the two non firm poli- N
cies both result in the same installed capacity of generatio Ppci — 0.1cos(¢) Y 6;:Ppa; < 0.1cos(¢)a; i VN. (5)
the costs and benefits of wind generation show significant j=1
differences. There is a significant increase of 12% in NBherecos
benefits under non firm connection than under a firm and then
non firm scenario for the same level of installed wind. The
increases in net benefits results from the different pattern Transformer Rating
connected generation across the buses, which leads tedalter

(¢) is the power factor at the generator.

connection costs and curtailed energy, which in turn imgpact N
upon a number of the costs and benefits as detailed above. Z(PDGZ' — Prpi) < PrrafoCap- (6)
It is clear that the connection policy affects the energy i=1

ere Pryqocqp refers to the rating of the transformer and

output and connection costs and furthermore that this haw
SDi is the minimum load level at théh bus.

considerable knock on effect on system costs and bene
such as cycling costs, emissions and fuel use. It has also beé&
shown that as some costs, such as the additional reserve cost

and the capital cost, are dependent on the capacity of thé plgoltage Rise
installed, they are unaffected by the non firm connectioicpol

employed.

N
Z (i Ppcij+vijPrpij) + Bi < Vimaxi i VN.  (7)

V. CONCLUSION =1

The impact of connection policy on DG for a number o¥Wherey;; andv;; refer to the dependency of the voltage level
connection policies has been quantified. The utilisatiothef at busi on power injections and load at bysrespectively,
appropriate connection policy from the outset has been shoy$; refers to the initial voltage level at th#h bus with no
There is a considerable effect on the costs and benefitsgeheration.
DG, which has been determined. It has been shown that an
equal amounts of DG capacity connected can have significant
differences in costs and benefits, dependent on the connecti
policy. The advantages of a clear objective at the outsdteft The authors gratefully acknowledge ESB National Grid
DG planning process has been clearly shown. In addition, taed ESB Networks for the data provided along with their
significantly higher penetration of DG facilitated by nomfir colleagues in the Electricity Research Centre for theip hel
access to the distribution network has been demonstrated.with this work.
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