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Abstract

The objective of the thesis is to explore whether it is technically, economically and en-
vironmentally feasible for an Irish manufacturing facility to become an energy prosumer, by
producing energy on-site, and decrease the environmental impact of its electric and thermal
energy demand as the energy sector is progressively decarbonized. A new model has been de-
veloped and implemented in Matlab in this thesis. It allows to simulate the techno-economic
and environmental feasibility of on-site energy generation for a manufacturing facility through
an integrated Variable Renewable Energy (VRE) system and a Combined Heat and Power
(CHP) system. The model is built as a robust and flexible tool that can be used for any fa-
cility worldwide by updating inputs such as geographical location, solar and wind availability
and hourly energy demand. The implemented model allows also to evaluate the feasibility of
on-site energy generation in possible future scenarios by conducting a sensitivity analysis of
parameters that may change in the future, such as discount rate, commodities price and grid
carbon intensity.

An existing Irish manufacturing facility has been used as a real case study to provide
realistic data as input to the analysis, capturing real requirements and constraints that char-
acterize this type of end-user. The first option investigated to decarbonize the electric load
of the facility is an on-site VRE system composed of solar PV and wind turbines. The mod-
elled VRE system results technically viable but not economically feasible in isolation: its Pay
Back Time is too high (PBT >25 years) to be attractive for a manufacturing facility and
it would remain unattractive even with substantial subsidies and a reduction in the capital
cost of VRE technologies. The second option investigated, both to economically support the
on-site VRE system and to decarbonize the thermal energy load of the facility, is to add an
on-site CHP system. The integrated system results to be both technically and economically
feasible with a PBT close to 6 years. However, the environmental benefits of reducing carbon
emissions by producing energy for self consumption on-site are limited in time: if the project
was to be commissioned in 2020, the cumulative emissions savings would become negative
in 2040 as the electric grid is progressively decarbonized, creating a potential misalignment
between decarbonizing policies and the manufacturing facility’s economic strategy. Another
issue arises with the installation of the on-site system: the almost constant electric load of
the manufacturing facility becomes more variable and difficult to predict due to the intermit-
tency of renewable sources. Despite its inherent operating flexibility, the CHP system does
not significantly reduce the occurrence of high fluctuations in the residual electric load that
the grid has to cover.

It is concluded that a techno-economic opportunity does exist for on-site energy cogener-
ation in the Irish manufacturing industry, however the environmental benefits are limited in
time. The effects on the electric grid of a switch from a predictable and constant load to a
more variable one should be considered as the penetration of distributed generation increases.





xi

Publications and Conferences

Journal publications

• A. Sgobba, C. Meskell, Combined Heat and Power: not a feasible solution for Irish
manufacturing industry with a decarbonized grid, Journal of Cleaner Production, Vol.
278, 2021.

• A. Sgobba, C. Meskell, On-site renewable electricity production and self consumption for
manufacturing industry in Ireland: Sensitivity to techno-economic conditions, Journal
of Cleaner Production, Vol. 207, pp 894-907, 2019.

Conference papers

• A. Sgobba, C. Meskell, G. Manzolini, On-site energy generation in the manufacturing
industry: effects on the variability of the net electricity demand, CIRED 2020 Berlin
Workshop, Berlin, Germany, 2020.

• A. Sgobba, C. Meskell, On-site integration of renewable and Combined Heat and Power
generation for Irish manufacturing industry in a decarbonized energy system: A case
study, The Economics of Environmental Policy and Innovation, Ottawa, Canada, 2019.

• A. Sgobba, C. Meskell, Assessment of on-site solar and wind energy at a manufacturing
facility in Ireland, 16th Wind Integration Workshop, Berlin, Germany, 2017.

Posters and other presentations

• A. Sgobba, C. Meskell, On-site energy generation in the Irish manufacturing industry:
effect on the net demand, poster presented at the symposium "Investing in our energy
future", University College Dublin, Dublin, Ireland, 2019.

• A. Sgobba, C. Meskell, On-site integration of renewable and Combined Heat and Power
generation for Irish manufacturing industry in a decarbonized energy system: A case
study, article presented at the workshop "The Economics of Environmental Policy and
Innovation", University of Ottawa, Ottawa, Canada, 2019.



xii

• A. Sgobba, C. Meskell, Assessment of on-site cogeneration at a manufacturing facility
in Ireland, poster presented at the symposium "Unlocking the Potential of Energy Users
in the Energy Transition", University College Dublin, Dublin, Ireland, 2018.

• A. Sgobba, C. Meskell, Assessment of on site solar and wind energy at a manufacturing
facility in Ireland, poster presented at the symposium "Rethinking our Energy Future:
Collaboration and Integration", University College Dublin, Dublin, Ireland, 2017.

• A. Sgobba, C. Meskell, Assessment of on-site solar and wind energy at a manufacturing
facility in Ireland, poster presented at the 16th Wind Integration Workshop, Berlin,
Germany, 2017.



xiii

Acknowledgements

I would like to express my deep and sincere gratitude to my supervisor Dr. Craig Meskell,
for his precious guidance, patience and support throughout this work. He has given me the
great opportunity of pursuing a Ph.D. and the tools to always carry on. He has inspired me
to give my best, to challenge myself and to always try to raise the bar. I can see the impact
his guidance has had not only on my professional but also on my personal growth.

My gratitude goes to all my colleagues in the Department of Mechanical and Manufac-
turing Engineering, and to all the academic and technical staff in the Parsons Building.

My sincere thanks go to Sara, dearest colleague and friend that has always been by my
side in the difficult and happy moments. She shared her expertise and knowledge, giving me
always useful advice and support.

Finally, a special thanks goes to Marco and my family. Marco, thanks for all the sacrifices
you made during this challenging time, for being always by my side even if from far away.
Thanks for all the flights you took at unspeakable hours, for repeatedly reading all the
documents I have written in these four years and giving me the best advices on powerpoint
presentations. Thanks for always cheering me on through this challenging experience. My
deepest gratitude to my family, that has supported me in all the toughest decisions and has
shown me how hard work and persistence are key to reach your goal. Irene, Pietro, Nico,
Alby, Ada and Umberto you are the most precious people I could hope to have in my life.

The research leading to the results presented in this thesis was conducted with the financial
support of Science Foundation Ireland under the SFI Strategic Partnership Programme Grant
Number SFI/15/SPP/E3125. The opinions, findings and conclusions or recommendations
expressed in this material are those of the author and do not necessarily reflect the views of
the Science Foundation Ireland.

The author would like to thank Dr. Lisa Ryan, Dr. Conor Sweeney, Dr. Francesco Casella
and Mr. Dan Donovan for their valuable comments on this work.





xv

Contents

Declaration of Authorship iii

Abstract ix

Publications and Conferences xi

Acknowledgements xiii

1 Introduction 1
1.1 Context for the research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Scope and contribution of the thesis . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Decarbonization of the Irish industry sector 7
2.1 Energy trends in the Irish industry sector . . . . . . . . . . . . . . . . . . . . 7
2.2 Climate policies targeting decarbonization of industry . . . . . . . . . . . . . 11
2.3 Towards 2030 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.1 Technical barriers to further VRE penetration . . . . . . . . . . . . . 15
2.3.2 Market barriers to further VRE penetration . . . . . . . . . . . . . . . 18

3 A new model for investigating on-site energy generation feasibility 21
3.1 Options for decarbonizing the industrial electricity and heat demand . . . . . 21
3.2 Overview of the new model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4 Case Study 29
4.1 Analysis of an Irish manufacturing facility . . . . . . . . . . . . . . . . . . . . 29

4.1.1 Electric energy demand . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.1.2 Water demand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.1.3 Thermal energy demand . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5 On-site renewable electricity generation 39
5.1 Modelling of available renewable sources . . . . . . . . . . . . . . . . . . . . . 39
5.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.3 Feasibility analysis of the VRE system . . . . . . . . . . . . . . . . . . . . . . 50

5.3.1 Technical viability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50



xvi

5.3.2 Economic viability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.3.3 Integration of the PV and wind systems . . . . . . . . . . . . . . . . . 57

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6 On-site electric and thermal energy cogeneration 61
6.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.2 Feasibility analysis of the integrated VRE and CHP system . . . . . . . . . . 68

6.2.1 Technical viability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.2.2 Economic viability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.2.3 Environmental viability . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.2.4 On-site CHP as balancing service provider . . . . . . . . . . . . . . . . 79

6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

7 Conclusions and future work 85
7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

A State of the art of PV, wind and CHP technologies 91
A.1 Solar photovoltaic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
A.2 Wind turbines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
A.3 Cogeneration system: Gas turbine and Heat Recovery Steam Generator . . . 100

B On-site energy storage 107
B.1 Energy Storage System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

B.1.1 Available technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
B.2 Effects of battery storage on the variability of the residual load for the electric

grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
B.2.1 Sensitivity analysis on the time window chosen . . . . . . . . . . . . . 115

C Use of biogas in the on-site cogeneration system 117



xvii

List of Figures

1.1 Global CO2 emissions by sector . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2.1 Total final energy consumption by sector in Ireland . . . . . . . . . . . . . . . 9
2.2 Total final energy use in industry by fuel . . . . . . . . . . . . . . . . . . . . . 9
2.3 Industry energy-related CO2 emission in Ireland . . . . . . . . . . . . . . . . 11
2.4 Industry energy-intensity in Ireland . . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 Annual curtailment and share of renewable energy sources in the final energy

mix in Germany . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.6 Effect of Variable Renewable Energy (VRE) generation on the net load . . . 16
2.7 Structure of a competitive electricity market and participants involved . . . . 18

3.1 Electricity and heat consumption in Ireland in 2018, with a focus on industry. 22
3.2 Aerial photography of the analysed manufacturing plant . . . . . . . . . . . . 24
3.3 Flow diagram of the model: VRE feasibility analysis . . . . . . . . . . . . . . 26
3.4 Flow diagram of the model: integrated VRE and CHP feasibility analysis . . 27

4.1 Monthly electricity consumption and correspondent price paid in 2015 and 2016 30
4.2 Electricity demand profile in 2016 . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.3 Electricity demand profile in 2016: Monday-Sunday hourly ensemble average 32
4.4 Monthly cubic meters of water consumed and correspondent price paid in 2015

and 2016 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.5 Monthly thermal energy demand and correspondent price paid in 2015 and 2016 34
4.6 Natural gas flowing inside the boiler . . . . . . . . . . . . . . . . . . . . . . . 35
4.7 Existing boiler configuration with annual average parameters . . . . . . . . . 36
4.8 Steam load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.9 Steam demand vs electricity load . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.10 Probability Density Function (PDF) of the steam load . . . . . . . . . . . . . 37
4.11 Annual profile and Probability Density Function (PDF) of the synthetic and

original steam demand [kg/h] . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.12 Summary of the annual electric and thermal energy consumption and CO2

emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.1 Power Coefficient Cp as function of Tip Speed Ratio (TSR) . . . . . . . . . . 41
5.2 Wind speed variation as function of height for different types of location . . . 42



xviii

5.3 Inputs and outputs of the implemented model . . . . . . . . . . . . . . . . . . 43
5.4 Solar geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.5 Variation of the coefficient αw during the analysed year . . . . . . . . . . . . 48
5.6 Frequency distribution of real wind speed measurements and Weibull distribution 49
5.7 Power and Cp curve of Enercon E-44 wind turbine . . . . . . . . . . . . . . . 49
5.8 PV system: RES electricity generation and net demand in 2016 . . . . . . . . 51
5.9 Wind system: RES electricity generation and net demand in 2016 . . . . . . 52
5.10 RES generation profile: one month zoom of (a) Figure 5.8-a and (b) Figure 5.9-

a; one week zoom of (c) Figure 5.8-a and (d) Figure 5.9-a . . . . . . . . . . . 52
5.11 PBT as function of normalized CapEx and cost of electricity . . . . . . . . . 54
5.12 PBT of the PV system with different carbon taxes CT . . . . . . . . . . . . 55
5.13 PBT of the PV system with different discount rates r . . . . . . . . . . . . . 55
5.14 PBT of the PV system for different values of modules efficiency ηPV . . . . . 56
5.15 PBT of the wind system with different carbon taxes CT . . . . . . . . . . . . 56
5.16 PBT of the wind system with different discount rates r . . . . . . . . . . . . 56
5.17 Electricity generated by the integrated system: raw data (lighter line) and

1-week moving average data (darker line) . . . . . . . . . . . . . . . . . . . . 58
5.18 PBT of the integrated system in the best case scenario . . . . . . . . . . . . 58

6.1 GT and HRSG detailed scheme . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.2 Energy vectors scenarios based on RES availability . . . . . . . . . . . . . . . 63
6.3 On-site cogeneration system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.4 1,600kWel GT in electricity following control strategy: electricity generation

profile and Probability Density Function . . . . . . . . . . . . . . . . . . . . . 68
6.5 1,600kWel GT in steam following control strategy: electricity generation profile

and Probability Density Function . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.6 1,600kWel GT in electricity following control strategy: steam generation profile

and Probability Density Function . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.7 1,600kWel GT in steam following control strategy: steam generation profile

and Probability Density Function . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.8 1,600kWel GT in hybrid control strategy: electricity generation profile and

Probability Density Function . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.9 1,600kWel GT in hybrid control strategy: steam generation profile and Prob-

ability Density Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.10 800kWel GT: electricity generation profile and Probability Density Function . 70
6.11 800kWel GT: steam generation profile and Probability Density Function . . . 71
6.12 Sensitivity of PBT to commodity price . . . . . . . . . . . . . . . . . . . . . 73
6.13 Sensitivity of PBT to the electricity and gas prices . . . . . . . . . . . . . . . 75
6.14 Sensitivity of PBT to the discount rate r . . . . . . . . . . . . . . . . . . . . 76
6.15 Sensitivity of PBT to the carbon tax CT . . . . . . . . . . . . . . . . . . . . 76
6.16 Estimated grid carbon intensity and cumulative emission avoided . . . . . . . 78



xix

6.17 Minimum grid carbon intensity required to guarantee positive cumulative emis-
sion savings and forecast grid carbon intensity based on exponential fitting . 79

6.18 Net electricity demand of the facility with and without the VRE system on-site 80

A.1 Silicon cell structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
A.2 Solar PV efficiency chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
A.3 Cumulative PV capacity and annual growth . . . . . . . . . . . . . . . . . . . 95
A.4 Past module prices and projection to 2035 based on learning curve . . . . . . 96
A.5 Items of expenditure for residential, commercial and utility-scale PV systems 96
A.6 Wind turbine diameter evolution since 1985 . . . . . . . . . . . . . . . . . . . 97
A.7 Wind turbine components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
A.8 Capital cost for a typical on-shore wind power system . . . . . . . . . . . . . 99
A.9 Wind power global capacity and annual additions . . . . . . . . . . . . . . . . 100
A.10 Efficiency gains of a Combined Heat and Power system . . . . . . . . . . . . . 101
A.11 CO2 avoided with cogeneration systems . . . . . . . . . . . . . . . . . . . . . 103
A.12 Gas turbine system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
A.13 Gas turbine operational scheme . . . . . . . . . . . . . . . . . . . . . . . . . . 104
A.14 Layout of a typical combustion chamber . . . . . . . . . . . . . . . . . . . . . 104
A.15 Gas turbine system followed by a Heat Recovery Steam Generator . . . . . . 105

B.1 Net demand for grid electricity without and with the on-site generation system 107
B.2 Power ratings and discharge time for different storage technologies . . . . . . 111
B.3 Maturity status of different storage technologies . . . . . . . . . . . . . . . . . 112
B.4 σ̄∗

h normalized to the base case (PV, wind, 1,600kWel GT in electricity following
control strategy, no ESS) for the different battery bank sizes . . . . . . . . . . 113

B.5 Cumulative Distribution Function (CDF ) of σh∗ for the different battery bank
sizes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

B.6 Normalized mean variability σ̄∗
h for different sample windows . . . . . . . . . 116

C.1 Cost curve of potential global biomethane supply by region in 2018 . . . . . . 119
C.2 Cost of using the least expensive biomethane to meet 10% of gas demand and

natural gas prices in 2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120





xxi

List of Tables

4.1 Electricity consumption and specific cost in 2015 and 2016 . . . . . . . . . . . 33
4.2 Water consumption and specific cost in 2015 and 2016 . . . . . . . . . . . . . 34
4.3 Gas consumption and specific cost in 2015 and 2016 . . . . . . . . . . . . . . 34

5.1 PV System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2 Wind System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.3 Renewable energy generated in the first year [MWh] . . . . . . . . . . . . . . 51

6.1 GPB17D parameters at full load and Tamb = 15 ° C . . . . . . . . . . . . . . 62
6.2 Additional costs for the on-site integrated system . . . . . . . . . . . . . . . . 67
6.3 Annual values for the integrated system with the 1,600kWel GT . . . . . . . . 71
6.4 Annual values for the integrated system with the 800kWel GT . . . . . . . . . 71
6.5 PBT of the integrated system in the three scenarios discussed . . . . . . . . . 75
6.6 Neutral year after the commissioning with different interpolation method . . 79
6.7 Normalized mean variability of the net demand σ̄∗

h . . . . . . . . . . . . . . . 81
6.8 Comparison of the benefits of the different configurations of the on-site gener-

ation system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

A.1 Number of cogeneration units and operational capacity per sector and principal
sub-sectors in Ireland . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

B.1 Main parameters of the battery systems simulated in SAM . . . . . . . . . . 113
B.2 Mean of the net demand variability σ̄∗

h normalized to the base case (PV, wind,
1,600kWel GT in electricity following control strategy, no ESS) and PBT for
the different bank sizes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114





xxiii

Nomenclature

Acronyms
A-CAES Adiabatic Compressed Air Energy Storage
BA BAlancing market
BESS Battery Energy Storage System
BRP Balancing Responsible Party
BSP Balancing Service Provider
CAES Compressed Air Energy Storage
CCGT Combined Cycle Gas Turbine
CCS Carbon Capture and Storage
CHP Combined Heat and Power
CPV Concentrating PhotoVoltaic
CT Carbon Tax
DA Day Ahead spot market
DC Direct Current
DER Distributed Energy Resource
DR Demand Response
DSM Demand Side Management
ESI Energy System Integration
ESS Energy Storage System
FES Flywheel Energy Storage
GHG GreenHouse Gases
GT Gas Turbine
HAWT Horizontal Axis Wind Turbine
HOMER Hybrid Optimization of Multiple Electric Renewables
HRSG Heat Recovery Steam Generator
ID IntraDay market
KDE Kernel Density Estimation
LA Lead Acid
LCOE Levelized Cost Of Energy
LHV Lower Heating Value
Li-ion Lithium-ion battery
MBE Mean Bias Error



xxiv

MERRA-2 Modern-Era Retrospective analysis for Research Applications, ver. 2
NASA National Aeronautic and Space Administration
NG Natural Gas
NPV Net Present Value
NREL National Renewable Energy Laboratory
O&M Operation and Maintainance
OECD Organisation for Economic Cooperation and Development
P2G Power-to-Gas
PBT Pay Back Time
PDF Probability Density Function
PHS Pumped Hydro Storage
PV PhotoVoltaic
RCP Representative Concentration Pathways
RES Renewable Energy Source
RMSE Root Mean Square Error
ROI Return On Investment
SAM System Advisory Model
SB Secondary Boiler
SC Super Capacitor
SCADA Supervisory Control And Data Acquisition
SMES Superconductive Magnetic Energy Storage
TES Thermal Energy Storage
TSO Transmission System Operator
T&D Transmission and Distribution
UPS Uninterruptable Power Supply
VAWT Vertical Axis Wind Turbine
VOLL Value Of Lost Load
VRE Variable Renewable Energy
Physical Quantities
α Corrected solar azimuth angle [°]
αs Solar azimuth angle [°]
αw Hellman exponent [-]
β Pitch angle of the PV panel [°]
βopt Optimum pitch angle of the PV panel [°]
γ Orientation of the panel [°]
∆heva Latent heat of evaporation [kJ/kg]
δ Declination of the sun [°]
ηel Electrical efficiency [-]
ηHRSG Heat Recovery Steam Generator thermal efficiency [-]
ηinv Inverter efficiency [-]



xxv

ηmec Mechanical efficiency [-]
ηPV Efficiency of the photovoltaic modules [-]
θ Angle between the sun irradiance and the normal to the panel [°]
θz Solar zenith angle [°]
λ Weibull distribution scale parameter [-]
ρ Density of air [kg/m3]
σh

∗ Normalized variability of the net demand [-]
σ̄∗
h Normalized mean variability of the net demand [-]
φ Latitude of the location [°]
ψ Longitude of the location [°]
ψs Longitude of the standard meridian [°]
ω Hour angle [°]
APV Area of the photovoltaic system [m2]
Aswept Wind turbine rotor swept area [m2]
Cp Power coefficient [-]
cw Specific heat of water [kJ/kgK]
CapEx Capital Expenditure, i.e. initial cost of investment [€]
CF Capacity Factor [-]
CO2GridIntensity Carbon intensity of the grid [kgCO2/kWh]
CT Carbon tax [€/kgCO2 ]
d Day angle [rad]
decay Decrease in performance factor [-]
DHI Diffuse Horizontal Irradiance [kW/m2]
DNI Direct Normal Irradiance at its original direction [kW/m2]
e Solar elevation angle [°]
Ek Kinetic energy [J ]
Et Equation of time [min]
Expgrid Expenditure for grid electricity [€]
f Probability density function [-]
F Cumulative probability density function [-]
FC Fuel Consumption [kW]
FuelCost Expenditure for fuel [€]
GHI Global Horizontal Irradiance [kW/m2]
GTI Global Tilted Irradiance [kW/m2]
h Hour of the year [-]
k Weibull distribution shape parameter [-]
kt Clearness index [-]
kWpeak Peak power installed [kW ]
kWhgrid Annual electricity bought from the grid [kWh]
kWhPV Annual electricity produced by the PV plant [kWh]
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kWhreq Annual electricity requirement [kWh]
kWhwind Annual electricity produced by the wind plant [kWh]
LAT Local Apparent Time [hour]
LST Local Standard Time [hour]
m Mass [kg]
ṁA Air mass flow rate [kg/h]
ṁEG Exhaust gases mass flow rate [kg/h]
ṁgasGT Gas flow rate used in the gas turbine [kg/h]
ṁgasSB Gas flow rate used in the secondary boiler [kg/h]
ṁNG Natural gas mass flow rate [kg/h]
ṁsth Theoretical steam produced [kg/h]
ṁs Heat Recovery Steam Generator steam output [kg/h]
ṁw Feed water mass flow rate [kg/h]
n Year [-]
NPV Cumulative Net Present Value [€]
NPVn Annual Net Present Value in year n [€]
OpEx Annual operational expenditure [€ per year]
P Power [W ]
Peldemand Electric power demand [kW]
Pelgrid Electric power bought from the grid [kW]
Pel Electric power [kW]
Pth Thermal power [kW]
priceel Price of grid electricity [€/kWh]
pricegas Price of gas [€/kWh]
r Discount rate [-]
Tamb Ambient temperature [°C]
TEG Exhaust gases temperature [°C]
Ts Steam temperature [°C]
Tw Feed water temperature [°C]
v Fluid speed [m/s]
vcut−in Cut-in wind speed [m/s]
vcut−out Cut-out wind speed [m/s]
vrated Rated wind speed [m/s]
z Height of the meteorological tower [m]
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Chapter 1

Introduction

1.1 Context for the research

Over the last century, human activities have warmed the planet and their environmental
impact is continuously growing. The Intergovernmental Panel on Climate Change IPCC [1]
has reported a rise in the Global Mean Surface Temperature (GMST) of approximately 0.2°C
per decade. At the end of 2017 the GMST was 1°C above the pre-industrial level and it is
estimated to reach 1.5°C between 2030 and 2050 if the current rate of increase is maintained.
In order to limit climate-related risks for natural and human systems, the IPCC set an initial
target of keeping the rise in temperature below 2°C, and recently reduced it to 1.5°C.

The main cause of global warming is the anthropogenic emission of greenhouse gases (GHG),
consisting mostly ('70%) of carbon dioxide (CO2). The main emitter of CO2 is the energy
sector [2], which includes various sub-sectors such as electric and heating power generation,
and transport 1 (Figure 1.1).

Figure 1.1: Global CO2 emissions by sector
Based on data from the International Energy Agency [3]

1Electricity and heat are energy vectors used in the residential, commercial, and industrial end-use sectors.
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In order to comply with the 1.5°C limit set by the IPCC, stronger and more coherent
actions are needed rapidly to reduce the environmental impact of the energy sector. Despite
progress in decreasing the amount of lost and wasted energy, the achievement of the necessary
emissions reduction is still far away: a change towards a more sustainable way of both
producing and consuming energy must occur.

While policies and incentives have been widely studied and already implemented to in-
crease the sustainability of energy consumption in the residential sector, targeting the decar-
bonization of the industrial sector is more complex but also extremely important, given its
key role in emissions reduction and in shaping the transition to a low carbon energy system.
The industrial sector is, in fact, responsible for almost one third of the overall energy con-
sumption [4] and accounts directly for 21% and indirectly (electricity taken from the grid)
for another 11% of global greenhouse gas emissions [5]. By reducing the emissions associated
with the industrial energy load, a considerable step forward could be made towards energy
decarbonization. Options available to an industrial facility for reducing its environmental
impact can be summarized as follow:

• adopt measures that increase the efficiency of the energy usage in the industrial facility,
reducing overall wasted energy;

• purchase green (low-carbon) power to use on-site (e.g. through a corporate power
purchase agreement with a renewable farm);

• produce on-site part/all of its energy load in a more sustainable way.

The latter is analysed in this thesis as option for reducing the environmental impact of
the Irish manufacturing industry.

Manufacturing facilities have very different needs compared to the residential sector, re-
quiring a continuous supply of thermal and electric energy that often cannot be altered based
on the necessity of the grid. Therefore well-known solutions such as Demand Side Manage-
ment (DSM) cannot be easily applied. These facilities are profit-driven entities and therefore
economic parameters such as costs and Pay Back Time (PBT ) are the main variables taken
into account in the decision to invest capital. In fact, many industries operate in highly
competitive markets and the transition to a low carbon economy should not damage their
competitiveness. Therefore, as noted by the IPCC [5], in order to reduce the environmental
impact of a manufacturing facility, the proposed solutions must be economically viable as
well as technically feasible.

The main reason for the high level of emissions produced by the manufacturing sector is
found to be the massive electric and thermal energy requirements to manufacture consumer
products. While significant progress has been made in decarbonizing electricity generation,
manufacturing industry has been slow in adopting solutions such as on-site renewable systems
because the profitability of these investments is often dependent on environmental policies,
that are difficult to predict in the long term [6–8]. Considering, on the other hand, the
thermal energy demand of a manufacturing facility, there are fewer options for increasing
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the sustainability of heating power generation due to more limitations. Heat is, in fact, a
relatively carbon intensive end-use sector since it mostly relies on fossil fuels. There are low-
carbon technologies for heating available on the market, however they are mainly suitable
for low temperature applications such as space-heating, which represent the typical needs
of residential end-users [9–11]. While these alternative technologies exist (e.g. heat pumps,
thermal energy-storage, electric heaters), they are generally either significantly costlier or they
require additional infrastructures that make them not economically viable for households [12].
There is a limited range of alternative solutions available at the moment for decarbonizing
the thermal energy demand of manufacturing facilities, which is often significantly higher
compared to an average end-user in the residential sector and is often required for high-
temperature production processes [13].

1.2 Scope and contribution of the thesis

The overarching objective of the thesis is to investigate the viability for an Irish manufacturing
facility to become an energy "prosumer" (i.e. both producer and consumer of energy) in a
progressively decarbonized energy sector, by producing on-site part of the electric and thermal
energy load in a more sustainable way and be actively involved in reducing industrial carbon
emissions.

In order to achieve this goal, the following sub-objectives are identified:

• to determine the peculiarities, requirements and constraints of manufacturing facilities;

• to evaluate which technologies available on the market are suitable for on-site electric
and thermal energy generation based on manufacturing facilities requirements;

• to develop a robust and flexible new tool in Matlab that allows the evaluation of the
techno-economic feasibility of on-site energy generation for self consumption for different
energy technologies for a generic manufacturing facility;

• to simulate through the implemented model the long term environmental benefits of
the analysed on-site generation system, in terms of CO2 emissions reduction.

The contribution of the thesis lies in:

• the development of a robust and flexible new model in Matlab that can be used to
simulate the techno-economic and environmental feasibility of on-site energy generation
for self consumption for a manufacturing facility;

• conducting the analysis, with the new implemented model, on a real Irish manufacturing
facility to showcase the impact of technology adoption on a real end-user, in contrast
to aggregated representations present in the literature that do not provide this insight;
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• the identification of the constraints that characterize industrial end-users and may con-
stitute an obstacle to becoming energy prosumers;

• the assessment of the techno-economic conditions in which on-site variable renewable
energy generation would be a feasible option for an Irish manufacturing facility. This
information could be relevant when establishing governmental policies with the goal of
increasing the penetration of distributed renewable energy;

• the assessment of how the environmental benefits of on-site Combined Heat and Power
(CHP) systems vary as the grid is progressively decarbonized. While it is widely known
that CHP systems are currently an environmentally feasible solution for energy cogen-
eration in industrial sites, it is not clear whether they will still lead to positive carbon
emission savings as the carbon intensity of the electric grid decreases;

• the study of the effect of introducing on-site energy generation on the residual electric
load that the electric grid has to cover. As the penetration of distributed variable
renewable energy increases, more flexibility will be required from the grid and balancing
services will become increasingly important.

1.3 Outline of the thesis

The objectives listed in the previous section are addressed in the different chapters of the
thesis as detailed below.

In Chapter 2, the evolution of the Irish industry sector and the main energy trends are
discussed. The impact that climate policies have had on the Irish industry development are
analysed along with the targets set by the European Union and Ireland for 2030. The main
technical and institutional drivers of the transition towards a more sustainable energy sector
are identified.

In Chapter 3, the different options currently available for decarbonizing the Irish manu-
facturing industry are discussed and the focus of the present thesis is highlighted. The new
model implemented in this thesis and used as a tool to investigate the technical, economic and
environmental feasibility of on-site energy generation in a manufacturing facility is presented.

An existing Irish manufacturing facility has been used as real case study to provide
realistic data as inputs to the model. In Chapter 4, the peculiarities of this facility are
evaluated to provide insights on manufacturing industry that have been then included in the
model.

Its energy demand per all the different energy vectors is analysed. First, the hourly energy
consumption profile over an entire year of each energy vector used in the facility is examined to
better understand which technologies may be more suitable for on-site energy generation. A
statistical study is conducted on the electric and steam demand to identify characteristics that
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could be considered common peculiarities of manufacturing facilities. Possible inefficiencies in
the current way of consuming energy are also investigated. The technologies considered better
suited for reducing the carbon emissions associated with the manufacturing facility through
on-site cogeneration of both electric and thermal energy are: renewable energy technologies
such as solar photovoltaic (PV) and wind turbines, and a Combined Heat and Power (CHP)
system. The state of the art of these technologies is presented in Appendix A.

In Chapter 5, the methodology used for assessing the technical, economic and environ-
mental feasibility of on-site electricity generation through an on-site VRE system is described
more in details. The procedure used to properly size the system and the equations used in
the model, presented in Section 3.2, are stated in details. Then the results are presented:
the technical feasibility is assessed in terms of electricity generation and overproduction; the
economic feasibility is assessed by calculating the Pay Back Time (PBT ) of the project in
current and future scenarios, and the techno-economic conditions that would make the VRE
system economically feasible are highlighted.

In Chapter 6, the integrated cogeneration system for on-site electric and thermal energy
generation is described: it consists of the PV and wind system, a Gas Turbine (GT), a
Heat Recovery Steam Generator (HRSG) and a secondary boiler. The contribution of every
technology to the energy load of the facility is modelled hourly for the entire lifetime of
the system. The technical, economic and environmental characteristics of this scenario are
assessed and presented. The effect on apparent volatility of the net demand is also explored.

The limitations of the on-site integrated system are highlighted and potential solutions
to these limitations are explored.

The effect of introducing on-site a battery storage system for reducing the variability
of the net demand is assessed in Appendix B. The use of biogas instead of natural gas is
proposed to overcome the temporal limit of the environmental benefit of the system: a brief
overview of the current state of the art of biogas production, its supply potential and cost is
given in Appendix C.

Finally, in Chapter 7 the conclusions of the thesis and suggestions for future work are
presented.
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Chapter 2

Decarbonization of the Irish
industry sector

In this chapter the main industrial sectors active in Ireland are briefly presented. The evo-
lution of the energy trends in the overall Irish industry sector and the impact that climate
policies have had on its development are then analysed. The targets set by the European
Union and by Ireland moving towards 2030 are discussed, along with the technical and reg-
ulatory barriers to a higher penetration of Variable Renewable Energy (VRE).

2.1 Energy trends in the Irish industry sector

From independence until the early 1930s the primary concern of the Irish government was the
development of the agriculture sector. In the second half of the 30s, in order to establish a
degree of economic independence, for the first time the government intervened in regulating
the industrial sector. To allow for industrial development and reduce emigration of Irish
citizens, home production was protected by establishing more extensive tariff walls to protect
the newly established industries against foreign competition and by setting the requirement
for new industrial enterprises of having at least 51% per cent of capital and the management
of Irish origin [14].

Since then, the industry sector in Ireland has significantly evolved and can nowadays be
described mainly as a knowledge economy1, which focuses on financial service, high tech, and
life science. Ireland registered a period of continuous economic growth between 1984 and
2007, but then it slowed down due to the 2008 financial crisis. The recovery of the economy
in 2014, made Ireland the country with the fastest growing economy in the EU, growing by
4.8%. Several industries have contributed to the growth registered by the country [15]:

• Primary industries, which rely on the rich natural resources and include agriculture,
mining, forestry, and fishing. Primary industries account for 5% of the country’s GDP
and employ about 8% of the total labor force. Agriculture has always had a strong
potential for the Irish economy due to its large pasture, particularly in the southern
and midland regions. However, agriculture contributes only 1% of the GDP. The mining

1Application of knowledge to generate tangible and intangible value.
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industry relies mainly on the production of lead, zinc, alumina, and a small quantity
of minerals such as copper, gold, limestone, and gypsum. Ireland is one of the major
exporters of zinc. Extraction of natural gas takes place in Corrib and Kinsale Gas
Fields where there are an approximately 20 billion cubic meters of proven reserves.

• Pharmaceutical and medical technology industries, which is one of the fastest growing
industries in Ireland. This sector has over 100 companies with about 25,000 employees,
generating 9.4 billion euros annually. The pharmaceutical industry registers nearly
50,000 employees and generates about 60 billion euros of export annually.

• Software and Information and Communication Tecnologies (ICT) industries. The suc-
cess of this sector in Ireland is the result of the financial policies of the last few years
which brought a number of foreign companies to set up their headquarters’ offices in the
country, especially in Dublin. This number is still growing, also due to the impending
Brexit. The ICT sector employs over 35,000 people and generates about 35 billion euros
per year. There are over 200 ICT companies, which includes most of the 10 largest ICT
companies, including Facebook, Google, eBay, Amazon, LinkedIn, Twitter, Paypal, and
Microsoft. The software sector generates over 16 billion euros annually and employs
about 20,000 people. Ireland is the second-largest exporter of software in the world.

• Financial service industry, which has significantly recovered after the financial crisis of
2008. The sector employs nearly 35,000 people and generates an average of 2 billion
euros in taxes. Ireland is Europe’s 7th largest provider of wholesale financial services.

• Export and trade industry, which are the two main components of the economy of
Ireland due to the sell of manufactured goods. Ireland is among the largest exporter
of software-related goods, medical devices, and pharmaceuticals. The country is also
the largest producer of zinc and the second-largest producer of lead in Europe. These
minerals contribute greatly to Ireland’s export earnings.

The industry sector in Ireland is a significant energy user (Figure 2.1). The economic
activity and final energy use of industry in 2018 increased respectively by 9.6% and by 4.7%
(reaching 2.6Mtoe) compared to the previous year [16].

As shown in the report produced by the Sustainable Energy Authority of Ireland SEAI [16],
the final energy use in industry in 2018 was 50% higher compared to 1990 but 1.2% lower
compared to 2005. The increase in final energy demand of the Irish industry peaked in 2006,
with almost 2.7Mtoe, +55% compared to 1990. Between 2006 and 2009 there was an 18% fall
in industrial final energy use and then, following a small increase in 2010 of 2.8%, the con-
sumption in industry fell again until 2012. After 2012, the energy use in industry increased
by 19% (Figure 2.2). The reduction trend that has characterised the last decade is due to
both a reduction in the overall economic growth during certain periods of economic crisis
(2008) and also to positive effects of governmental policies that promoted the switch to more
efficient technologies in manufacturing production lines.
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Figure 2.1: Total final energy consumption by sector in Ireland [16]

Figure 2.2: Total final energy use in industry bu fuel [16]

Over the period 2005–2018 only electricity, natural gas, wastes and renewables have in-
creased their shares. The share of electricity has risen from 25% to 36%, natural gas from
18% to 30% and renewables from 6.2% to 7.6%. The increase in renewables is mainly due to
the use of biomass in the wood-processing industry, the use of tallow in the rendering indus-
try and the use of the renewable portion of wastes in cement manufacturing. Investments in
on-site renewable plants from industrial facilities are still limited due to the dependency of
their profitability on governmental policies, which are often variable and don’t guarantee a
low-risk investment.

The main trends in final energy use in industry in 2018 were:

• The consumption of all fuels increased with the exception of non-renewable wastes
compared to the previous year.
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• Oil use increased by 7.4%, to 516 ktoe, and accounted for around 20% of industry’s
energy use.

• Natural gas consumption in industry increased to 790 ktoe and accounted for 30% of
industry’s energy use.

• Renewable energy use increased to 198 ktoe and accounted for 7.6% of industry’s energy
use.

• Electricity consumption increased to 936 ktoe and accounted for 36% of industry’s
energy use.

• Coal use increased by to 105 ktoe and accounted for 4.1% of industry’s energy use.

• The use of non-renewable wastes in industry fell by 3.7% to 55 ktoe, and accounted for
2.1% of industry’s energy use.

Direct use of all fossil fuels accounted for 54% of energy use in industry in 2018 and grew
by 4.8% in that year. Over the period 2005–2018, the use of fossil fuels in industry fell by
22%: while coal and oil consumption in industry fell over the period by 50% and 55%, overall
fossil fuel did not fall at the same rate because of the increased use of natural gas (+71%).
These changes in the fuel mix resulted in lower emissions from fuel-use in industry during
this period.

The industry sector is responsible for a significant share of CO2 emissions, as shown in
Figure 2.3, that differentiates the on-site CO2 emissions associated with direct fuel use and
the upstream emissions associated with electricity consumption. The industry sector is, in
fact, characterized by a high demand of both electric and thermal energy. While alternative
technologies are available for producing low-carbon electricity that can be consumed by the
industrial sector, lowering its environmental impact (e.g. renewable technologies), the heat
energy use is more difficult to decarbonize. Direct energy use for heat in industry increased by
4.4% in 2018; heat is a relatively carbon intensive end-use sector that still relies mostly on fos-
sil fuels and many manufacturing industrial processes are characterized by high-temperature
thermal energy requirements, for which at the moment not many low-carbon technologies are
commercially available and economically competitive.

In 2018 the industrial energy-related CO2 emissions fell by 3.5%, to 8.1Mton and the
electricity consumption was responsible for 50% of industry’s energy-related CO2 emissions.
If upstream electricity-related emissions are omitted, then there was a 4.8% increase in CO2

emissions from combustible fuels used on-site. This is as a result of changes in the volume and
fuel mix used in industry, with increased oil (+7.3%), coal (+3.1%) and natural gas (+3.5%)
countered by increased renewables (+3.5%).

The energy intensity of the Irish industry sector, defined as the amount of energy required
to produce a unit of value added, fell by 1.2%, while value added increased by 146%, resulting
in a reduction in intensity of 60% (Figure 2.4).
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Figure 2.3: Industry energy-related CO2 emission in Ireland [16]

The large increase in gross value added in 2015 is explained by a number of one-off factors,
such as the transfer of assets into Ireland, and what are known as reverse takeovers. This
increase in gross value added incurred no additional energy consumption. Energy intensity
in this form is not a good indicator of energy efficiency, and variations may be the result of
many factors, such as structural changes, or changes to the fuel mix or the volume [16].

Figure 2.4: Industry energy-intensity in Ireland [16]

It has been shown that the Irish industry sector is responsible for a significant amount of
energy demand and CO2 emissions. In the next section, the policies that are targeting the
decarbonization of this sector are analysed.

2.2 Climate policies targeting decarbonization of industry

The increasing scientific evidence regarding the contribution of energy use to climate change
coupled with the growth in energy demand and related emissions have urged governments
and policy makers to introduce policies designed to manage energy more effectively, to move
towards less polluting fuels and to mitigate human impact on the environment.
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This section briefly identifies the major policy developments that have had an impact on
the industry sector.

The main policy that has been implemented by the European Union with the aim of reduc-
ing GHG emission is the EU Emission Trading Scheme (EU ETS). It currently is the world’s
first major carbon market and the biggest one. It operates in all the european Countries and
also in Iceland, Liechtenstein and Norway, it limits emissions from more than 11,000 heavy
energy-using installations (including power stations and certain industrial plants) and air-
lines operating between these countries; overall it covers around 45% of the EU’s greenhouse
gas emissions [17]. The EU ETS, set up in 2005 as the world’s first international emissions
trading system, works on the ’cap and trade’ principle, i.e a cap is set on the total amount of
greenhouse gases that can be emitted by installations covered by the system. By progressively
reducing the cap, the total emissions fall. The companies which are regulated by the EU ETS
scheme receive or buy their emission allowances (within the cap limit), which can then be
either used or traded. At the end of each year, each company must have a sufficient amount of
allowances to cover their annual emissions, otherwise heavy fines are imposed. If a company
reduces its emissions, it can keep the spare allowances to cover its future needs or else sell
them to another company that is short of allowances.The limited availability of allowances
and the amount of emissions produced by companies that year influence the market value.
This European policy incentivizes companies to invest in clean, low-carbon technologies, to
limit their allowances requirement for future years.

The EU ETS has proved effective in reducing emissions from installations in the sys-
tem: the European Commission’s report [18] shows that in 2018 emissions from installations
covered by the EU ETS decreased by 4.1%, about 73 million tonnes of CO2 equivalents,
compared to the previous year.

The system covers the following sectors and gases, focusing on emissions that can be
measured, reported and verified with a high level of accuracy:

• Carbon dioxide (CO2) from:

– power and heat generation;

– energy-intensive industry sectors including oil refineries, steel works and produc-
tion of iron, aluminium, metals, cement, lime, glass, ceramics, pulp, paper, card-
board, acids and bulk organic chemicals

– commercial aviation;

– nitrous oxide (N2O) from production of nitric, adipic and glyoxylic acids and
glyoxal;

– perfluorocarbons (PFCs) from aluminium production.

Participation in the EU ETS is mandatory for companies in these sectors, but presents
some exceptions: in some sectors only plants above a certain size are included; certain small
installations can be excluded if governments put in place fiscal or other measures that will
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cut their emissions by an equivalent amount; in the aviation sector, until 31 December 2023
the EU ETS will apply only to flights between airports located in the European Economic
Area (EEA).

Currently the EU ETS scheme is at its third phase and, compared to the precedent two
phases, a single cap on emissions applies now to all the subjected Countries, with auctioning
as the default method for allocating allowances and harmonised allocation rules. 300 million
allowances are also set aside in the New Entrants Reserve to fund the deployment of inno-
vative, renewable energy technologies and carbon capture and storage through the NER 300
programme. The fourth phase will begin in 2021 and will focus on increasing the pace of
annual reductions in allowances to 2.2%, reducing the surplus of emission allowances in the
carbon market, safeguarding the international competitiveness of industrial sectors at risk of
carbon leakage through free allowances allocation,

The EU ETS scheme targets the Irish industrial sector, as has been discussed above,
however it presents some limitations as shown by the fact that the decrease in emissions
registered in the past years was mainly driven by the power sector, while emissions from
industry decreased only slightly. The EU ETS, in fact, targets only certain Irish industrial
activities, which have between the different requirements a high thermal energy demand
(total rated thermal input exceeding 20 MW, as per S.I. No. 490/2012 [19]). The remaining
industrial activities fall below the non-ETS scheme and only a limited amount of measures
are taken to limit their emissions.

The present thesis, in particular, focuses on investigating available options for reducing
CO2 emissions in manufacturing industrial facilities with high electric and thermal demand
and significant CO2 emissions production that do not follow under the EU ETS scheme.

Industries that are not included in the EU ETS scheme, such as the facility analysed in
this thesis, have to face the risk of deploying new innovative technologies based on governmen-
tal policies that are continuously evolving and this has resulted in manufacturing industry
being slow in adopting solutions such as on-site renewable systems because the profitability
of these investments is often dependent on environmental policies, that are difficult to predict
in the long term [6–8]. In manufacturing facilities with high electric and thermal energy con-
sumption in production processes, the challenges of decarbonization are greater since major
changes in process technologies may be required and when going beyond marginal emission
reductions, there seems to be relatively few, if any, co-benefits from decarbonisation [20].
The main issue is that adopting more significant changes such as innovative technologies for
improving the energy efficiency of production processes or switching to non-fossil fuel energy
sources, will likely lead to higher production costs that could threaten international compet-
itiveness if not properly remunerated by tailored policies and may lead to carbon leakage
(i.e. production relocated in countries with less strict climate policies). A new approach
is required to reach the 2050 almost carbon neutrality, which should integrate innovation,
aligned industrial, climate and energy policies that integrate international trade and foreign
policies to ensure a fair competitiveness worldwide.
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A measure from which all type of industrial facilities can instead benefit is the estab-
lishment of the Large Industry Energy Network (LIEN) [21]. The Large Industry Energy
Network is a voluntary network, facilitated by Sustainable Energy Authority of Ireland,
which involves companies working to maintain strong energy management and environmen-
tal protection practices. LIEN members collaborate on best practice and new technologies in
energy management and benefits from the share of competences and progresses. LIEN’s core
aim is to support participants’ goals for reducing the cost of energy. Investing in improving
energy efficiency has shown not only environmental benefits to these companies but also so-
cial benefits and an improved firms’ relationships with stakeholders. The share of knowledge
and competences takes places through workshops and seminars, providing the possibility to
socialize expertise. The stronger priorities that have been identified by the LIEN group are
improving energy efficiency and the use of renewable energy and all the achievements reached
by LIEN companies are recognised and contribute to national energy objectives ranging across
efficiency, competitiveness, energy security and environmental protection.

2.3 Towards 2030

Ireland is contributing to the Paris Agreement via the Nationally Determined Commitment
tabled by the European Union based on reductions in the ETS and non-ETS sectors of
respectively 43% and 30% (compared to 2005). The non-ETS target, while not yet agreed, will
present an enormous challenge for Ireland, which will require substantial investment by both
the public and private sectors, as well as a broad range of non-financial policy tools, including
regulations, standards, education initiatives and targeted information campaigns [22].

The European commitment to decreasing GHG emissions by 2030 of 55% compared to
1990 level will pass through a further decarbonizing of the energy system, critical to reach
climate objectives in 2030 and 2050. The production and use of energy across economic
sectors account for more than 75% of the EU’s greenhouse gas emissions. Energy efficiency
and further penetration of renewable sources are the priority identified by EU [23].

Ireland has put a lot of effort in progressively introducing more and more renewable
energy into the electric system and electrify, where possible, the other energy sub-sectors
committing to produce from renewable sources at least 16% of all the energy consumed
by 2020 through a 40% target of renewable electricity, 12% of renewable heat and 10% of
renewable transport [24].

Part of the European strategy to reach a significant decarbonization by 2050 is, in fact, to
cover 95% of the electricity consumption by Renewable Energy Sources (RESs) and electrify
as much as possible the other two sub-sectors, heat and transport [25].

A large share of renewable energy comes from Variable Renewable Energy (VRE) sources,
such as solar and wind, defined variable sources because the electricity produced comes from
stochastic energy flows and therefore is more variable and difficult to forecast. In fact, in
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2018 wind generation accounted for 85% of all the Irish renewable electricity and for 28.1%
of all the Irish electricity generated [16].

Variable Renewable Energy (VRE) has a key role in decarbonizing the energy sector by
partially replacing highly polluting fossil fuels in the power generation mix. The penetration
of VRE into the electric grid is, however, currently limited due to technical/physical and
market/regulatory barriers. A brief overview of these barriers is provided in the next sections.

2.3.1 Technical barriers to further VRE penetration

Technical barriers to a deep VRE penetration lie in the fact that the electric grid needs to bal-
ance production and consumption at every spatial node in every instant of time to maintain
a stable system frequency. When the electricity system was typically managed by a single
vertically integrated company and electric power was mostly supplied by traditional central-
ized power plants, it was relatively easy to maintain the balance. With the liberalization of
the electricity market (Electricity Directive 96/92/EC), the power generation was separated
from the transmission segment, managed now by Transmission System Operators (TSOs),
making it more difficult to guarantee the balance of the system [26]: a liberalized market,
in fact, allows a larger number of participants to enter the market and has a positive effect
on the competitiveness of the market but at the same time the increased quantity of power
plants that participate to the market results in a higher complexity of the system that the
TSO has to manage. In addition to that, balancing generation and demand becomes more
challenging as a higher share of energy is produced from VRE systems, which are charac-
terized by variability, uncertainty and locational-dependence. VRE systems, in fact, consist
mostly of decentralized plants that exploit renewable sources, whose availability is strictly
dependent on the weather in that geographical location.

The variability of renewable sources represents a technical limitation to the progressive
increase in VRE penetration in the electric grid. With more energy coming from renewables,
the residual electric load that remains to be covered by conventional power plants will have
a more variable trend, with a consequent rise in the number of ramps.

Balancing the system is more challenging when the demand and the VRE production vary
both very fast and in opposite directions:

• When the electricity demand drops while the VRE production increases to peak. As
consequence, the dispatchable power plants will decrease their output, following the
demand profile.

• When the electricity demand rises rapidly while the VRE production decreases. As
consequence, the dispatchable power plants will increase their output as fast as they
can to follow the demand profile.

When renewable sources are highly available and more energy than actually required
would be produced, part of this energy has to be curtailed to maintain the balance of the
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system, wasting clean and fuel-free energy. The case of Germany is shown as example in
Figure 2.5: the amount of energy curtailed has increased every year since 2010 as the re-
newable penetration rises. In 2017 the energy curtailed reached 5,518GWh, of which 5,287
came from wind generators. This indicates that to reach the target of energy coming from
renewables, the VRE capacity installed should be highly overdimensioned since the electric
grid is currently not flexible enough to use all the renewable energy available and has to
curtail a share of potentially clean and fuel-free energy.

Figure 2.5: Annual curtailment and share of renewable energy sources in the
final energy mix in Germany.

Based on data from the United States Department of Energy [27]

Another technical barrier is managing uncertainty. Uncertainty is not a new issue in the
energy market, but, until the last decade, it was mostly related to the forecast of the energy
demand, which included a statistical error. The demand profile is, however, more regular
and easily predictable nowadays on a daily, weekly and seasonal base (Figure 2.6). Instead,
the power output from VRE systems is highly unpredictable and very difficult to model.

Figure 2.6: Effect of Variable Renewable Energy (VRE) generation on the
net load [28]

Both these issues, high variability and uncertainty, lead to one of the most important
features the future grid is required to have: flexibility, defined as how much the power system
is able to modify its power output to adapt to the variability of the load.
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IEA defines four forms of flexibility [28]: generation side, demand side, interconnection
and storage. Concerning the flexibility on the generation side, flexibility in solar and wind
systems lies in the possibility of curtailment, i.e. the possibility to curtail clean energy
generation in case of excess availability of renewable sources compared to the electric load.
Instead, flexibility of traditional power plants is identified through four parameters [29]:
minimum load, ramp rate, start-up time and start-up cost. A larger share of intermittent
renewable energy is estimated that will increase the variability of the residual load up to 38%.
While nuclear and coal-fired power plants are design to operate at their optimum point, where
they have the best performances, the modern gas-fired power plants are already very flexible
and can provide fast start-ups in case of unexpected variations in the net load. They may
represent a cost-effective solution to be used as back-up capacity in a high-RES scenario, if
coupled with additional measures as Carbon Capture and Storage (CCS) for CO2 emissions
reduction.

The flexibility on the demand side lies in the "demand-side management and response":
a percentage of the load is shifted dynamically over time to balance the scarcity/excess of
electricity by reducing/increasing the consumption. Demand Response (DR) has been studied
for decades and it is a particularly effective mechanism in the residential sector, while it is
often not a suitable option for industrial facilities.

The third form of flexibility is found in the interconnections of the network. An increasing
number of interconnections at European level can guarantee a higher flexibility of the grid
by transporting the electricity from where it is produced to where it is needed most. In case
a surplus of RES generation occurs, it can be exported, avoiding negative electricity price
on the local market. It is a feasible solution only if the transmission and interconnection
capacities are sufficient.

The last form of flexibility is the storage. Storage technologies are used to shift the
production and consumption of energy in time: they store energy when cheap sources are
available and the demand is low, and make it available when the load on the grid is high and
problematic to satisfy. Given its important role in RES integration, many studies focus on
storage systems. The current most economical and used utility-scale technology is pumped
hydro storage. Batteries have a great potential especially for distributed medium and small
scale applications, but the cost is still high.

The uncertainty and variability of VRE systems require additional capacity for supplying
the power guaranteed by VRE systems in case the renewable sources availability differs from
the forecast. This is where the current structure of the electricity market has to evolve:
the availability of back-up generation capacity should, in fact, be properly remunerated to
guarantee an increasing support to higher VRE penetration. The electricity market should
properly consider the costs related to the increasing necessity of balancing services and modify
its structure accordingly.
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2.3.2 Market barriers to further VRE penetration

The regulation of the electricity market was build on a centralized electricity system char-
acterized mostly by traditional centralized power plants connected to the electric grid in the
context of a low VRE penetration. Therefore, the current structure of the electricity market
may present barriers to higher VRE penetration, as the value of electricity drops rapidly as
the VRE penetration rises.

An overview of the market design is given to better understand where the possible reg-
ulatory barriers to a higher penetration of VRE lie. Hu et al. [30] provide a review of the
market design, which is briefly summarized in this section.

The electricity market involves different sub-markets with different time-frames, as shown
in Figure 2.7.

Figure 2.7: Structure of a competitive electric market and participants in-
volved. Inspired by Hu et al. [30].

The electricity demand is forecast based on historical data; a high share of electricity
generation to cover the estimated demand is sold to different suppliers on the year or month-
ahead market through a bid system. Since long-term planning is subjected to uncertainty,
getting closer to the moment of delivery other sub-markets come into play: the day-ahead spot
market (DA), intraday market (ID), balancing market (BA) and the imbalance settlement.
By the time of gate closure, generation and load parties must notify the TSO of their expected
physical positions at real time and additional capacity is bought by the TSO to cover possible
unbalances [31].

The DA spot market trades hourly power supply for the following day. All the bids
are classified by ascending price (merit order) and the offers are classified by descending
price. The demand with the highest willingness to pay goes with the supplier with the lowest
willingness to sell. This procedure is repeated until a mutually approved price is found. The
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highest price to be matched is defined "market clearing price" and it is the uniform price set for
all the suppliers that won the bid. When the DA trading closes (12:00pm of the day-ahead),
the bid winning parties have to commit themselves to ex-ante scheduling of power generation
or consumption on a half-hour basis (in the specific case of Ireland). Every party chooses
a balancing responsible party (BRP), which should have an overall balanced position before
the delivery. Individual imbalances may be offset by other participants under the same BRP
responsibility; if there are overall net imbalances in a BRP, they are settled financially [32].

The ID market is closer to the real time delivery, therefore market participants have new
information (e.g. renewable sources availability updated forecast) relevant for their short-
term planning. This market is organized in two different ways across European countries [33]:
based on discrete auctions or on continuous trading. The first method, used in Spain, Italy
and Portugal, establishes different auctions which are settled at different times. If the latter
approach is applied (as in Nordic countries) bids and offers are not matched at a specific
time but on a first-come-first-served order as soon as an offer matches the price of a bid.
Therefore, every trade may have a different market price. Some countries as Germany, UK
and Ireland combine the two mechanisms.

Since the time resolution of the DA market is of the order of one hour, even when all
the market participants meet their DA commitment, it is not ensured that generation and
consumption would be balanced within that period of delivery. The TSO reserves balancing
capacity from Balancing Service Providers (BSPs) in the balancing market and activates it
when imbalances are expected. Suppliers of active balancing power commit to supply energy
if required at a certain ramp-rate, time-frame and for a specific duration. When BRPs don’t
meet their DA commitments, the cost paid by the grid for the activation of balancing capacity
is allocated ex-post in the imbalance settlement. The trading product of this sub-market is
the difference between the BRPs commitment and the real-time delivery; the time resolution
varies between 15 and 60 minutes. The imbalance market can use a one-price or two-price
system. The one-price system imposes the same price to BRPs with positive or negative
imbalances: BRPs who produce less or consume more than declared (short) pay while BRPs
that produce more or consume less (long) get paid. This method makes a long and a short
BRP counteract and balance, aggravating system imbalances. The two-price system instead
discourages imbalances by differentiating the imbalance settlement price from the DA price.
This could, however, lead to strategic behaviour from BRPs that could submit production
plans depending on the pricing system [33].

With the progressively increasing penetration of VRE, more imbalances are occurring due
to the difficulty to accurate forecast renewables availability. There is, therefore, a pressing
need for the electricity market to properly consider the costs related to the increasing necessity
of balancing services and imbalance settlements and to modify its structure accordingly.

Integration costs, i.e. the costs for settling imbalances, have been analysed by Hirth et
al. [35], who decompose them in three key components, based on the main characteristics of
VRE: temporal variability, uncertainty and location-dependence.
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Integration costs are high if renewable technologies are used at large scale and not con-
sidering them could strongly bias results. The largest integration cost component has been
identified by Hirth et al. in the reduced utilization of the capital embodied in thermal plants.
VRE systems have a zero fuel cost and can often bid with a very low DA price, which some-
times is even negative if they receive incentives that exceed their marginal costs; therefore
they are dispatched in priority, replacing in part thermal plants and causing a lower spot
price. As consequence, the final uniform DA price decreases bringing lower marginal rev-
enues to VRE compared to the case where thermal plants set the spot price. This reduces
the market value of additional VRE generation. At the same time, the marginal revenues
of traditional power plants are even lower since they are dispatched after VRE and have
higher operational and fuel costs. They become more useful to the grid as back-up capac-
ity providers and therefore are often activated to run the power generators at partial loads,
which results in a reduction of the thermal and economic efficiency of the system. In Europe
over 20GW of gas-fired power plants were mothballed in 2013 and this figure is estimated
to increase in the next years [30]. De Jong et al. [36] show that the overall wholesale power
price decreased between 2008 and 2014 in Germany, France, Italy and Spain while the retail
price increased due to a rise of taxes and levies. In fact, the costs of integrating more VRE
are often socialized between all power generators and the grid; this further penalizes tradi-
tional power plants and could also lead to an increase in the electricity price for end-users
(worsening energy poverty [37]). This is the paradox the electricity sector is facing: more
renewable energy is needed to decarbonize the energy sector but the electricity market needs
to display the integration costs as a clear and separate line of expenditure in order to not
over-incentivize RES generation, leading to a reduction in its market value (death spiral of
utilities [38]), and support the less polluting traditional power plants (e.g. gas turbines) in
providing the back-up capacity needed to make the grid more flexible.

It is important that all the potentially externalities are carefully considered by govern-
ments when implementing energy policy to support the decarbonization of the energy sec-
tor [39].

The tariff structure has to include the price for the grid flexibility as a clear and visible
separate item. The current market structure is price-based, i.e. its aim is to create the mix
of energy sources that guarantee the lowest marginal cost. This market structure should
change from kWh-based to capacity-based to provide a proper remuneration to conventional
power plants that guarantee capacity availability and support higher VRE penetration by
increasing the flexibility of the grid.
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Chapter 3

A new model for investigating
on-site energy generation feasibility

In this chapter, the options currently available for decarbonizing both the electricity and
heat demand of manufacturing industrial facilities are discussed and the focus of the current
thesis is highlighted. The new model implemented in Matlab in the present thesis is described
through flow diagrams.

3.1 Options for decarbonizing the industrial electricity and
heat demand

The necessity of decarbonizing the energy sector presents some challenges, as has been shown
in the previous chapter. The complexity of the energy system and of its architecture makes it
difficult to actualize all the required actions to reduce its environmental impact in a relatively
short time (targets set for 2020, 2030 and 2050).

The industry sector is globally responsible for almost one third of the overall energy
consumption [4] and specifically manufacturing industry accounts for more than 20% of
energy-related carbon emissions. While policies and incentives have been widely studied
and implemented to increase the sustainability of the residential sector, the industry sector is
more difficult to target [40]. In Ireland, the industrial electricity demand represents a third of
the total electricity consumption, more than the residential sector (Figure 3.1-a). The Irish
industrial sector is also characterized by a significant thermal demand which is almost twice
its electric demand, as shown in Figure 3.1-b, and is mainly provided by natural gas and oil.

Overall, while one household has an average consumption of 480Wel and 1,255Wth [41], a
medium size manufacturing plant has an average demand of 2,500×103Wel and 5,000×103Wth,
equivalent to approximately 5,000 residential consumers. Making one single manufacturing
plant consuming cleaner energy and reducing energy waste could have the same impact as
convincing thousands of people to adopt more sustainable solutions. Therefore progress in
the decarbonization of the industrial sector would give a significant contribution to emissions
reduction.
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(a) Electricity generation by source and consumption by sector in Ireland in 2018

(b) Final consumption in industry by source in Ireland in 2018

Figure 3.1: Electricity and heat consumption in Ireland in 2018, with a
focus on industry. Based on data from the Sustainable Energy Authority of

Ireland [16]

Different options are available to a manufacturing facility for reducing the environmental
impact of its electric energy load. They can be grouped and summarized in three categories:

• adopt measures that increase the efficiency of energy usage, reducing wasted energy;

• purchase low-carbon power from third parties, e.g. through a power purchase agreement
(PPA) with a renewable farm;

• produce on-site part/all of its energy load in a more sustainable way.

Many manufacturing facilities have already implemented internal measures to increase
the energy efficiency of their production lines. Often the first step a facility takes when
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targetting energy waste reduction, is the creation of a "Energy Management" unit, responsible
for controlling where possible energy waste may lie and improve the detected production
process. Then, facilities with higher financial resources invest in innovative technologies that
can guarantee more energy savings and an overall increase in energy efficiency.

The second option listed is also used by certain plants that do not have the financial
resources to invest in either of the two remaining options. However, purchasing low-carbon
power from a third party links the environmental impact of the facility to the carbon emissions
produced by the third party. In addition, considering the challenges that are being currently
faced to make the electric grid suitable for a higher penetration of VRE and considering the
larger demand for low-carbon PPAs from companies, the cost of this option may increase in
the future.

Due to all these considerations, the focus of this thesis is on the third option.
The decarbonization of the industrial heating demand is more challenging compared to

the electric demand, especially if considering that many manufacturing facilities continu-
ously require a significant amount of high temperature thermal energy. There are low-carbon
technologies for heating available on the market, however they are mainly suitable for low
temperature applications such as space-heating, which represent the typical needs of residen-
tial end-users [9–11] and while these alternative technologies exist (e.g. heat pumps, thermal
energy-storage, electric heaters), they are generally either significantly costlier or they re-
quire additional infrastructures that make them not economically viable for households [12].
Only a limited range of alternative solutions is available for high-temperature production
processes [13] and can mainly be identified within:

• use of renewable gas instead of natural gas in boilers on-site;

• combined generation on-site of both electricity and heat through an integrated technol-
ogy such as Combined Heat and Power, that has a high overall energy efficiency.

Given that the purchase of renewable gas from a facility would be subjected to the devel-
opment of technologies and decrease in cost of production of biogas on a national scale and
it would depend on to the government decision to use gas infrastructures to provide biogas,
the second option is analysed.

The objective of this thesis is therefore to investigate whether it is technically and eco-
nomically feasible for a manufacturing facility to produce electric and thermal energy on-site
reducing the environmental impact of its energy demand. To do so, a new model has been
implemented in Matlab which simulates, given as inputs the energy demand of a facility and
the techno-economic parameters of the selected on-site generation technologies, the technical
and economical viability of on-site energy generation, and the emissions savings achievable
with the new on-site system in current and future scenarios.

The first technologies investigated with the model for on-site energy generation are so-
lar PV and wind turbine. Manufacturing facilities typically occupy larger spaces in non-
residential areas compared to commercial sites in urban areas since they require open spaces
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for production machinery, parking facilities, appropriate routes for supply and delivery, ded-
icated connections to national utility grid and other environmental considerations (e.g. noise
pollution). This represents a good opportunity for installing renewable power plants, usu-
ally based on low "power density" technologies [42], that could produce clean energy on-site,
reducing transmission and distribution losses. They also have dedicated connections to the
national utility grid that could be used for selling extra power produced on-site to the grid [43].
Figure 3.2 shows the geographical area occupied by the manufacturing facility considered in
this thesis as real case study and the large available space surrounding it that confirms the
above statements.

Figure 3.2: Aerial photography of the analysed manufacturing plant

The other technology considered for decreasing the emissions associated with the high-
temperature heat demand of a manufacturing facility is a Combined Heat and Power system
composed by a gas turbine and a Heat Recovery Steam Generator, for highly-efficient pro-
duction of both electricity and steam.

3.2 Overview of the new model

In the present thesis a new model has been implemented and developed in Matlab that allows
the execution of the techno-economic and environmental feasibility analysis of on-site electric
and thermal energy generation. The technologies considered for on-site energy generation
are a VRE system (solar PV and wind turbines) and a CHP system (gas turbine and heat
recovery steam generator). The logic behind these technologies choice is described more in
details in Chapter 4, 5 and 6.

The model is designed in a way that allows to replicate the analysis to any manufacturing
facility worldwide, by simply providing as inputs to the model the hourly electric and thermal
demand of the analysed facility, economic parameters such as technology costs, subsidies and
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commodities prices, and geographical/meteorological data. An immediate feedback is then
provided by the model on the feasibility of on-site energy generation through a VRE and
CHP system for the specific analysed facility in the current conditions and for possible future
scenarios.

The main inputs are briefly summarized below:

• Hourly electric and thermal energy demand of the facility for a sample year;

• Hourly solar irradiation at the geographical location for a sample year;

• Hourly wind speed at the geographical location for a sample year;

• Key performance parameters of the selected VRE and CHP system;

• Carbon intensity of the electric grid;

• Key economic parameters, such as cost of technologies, commodities prices and possible
subsidies.

The main outputs generated by the model are:

• Hourly electric and thermal energy generation for each technology investigated for the
entire lifetime of the on-site system;

• Pay Back Time (PBT) of the on-site system;

• Sensitivity of the PBT to different variables;

• CO2 emissions avoided.

Two flow diagrams are shown below: Figure 3.3 shows how the feasibility analysis is
conducted for the VRE system; Figure 3.4 shows how the analysis is conducted for the
integrated system. While the same logics and calculations apply for the VRE study, the
additional calculations, inputs and logics used for the CHP analysis are shown more in details.
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Figure 3.3: Flow diagram of the model: VRE feasibility analysis
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Figure 3.4: Flow diagram of the model: integrated VRE and CHP feasibility
analysis
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Chapter 4

Case Study

In order to provide realistic data as inputs in the model, an existing Irish manufacturing
facility has been used as real case study. The peculiarities of this facility are discussed and
the energy demand per all the different energy vectors is analysed.

4.1 Analysis of an Irish manufacturing facility

As explained in the introductory chapters, the aim of this thesis is to assess the feasibility
for the Irish manufacturing industry to take on the role of energy "prosumer" (producer and
consumer) by actively producing on-site energy for self-consumption to reduce the overall
environmental impact by using cleaner energy sources and/or reducing energy waste.

A real manufacturing facility located in Ireland has been chosen as case study to inves-
tigate the techno-economic and environmental feasibility of on-site energy generation for the
Irish manufacturing industry. The chosen facility is part of an international pharmaceutical
company with 69,000 employees all over the world. The Irish manufacturing site counts more
than 800 employees. It has a 24/7 batch production process with no shut-down during the
year except for one short scheduled maintenance period.

In order to better understand the peculiarities of the energy needs of manufacturing
facilities, the consumption profiles of the different energy vectors used in the selected facility
during a typical year are presented in this section. The first step has been to identify all
the energy vectors used, which are electricity, natural gas and water1, and analyse their
consumption trends. When data are taken from real facilities, the most common problem
that has to be faced is the limited access to data and the unavailability of the devices used
to take the needed measurements. This is one of the biggest hurdles to go over in this type
of studies. To overcome this problem, data from both internal meters and bills have been
compared and integrated.

1 Water can be considered as an energy vector as it is used to distribute heat, but also because energy is
embedded in water filtration before and waste water treatment after use in the manufacturing process.
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4.1.1 Electric energy demand

The first energy vector considered is electricity. In Figure 4.1, the monthly electricity con-
sumption and price paid by the company in 2015 and 2016 are shown. These data are taken
from bills and the annual variation of consumption and price is detailed in Table 4.1.

Figure 4.1: Monthly electricity consumption and correspondent price paid in
2015 and 2016

In Figure 4.2-a the electricity consumption internally monitored every hour of 2016 is
displayed. The two datasets have been compared in order to fill possible gaps caused by
unavailability of metering information.

The total amount of electricity consumed in 2016 registered by internal metering was
23,296MWh. The bills provided by the facility report a total consumption of 23,247MWh in
2015 and 23,331MWh in 2016. The two sources registered consistent data, differing by less
than 1%, suggesting that the internal meters are reliable.

The electric load in 2016, displayed in Figure 4.2-a, is almost constant during the year
without seasonal variations. The periods with an unusual trend during the year are marked
in Figure 4.2-a by 4 ovals: these regions represent cumulatively 9 weeks of consumption.
The electricity demand drops at the beginning (week 1) and at the end (week 52) of the
year are caused by a reduction of the working shifts in the facility for Christmas holiday.
The electricity demand does not drop to zero: a base-load demand is still present, even if
reduced. The other highlighted regions (weeks 12, 13, 29) show the electricity consumption
dropping to zero in late March and again in July. The event in March is an isolated data
point, and seems to be a problem with the data logging. The event in July, however, spans
29 consecutive hours. The internal monitoring and external billing data are consistent, and
so it is concluded that it is due to plant outage.

The range of hourly electricity consumption (maximum to minimum difference) and its
standard deviation for every week of 2016, using both raw hourly data and a 1-week moving
average to remove rapid fluctuations, are displayed in Figure 4.2-b and 4.2-c. Most of the
time during the year, the fluctuations in the electricity consumption during a week are low. In
fact, if the 9 weeks with the unusual high drops are excluded, the gap between the maximum
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and minimum power load relative to the average registered in that week is below 33% for raw
data while using a 1-week moving average it decreases below 7%.

(a)

(b)

(c)

Figure 4.2: Electricity demand profile in 2016
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The ensemble average of hourly and daily consumption over 2016 is shown in Figure 4.3.

Figure 4.3: Electricity demand profile in 2016: Monday-Sunday hourly en-
semble average

A diurnal variation is seen on weekdays (Monday-Friday), while the weekend hourly av-
erage is flat. The weekdays are comparable to each other both in terms of hourly trend
and range of variation. The weekday diurnal trend is more or less additional to the weekend
average and is approximately 5% of the mean electricity consumption. The range of variation
at the weekend is twice that of weekdays and is approximately 15% of the mean consump-
tion. This suggests that the diurnal variation during weekdays is not related to changes in
manufacturing processes which will continue on a 24/7 basis, but rather reflects secondary
activities, such as back-office operations, although there is no operational data to support
this.

From the analysis conducted, given the almost constant trend and the overall relatively
small diurnal, weekly and seasonal variability of the electricity demand, it is concluded that
the electricity consumption profile of a manufacturing site differs from that of a typical
residential consumer and the nature of on-site manufacturing processes is that deferred con-
sumption is not viable2. Therefore, the commonly adopted strategies for Demand Side Man-
agement (DSM) are not easily applicable in this case.

4.1.2 Water demand

The second analysed energy vector is water, which is required in the production lines for
different manufacturing processes. The majority of the water goes through different energy
intensive chemical treatments (which are beyond the scope of this study) and then reaches
the production lines, while around 7% is used as feed water for the boiler present on-site for
the generation of steam. In Figure 4.4 and Table 4.2, the cubic meter of water consumed in
2015 and 2016 are shown, based on available billing information.

2This is based on a clear statement of the energy manager of the manufacturing facility analysed in this
thesis, however it is clarified that this may not always be the case
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Month Electricity Consumption [MWh] Consumption Specific price 2016
2015 2016 2016 vs 2015 [€/kWh]

Jan 1,900 1,973 3.85% 0.104
Feb 1,791 1,932 7.87% 0.103
Mar 1,943 1,954 0.53% 0.090
Apr 1,912 1,908 -0.21% 0.090
May 2,057 1,997 -2.91% 0.092
Jun 2,039 2,095 2.76% 0.091
Jul 1,817 1,809 -0.45% 0.093
Aug 2,040 2,015 -1.26% 0.090
Sep 1,981 2,014 1.65% 0.088
Oct 2,052 1,992 -2.95% 0.094
Nov 1,936 1,871 -3.37% 0.108
Dec 1,771 1,768 -0.15% 0.108

Table 4.1: Electricity consumption and specific cost in 2015 and 2016

Figure 4.4: Monthly cubic meters of water consumed and correspondent price
paid in 2015 and 2016

The specific price paid for cubic meter of water was the same in the two analysed years,
2.13€/m3, with an additional operational expenditure of around 500,000€ per year. The
amount of consumed water increased in 2016 registering a total consumption of 222,030m3,
around 20% more than 186,040m3 consumed in 2015.

4.1.3 Thermal energy demand

The monthly thermal energy demand of the manufacturing facility for the same years is
shown in Figure 4.5 and detailed in Table 4.3. It is measured in MWh which indicates
the energy potentially produced by burning the quantity of natural gas bought. A small
percentage of the thermal energy coming from the natural gas is used for space heating and
other applications, while the largest share (around 80%) is used in a boiler to heat the feed
water and produce the steam needed in the production lines.



34 Chapter 4. Case Study

Month Water Consumption [m3] Consumption Specific price 2016
2015 2016 2016 vs 2015 [€/m3]

Jan 12,733 15,053 18.22% 2.13
Feb 18,942 19,598 3.46% 2.13
Mar 18,731 19,538 4.31% 2.13
Apr 16,912 20,253 19.76% 2.13
May 18,012 19,589 8.76% 2.13
Jun 19,477 23,235 19.29% 2.13
Jul 17,848 16,441 -7.88% 2.13
Aug 20,634 17,837 -13.56% 2.13
Sep 20,644 20,802 0.77% 2.13
Oct 22,107 17,173 -22.32% 2.13
Nov 19,321 15,444 -20.07% 2.13
Dec 15,084 17,067 13.15% 2.13

Table 4.2: Water consumption and specific cost in 2015 and 2016

Figure 4.5: Monthly thermal energy demand and correspondent price paid
in 2015 and 2016

Month Thermal energy consumption [MWhth] Consumption Specific price 2016
2015 2016 2016 vs 2015 [€/kWhth]

Jan 4,605 4,571 -0.73% 0.037
Feb 3,467 4,408 27.13% 0.033
Mar 3,551 4,193 18.08% 0.034
Apr 3,718 3,839 3.24% 0.029
May 3,497 3,800 8.68% 0.028
Jun 3,177 4,151 30.64% 0.028
Jul 2,914 3,039 4.31% 0.030
Aug 3,886 3,222 -17.09% 0.029
Sep 3,589 3,276 -8.72% 0.028
Oct 3,414 3,670 7.49% 0.031
Nov 3,487 4,072 16.78% 0.032
Dec 3,700 - - -

Table 4.3: Gas consumption and specific cost in 2015 and 2016
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This energy vector, as opposed to electricity, presents a visible seasonal variation as ex-
pected, since the thermal energy needed to produce steam is influenced by the inflow water
temperature and by the external temperature of the air used as oxidant in the combus-
tion process. The total amount of thermal energy consumed, based on billing data, was
43,011MWhth in 2015 and 42,247MWhth in the first 11 months of 2016. The specific cost of
the purchased natural gas was, on average, lower in 2016 by a factor of 12%, 0.031 instead
of 0.035€/kWhth.

In Figure 4.6, the natural gas flow rate measured by the internal meter located at the inlet
of the boiler is displayed from the 11th August 2016 to the 17th March 2017 with a 10-minute
step. It was not possible to analyse the full year trend because of the limited available data
of the internal meters located in the boiler room. Unfortunately, there is also a high number
of consecutive hours with no information available that results in a visible empty area in the
graph.

Figure 4.6: Natural gas flowing inside the boiler

The majority of the natural gas bought by the facility in a year (36.5×103MWhth) is
burned in a vertical boiler for producing the required steam flow at 14bar, which is sent to
the designated production lines. The current process used for steam generation is displayed
in Figure 4.7: the temperatures shown in the figure are based on average data; they can vary
during the year depending on the ambient temperature.

The steam flow rate is registered by an internal meter with a 10-minute resolution. The
available data, however, do not cover a whole year: they go from the 11th of August 2016 to
the 17th of March 2017, as shown in Figure 4.8.

While the electric load is continuously registered, the steam load presents some gaps. In
order to simulate a plausible continuous steam load over one year, a statistical analysis has
been conducted on the available data. First, the relationship between the electricity and the
steam load is investigated. As shown in Figure 4.9, the correlation between the two variables
is weak therefore it is reasonable to study the steam load as an independent variable.
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Figure 4.7: Existing boiler configuration with annual average parameters
W=water; S=steam; NG=natural gas; EG=exhaust gases

Figure 4.8: Steam load

Figure 4.9: Steam demand vs electricity load
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The probability distribution of the available steam data has been compared to three dif-
ferent statistical distributions to identify an appropriate model. As shown in Figure 4.10,
none of the statistical distributions considered closely approximates the probability distribu-
tion of the steam load. For example, the null hypothesis of a normal distribution is rejected
with a 5% significance level.

Figure 4.10: Probability Density Function (PDF) of the steam load

The week ensemble average has been calculated hourly based on the original available
data. The weekly profile obtained does not show a significant diurnal or daily trend, sug-
gesting that the temporal distribution of the data can be neglected. Therefore, a synthetic
data set has been generated by randomly resampling the available measurements to cover
one entire year. The steam demand has been set to zero for the 29 hours in July when the
annual scheduled maintenance of the plant is conducted. The Probability Density Function
(PDF) of the synthetic and of the original data is estimated using the Kernel Density Estima-
tion (KDE). KDE model is based on the available observations of a random variable whose
distribution function is unknown; it estimates the density function of the random variable
without introducing any hypothesis nor requiring prior knowledge on the data distribution.
This model is widely used in load and RES availability forecasting [44–46].

Figure 4.11: Annual profile and Probability Density Function (PDF) of the
synthetic and original steam demand [kg/h]

As shown in Figure 4.11, the PDF of the synthetic data set well approximates the PDF
of the original data set therefore this profile is used to simulate the annual steam demand
of the manufacturing facility. In order to heat the water and generate the steam required
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by the production lines, the facility is currently burning natural gas in a traditional vertical
boiler that releases exhaust gases at high temperature (120℃) to the atmosphere. The energy
content of the natural gas could be better exploited.

The annual energy demand of the facility and the correspondent CO2 produced is sum-
marized in Figure 4.12.

Figure 4.12: Summary of the annual electric and thermal energy consumption
and CO2 emissions

Having analysed the energy requirements of the facility, different technologies are investi-
gated for decreasing the environmental impact of the manufacturing facility through on-site
energy generation.
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Chapter 5

On-site renewable electricity
generation

In this chapter, the feasibility of on-site electricity generation from renewable sources in
the analysed manufacturing facility is assessed. First a brief overview of different approaches
presented in the literature for modelling renewable energy sources is given. Then the method-
ology used for the feasibility study is described and the results are presented: the technical
feasibility is assessed in terms of electricity generation and overproduction; the economic
feasibility of the project is assessed by calculating the Pay Back Time (PBT ) in current and
future scenarios. An overview of the state of the art of the chosen renewable technologies is
provided in Appendix A.

5.1 Modelling of available renewable sources

In order to assess the feasibility of RES generation in a selected site, it is essential to first
estimate the overall energy that can be produced by quantifying the availability of the chosen
renewable sources. The methodology to assess solar and wind potential can be generically
described, while for dispatchable renewable sources, e.g. hydro, it is strictly site-specific. For
that reason, this section focuses on the estimation of solar and wind resources.

When the solar irradiance reaches the atmosphere part of it is reflected, part is absorbed
and part is scattered. Three different types of irradiance get to the surface of a PV panel:
beam, diffuse and reflected. The beam component is the solar irradiance that maintains its
original direction travelling through the atmosphere; the diffuse component is scattered and
therefore it is spread in every direction and it does not depend anymore on the position of
the sun; the reflected component is the solar irradiance that reaches other surfaces, which
then reflect part of it on the panel. The reflected component is usually negligible.

The data registered by meteorological stations usually are expressed as the radiation on a
horizontal surface, Global Horizontal Irradiance (GHI). It is important to identify correctly
the different contribution of the beam and diffuse components in order to optimize the tilt
angle of the panel. If this is not a known input, it is possible to use the clearness index,
defined as the fraction of radiation at the top of the atmosphere which reaches the surface



40 Chapter 5. On-site renewable electricity generation

of the earth, to identify the beam and diffuse components [47–50]. Instead, when the two
components of the radiation are already known as real measurements, there are different ways
to calculate the global radiation on a tilted surface, as discussed in the next paragraphs.

Demain et al. [51], evaluate the performances of the 14 most used models (described in
details in the article) for estimating the solar radiation incident on a tilted surface using
horizontal radiation data. Real measurements have been used to validate the study. The first
result of the analysis is that the largest contribution in PV systems oriented towards south is
given by the diffuse component of the radiation, therefore it is suggested to choose a model
with an accurate estimation of the diffuse radiation. The accuracy of the tested models under
different sky conditions have been assessed by the Mean Bias Error (MBE) and Root Mean
Square Error (RMSE). Considering all the possible sky conditions, every model tends to
overestimate the radiation on the tilted panel; the isotropic models (i.e. models that assume
an uniform distribution of the diffuse radiation) generate however very small statistical errors.
Bugler model [52], among the others, offers the best result for all sky conditions both in term
of MBE and RMSE. Considering, instead, the under overcast situation the smaller RMSE

is given by the Perez model [53]. The standard deviation between the models’ results is
small with extreme values of the clearness index, therefore all the models provide not widely
different results when the sky is very cloudy or very clear; model discrepancies are larger for
intermediate sky conditions.

Gueymard [54] compares the real radiation measured on a 40° tilted panel with predictions
from 10 different models. Performances are tested both with optimal and suboptimal input
data, i.e. when all the information about the radiation are available and when only the
global irradiance is known. Also in this case, results are divided in all-sky conditions and
clear-sky conditions only. The all-sky results show that the best performance is given by
Gueymard [55] and Klucher [56] models. The registered RMS errors are lower in case of a
clear sky and Perez and Gueymard models are the most accurate. The uncertainty introduced
by suboptimal data is then discussed. Similar results are presented also by Evseev et al [57].

It is widely proved by the articles mentioned before that the major source of uncertainty
in estimating the solar resource availability is attributable to the separation methods for the
evaluation of the diffuse and beam components of the global irradiation.

Wind speed is highly variable over time and space and presents less predictable trends
than solar. As with solar irradiance data, wind speed values are registered in meteorological
stations with different time steps at the height of the monitoring tower (usually 10 m). The
kinetic energy and the available power of an air mass that flows at a speed v with a density
ρ through a cross section A are given by the following equations [58] :

Ek = 1
2 ×m× v

2 (5.1)

Pav = 1
2 × ρ×A× v

3 (5.2)
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In the process of converting the kinetic energy of the air mass in another form of mechan-
ical energy, i.e. blade rotation, there are some energy losses. The maximum power coefficient
(Cp), defined as the percentage of wind kinetic energy that is extracted by a wind turbine, is
given by the Betz limit under the assumption of infinite number of blades in one-dimensional
theory with no turbulence taken into account and it is equal to 16

27 (59%). Recently, a more
accurate method has been developed by Okulov and Sørense [59,60] to assess the maximum
power that can be extracted from wind as function of the number of blades and the Tip Speed
Ratio (TSR), i.e. the dimensionless rotation velocity normalized to the wind speed. They
estimate the effect of a finite number of blades on the efficiency of an ideal wind turbine: the
maximum Cp is given by a 3-blade wind turbine, which has the optimum trade-off between
interference with wind flow (aerodynamics) and dynamic issues (weight balance, vibrations,
etc.). The maximum Cp achievable by a 3-blade wind turbine is around 49% (Figure 5.1).

Nowadays, manufacturers give the Cp variation for the selected wind turbine as function
of wind speed; therefore, it is possible to evaluate the power produced by the system for any
wind speed. Other energy losses have to be taken into account to evaluate the electricity
produced: the mechanical efficiency of the turbine, the generator’s rotor and the gearbox,
and the electrical efficiency of the generator and auxiliary system. The power generated by
the wind turbine is calculated with equation 5.3.

P = Cp ×
1
2 × ρ×A× v

3 × ηmec × ηel (5.3)

Figure 5.1: Power Coefficient Cp as function of Tip Speed Ratio (TSR) [61]

In order to estimate the wind energy potential of a site, the first step is to estimate the
wind speed distribution in time. The statistical distribution most widely used in literature
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is the Weibull distribution. The analysis of its two parameters is used to determine if an
area is potentially a good site for a wind farm [62–66]. Other statistical distributions are
also used in the literature, such as the Rayleigh distribution [67], Extended Generalized
Lindley (EGLD) [68], Log-normal, Gamma, Exponential, Inverse Gaussian distribution [69,
70], mixture distributions [71–73] and flexible distributions based on MaxEnt and MinxEnt
principles [74,75].

As briefly mentioned before, the wind speed data are available only at the height of the
meteorological tower that is often very different from the height of the wind turbine rotor
hub. The following formula is used for a simplistic and approximative evaluation:

vi = v0 ×
(
zi
z0

)αw
(5.4)

where vi is wind speed at the required height zi, v0 is the wind speed at the available
height z0 and αw is a coefficient that depends on the site (close to 0 for an open and undis-
turbed environment, its value increases with the presence of obstacles). This coefficient has
a consistent impact on the wind speed (Figure 5.2) and is very difficult to estimate exactly
therefore for wind farm feasibility studies more reliable methods are currently researched.

Figure 5.2: Wind speed variation as function of height for different types of
location [61]

Detailed suggestions and guidelines for wind energy integration studies [76] and for wind
energy project development and feasibility studies in the specific context of Ireland [77] are
also widely present in literature.

5.2 Methodology

As explained before, given the high availability of land near manufacturing facilities, the
first energy sources to be considered for on-site self energy production are renewable sources,
which are often based on low power density technologies. The selected renewable sources for
this analysis are solar and wind, which are less site-specific and therefore are more suitable for
a widespread deployment that could be applied to different facilities located elsewhere. The
implemented model, introduced in Chapter 3.2, that calculates the technical and economic
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feasibility of on-site electricity generation in different scenarios requires the inputs shown in
Figure 5.3: the electricity demand is based on the real data provided by the company.

Figure 5.3: Inputs and outputs of the implemented model

The trend of the facility’s electricity demand during a typical year is analysed and con-
stitutes the first input of the model. Since the PV and wind systems convert solar and wind
energy into electricity, the focus is on this particular energy vector.

A preliminary study has been done with the software HOMER ENERGY PRO [78] to
compare the technologies chosen by the software as most suitable for the site with the one
the author has chosen to implement in the model. The preliminary analysis conducted with
the software shows that the best economic solution that minimizes the cost of the overall
system in the current techno-economic conditions is to use only wind turbines, which are
less expensive than PV systems for the same peak power installed. However, there are other
factors that are not taken into account in the preliminary analysis as the strong regulations
and physical limitations that apply to wind systems [79, 80]. Wind turbines have to be at
least at a distance equal to the height of the turbine and blade from national and regional
roads, and railways and at least 23m far from power transmission and distribution lines. The
site has to be selected properly in order to avoid the shadow flicker effect in buildings nearby:
at a distance of 10 rotor diameters this effect can be considered very low. In case the designed
system includes more than a single wind turbine, the minimum distance between them to
ensure optimal performance is considered to be three times the rotor diameter in the crosswind
direction and seven times in the prevailing downwind direction. Spatial limitations and the
morphology of the territory are not variables considered in the HOMER ENERGY PRO
analysis. These limitations and constraints have, instead, been considered in implementing
the model.

Based on these considerations and to promote a differentiation of renewable sources, both
a solar and a wind system have been considered for distributed electricity generation and the
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potential benefits of their integration have been studied.

The first system to be simulated is the solar PV system. The available data from meteo-
rological stations are:

• NASA data [81]: daily Global Horizontal Irradiance and clearness index for the selected
location from 1986 to 2004;

• Met Eireann [82] data, requested via email communication: Global and Diffuse Hori-
zontal Irradiance per hour from 1986 to 2007, measured in a meteorological station less
than 100km away from the facility. It has been verified that the difference in latitude
between the facility and the meteorological station does not substantially influence the
solar irradiance.

The Erbs model [49] has been used with the NASA data sample to evaluate the beam
(DNIh) and diffuse (DHIh) components of the Global Horizontal IrradianceGHIh depending
on the clearness index value, kt, through equation 5.5, 5.6 and 5.7.

kt > 0.8 DHIh = GHIh × 0.165 (5.5)

0.22 ≤ kt ≤ 0.8 DHIh = GHIh × (0.951− 0.160kt + 4.388k2
t − 16.64k3

t + 12.34k4
t )

(5.6)

kt < 0.22 DHIh = GHIh × (1− 0.09kt) (5.7)

There is no need to apply this procedure to the Met Eireann irradiance data because
the diffuse component is available from real measurements. Once the diffuse component is
known, the beam component DNIh can be obtained with a simple subtraction:

DNIh = GHIh −DHIh (5.8)

In order to optimize the angle of the panel it is necessary to calculate the beam irradiance
at its original direction (DNI) and not projected on a horizontal surface. Therefore, the
following equations have been used to asses the position of the sun for every hour of a year
by using solar geometry (Figure 5.4). Since NASA data are averaged over a day, they are
not accurate enough for this application. Therefore, the following equations, widely used in
literature [83–85], have been applied to the Met Eireann data sample which has one-hour
time step.

d = 2× π × (day of the year− 1)
365 (5.9)

δ = 23.45× sin
[360

365 × (day of the year + 284)
]

(5.10)
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Et = [0.0000075 + 0.001868 cos(d)− 0.032077 sin(d)+

− 0.014615 cos(2d)− 0.040849 sin(2d)]× 229.18 (5.11)

LAT = LST + Et
60 + ψs − ψ

15 (5.12)

ω = 15× (LAT − 12) (5.13)

θz = acos(sin(φ)sin(δ) + cos(φ)cos(δ)cos(ω)) (5.14)

cos(θz) = sin(φ)sin(δ) + cos(φ)cos(δ)cos(ω) (5.15)

e = asin(sin(φ)sin(δ) + cos(φ)cos(δ)cos(ω)) (5.16)

DNIh = GHIh −DHIh
cos(θz)

= DNIh
cos(θz)

(5.17)

The solar azimuth angle αs has been estimated with the online tool Solar Geometry
Calculator [86] that uses as convention 0°= North, 90°= East, 180°= South, 270°= West.
The corrected solar azimut angle α is derived from αs so that it is equal to zero at noon and
it varies between -180° and +180°:

α = αs − 180o (5.18)

The hourly Global Tilted Irradiance (GTIh) on a tilted panel is given by equation 5.19,
valid under the assumption of a negligible reflected radiation. It is a reasonable assumption
since the PV panels are designed to be placed on the facility’s roof far away from other
buildings.

GTIh = DNIh cos(θ) + DHIh
1 + cos(β)

2 (5.19)

The angle θ is the angle between the beam radiation on a surface and the normal to the
panel surface and it is equals to:

θ = acos (sin(θz)sin(β)cos(|α− γ|) + cos(θz) cos(β)) (5.20)

It is now possible to optimize the pitch angle of the panel β, maximizing the annual GTI.
The optimum pitch angle found for this location is 30°.

The available irradiance varies every year and it is not possible to predict ahead how
much it changes. The hourly GTIh on a 30° tilted PV panel has been calculated based on
Met Eireann data for every year from 1986 to 2007. The global tilted irradiance of the last
available year (2007) is chosen as input for the feasibility study since it differs less than 2%
from the average yearly solar irradiation estimated in the same conditions by System Advisor
Model (SAM) [88] and PVWatts Calculator [89], two software implemented by the National
Renewable Energy Laboratory NREL. The values of the different input parameters for the
PV system are shown in Table 5.1.



46 Chapter 5. On-site renewable electricity generation

Figure 5.4: Solar geometry [87]

Description Parameter Value
Peak power installed kWpeak 2020kW
Total area of the PV system Areapan 10,700m2

Efficiency of PV panels ηpanel 19%
Performance decay 0.3% per year
System losses 14%
Annual electricity produced kWhPV 1,883,500kWh
Capital expenditure CapExPV 3,721,100€
Operational expenditure OpExPV 138,022€ per year
Discount rate r 0.06

Table 5.1: PV System

The investment cost and the total area are determined with the SAM software. The
accuracy of technical and economic parameters’ estimations has been verified in the litera-
ture [90–92].

The total electricity produced every year n by the photovoltaic system is calculated with
the following formula:

kWhPV =
8760∑
h=1

(GTIh)×APV × ηPV × ηinv × (1− 0.003(n− 1))× (1− 0.14) (5.21)

The efficiency curve of the inverter, ηinv, is included in the calculations [88]. The effect
of temperature on the panel efficiency is considered negligible for the purposes of this study.
The overall annual cost paid for the electricity bought from the grid, taking into account an
increase in electricity price of 1.5% every year, is:

Expgrid = kWhgrid × priceel × (1 + 0.015(n− 1)) +OpEx (5.22)
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Therefore the saving can be calculated as:

Saving = (kWhreq − kWhgrid)× priceel × (1 + 0.015(n− 1)) (5.23)

The overall cost of the PV system is the sum of the capital cost (CapExPV ) and of the
annual operational cost (OpExPV ), which is estimated to increase every year by 1.5%. It is
assumed that the facility has no additional cost for land use.

OpExPV = (85, 826 + 28, 856 + 20× kWpeak)× 0.89× (1 + (0.015(n− 1))) (5.24)

The other system simulated is the wind system. The installed power is chosen so that
there is no significant overproduction of electricity if the wind and solar systems are integrated
(less than 1% of the time during the year). A wind turbine model is chosen for this study:
Enercon E-44 [93]. The characteristic parameters of the wind system are listed in Table 5.2.

Description Parameter Value
Power installed kWpeak 2 × 900kW
Cut-in speed vcut−in 3.0m/s
Rated speed vrated 16.5m/s
Cut-out speed vcut−out 34m/s
Swept area Aswept 2 × 1521m2

Hub height 50m
Performance decay 1.6% per year
Annual electricity produced kWhwind 3,609,800kWh
Capital expenditure CapExwind 2,768,675€
Operational expenditure OpExwind 100,000€ per year
Discount rate r 0.06

Table 5.2: Wind System

Wind speed data are available online on the Met Eireann website [82] for a meteorological
station less than 20km away from the manufacturing facility. The hight of the measurement
tower is 10m while the turbines hubs are located at 50m from the ground. The equation 5.4 is
suggested in literature for estimating the variation of wind speed with height but it is difficult
to estimate exactly the coefficient αw. Therefore, a different method is proposed. MERRA-
2 [94] data have been requested through private correspondence with Dr. Conor Sweeney,
lecturer in Applied and Computational Mathematics in the School of Mathematical Sciences,
UCD, and member of the Meteorology and Climate Centre, the UCD Earth Institute and
the UCD Energy Institute.

These data are available for a location less than 100km away from the facility both at
10m and 50m height.

The wind speed v at 50m height can be calculated for a certain moment in time as:
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vMetEireann@50m = vMetEireann@10m ×
vMERRA@50m
vMERRA@10m

(5.25)

By using equation 5.4, it is now possible to calculate the value of the coefficient αw every
hour of the year. As shown in Figure 5.5, αw results to be very variable over time therefore it
is more accurate to use in the calculation its value in the specific moment of time considered,
instead of the average value over a year.

Figure 5.5: Variation of the coefficient αw during the analysed year

As already explained in section 5.1, the Weibull Statistical Distribution is a widely used
method to analyse wind speed and assessing wind energy potential of a specific site.

The probability density function f and the cumulative distribution function F of a generic
Weibull variable x ≥ 0 are calculated respectively with equation 5.26 and 5.27. They can be
used to forecast wind speed and density and the energy potential of a wind plant.

f(x;λ, k) = k

λ

(
x

λ

)k−1
e−( x

λ
)k (5.26)

F (x;λ, k) = 1− e−( x
λ

)k (5.27)

The wind speed at 50m for the analysed location can be well approximated by a Weibull
statistical distribution with a scale parameter λ of 7.59 and a shape parameter k of 2.07
(Figure 5.6).

The power P potentially produced by the wind turbine is function of the wind speed as
shown in the following equations.

v < vcut−in P = 0 (5.28)

vcut−in ≤ v < vrated P = 1
2 × Cp× ρ× v

3 ×Aswept (5.29)

vrated ≤ v < vcut−out P = kWpeak (5.30)

v ≥ vcut−out P = 0 (5.31)
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Figure 5.6: Frequency distribution of real wind speed measurements and
Weibull distribution

Cp is the coefficient of performance and its curve, shown in Figure 5.7, has been taken
into account in the calculations.

Figure 5.7: Power and Cp curve of Enercon E-44 wind turbine [93]

The performance decay factor is assumed to be 1.6% per year based on the conclusion
of the study conducted by Staffell and Green [95]. The investment cost and the operational
cost, CapExwind and OpExwind, are estimated based on available information on existing
plants [96]. To assess the economic feasibility of the wind and PV systems the Net Present
Value NPV is calculated:

NPV =
lifetime∑
n=1

NPVn =
lifetime∑
n=1

(Savingn − CapExn −OpExn)
(1 + r)n (5.32)



50 Chapter 5. On-site renewable electricity generation

While the savings and the operative and maintenance costs vary every year n, the CapEx
is different from zero only the first year, when the initial capital investment is done. It is
noted that there is typically also a cost of financing that should be considered, however it has
been decided in this thesis not to make any assumption on the way the initial investment is
financed by the facility given the numerous options and agreements that could be available
to different facilities located elsewhere or with different resources and liquidity.

The Pay Back Time (PBT ), or Return On Investment period (ROI), is defined as the
number of years required to reach a NPV = 0€. The PBT is function of different technical
and economic parameters that are likely to change in the near future; therefore to make this
model comprehensive of potential future changes, the NPV is calculated for a wide range
of parameters’ values and not just for the actual estimated conditions. Since the cost of
investment (CapEx) for PV and wind systems is likely to decrease [97] and the electricity
price paid by the company is likely to increase in the future [98], the model considers a
normalized CapEx (€/Wpeak installed) that ranges from 50 to 110% of the actual one and
an electricity price that varies between 0.08 and 0.35€/kWh.

5.3 Feasibility analysis of the VRE system

5.3.1 Technical viability

With the introduction of on-site renewable electricity generation, the electric load is provided
by both the RES systems (based on the renewable sources availability) and by the grid.
The quantity of electricity that would be produced by the simulated PV and wind systems
and the resulting net demand profile are respectively shown in Figure 5.8 and 5.9 for every
hour of 2016. The electricity potentially produced by the PV plant (Figure 5.8-a) increases
during summer, following an overall seasonally predictable trend. The electricity produced
from wind, instead, is very unstable and not predictable (Figure 5.9-a). Given the unsteady
nature of wind speed, the variance of the wind output is almost double that of the photovoltaic
plant. However, the high peaks in wind speed allow the wind turbines to produce more energy
than the PV plant, even though the nominal capacity is lower. The difference between the
electricity consumption and production represents the net demand for the grid as shown
in Figure 5.8-b and 5.9-b. This is negative (i.e. power sold into the grid) mainly for the
wind plant on rare occasions in the winter months (76 hours over the year), resulting in a
curtailment of 0.84% of the total wind power if net metering is not applicable. As explained
before, the event in March may be due to a problem with the data logging while the event
in July is due to plant outage. It is also worth noting that problems with unavailable or
mistaken data happen frequently in SCADA systems in large manufacturing operations and
this is a real world complication that has to be faced. Nonetheless, these data drop-outs will
not significantly affect the net impact on the grid, which is summarized in Table 5.3.
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The variability of the solar and wind resources on a monthly and weekly basis in the
analysed location is shown in more detail in Figure 5.10. Visibly, the wind resource has wider
fluctuations within a month but overall a lower daily variation.

PV System Wind System
Electricity requirement 23,296 23,296
RES generation 1,884 3,610
Electricity from grid 21,426 19,717
Electricity over produced 14 30

Table 5.3: Renewable energy generated in the first year [MWh]

(a) Electricity demand and PV electricity generation: raw data
(lighter line) and 1-week moving average data (darker line)

(b) Net demand

Figure 5.8: PV system: RES electricity generation and net demand in 2016
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(a) Electricity demand and wind electricity generation: raw
data (lighter line) and 1-week moving average data (darker line)

(b) Net demand

Figure 5.9: Wind system: RES electricity generation and net demand in 2016

(a) Month zoom PV (b) Month zoom wind

(c) Week zoom PV (d) Week zoom wind

Figure 5.10: RES generation profile: one month zoom of (a) Figure 5.8-a
and (b) Figure 5.9-a; one week zoom of (c) Figure 5.8-a and (d) Figure 5.9-a

5.3.2 Economic viability

The economic parameter that is usually calculated for assessing the economic viability of an
investment project is the cumulative Net Present Value, NPV . This takes into account the
investment cost and all the annual costs and savings as shown in equation 5.32. However,
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when manufacturing facility managers evaluate an investment they consider the Pay Back
Time (PBT ) of the project. The two parameters are directly related: the PBT is the number
of years required to get back on the initial investment and therefore reach a NPV=0€. After
a number of years n = PBT the NPV is positive and the savings have compensated the
costs. When the NPV of the renewable plant reaches 0€, the Levelized Cost of Energy
LCOE of the renewable system equals the price of grid electricity, since the total cost of
building and operating the RES plant equals the savings from the electricity not bought from
the grid. In general, managers in the manufacturing sector are not likely to invest in a project
with a PBT over 10 years (often as low as 5 years) therefore this is considered as the main
requirement in the economic analysis.

Figure 5.11 shows the PBT of the PV, wind and integrated system for different prices
of grid electricity and different normalized capital cost (€ per Watt installed) in the base
case scenario. The effect of some form of carbon pricing is also included (Figure 5.11-d). For
reference, the current price paid for grid electricity is indicated with a dashed line parallel to
the x-axis, and the normalized CapEx value based on current commercial prices is indicated
with a dashed line parallel to the y-axis. If the PBT exceeds the expected lifetime of the
system (25 years) the region of the graphs is white. The project is considered to be econom-
ically viable for a manufacturing facility if the PBT is less than 10 years (often as low as 5).
This criterion is arbitrary and it is based on the economic decisions of facility managers.

Figure 5.11-b shows that wind technology can be economically viable if small incentives
are provided for the electricity sold to the grid or even just with a reduction in capital cost
but only for long payback periods. It is highlighted that the wind speed data used for this
simulation are taken from the year 2007, characterized by an average wind speed profile.
The PBT decreases from 25 years up to 5 years if periods with a particularly high wind
speed profile are chosen. This is the case of 1986, when the wind energy potentially produced
would be 7,156MWh (compared to 3,610MWh in 2007). Furthermore, a slight variation in
the specific electricity price paid by the facility could change the PBT from 25 to 15 years.

On the other hand, for the PV system (Figure 5.11-a), a stronger support policy would
be needed. By combining the two systems, the weak points of both are mitigated. The
long PBT of the solar system is reduced by the more economical technology of the wind
turbine (Figure 5.11-c). The wind system’s variability and aleatory nature is balanced by the
photovoltaic plant (Figure 5.10).

Different market conditions can improve the investment, leading to a positive NPV :

• Decrease in normalized CapEx (learning curve for solar technology, e.g. improved PV
efficiency);

• Decarbonization incentives, effectively acting as subsidies for renewable energy genera-
tion;

• Incentives for electricity sold to the grid;

• Increase in electricity price.
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(a) PV system (b) Wind system

(c) Integrated system (d) With carbon tax

Figure 5.11: PBT as function of normalized CapEx and cost of electricity

Figure 5.12, 5.13, 5.14, 5.15 and 5.16 show the sensitivity of the PBT of the PV and wind
systems as function of the price of grid electricity and of the normalized CapEx for different
discount rates r, carbon taxes CT and PV modules efficiency ηPV .

While a technical opportunity to integrate solar, wind and the grid does exist, the PV
system does not appear to be economically viable even with higher electricity prices and a
significant reduction in the normalized CapEx. The introduction of an additional carbon
tax, acting as a subsidy, or the reduction in the discount rate (Figure 5.12 and 5.13) would
lead to a 10 year PBT only with an electricity price of around 0.35€/kWh, which is more
than 3 times the current price paid by the company. In addition, a 50% reduction in the
normalized CapEx, if acting in isolation, would still not give a PBT lower that the lifetime
of the system.
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A PV panel efficiency of ηPV = 0.19 and a discount rate of r = 0.06 would lead to a
PBT of 10 years with a minimum electricity price of 0.355€/kWh. Assuming a learning
curve for PV modules that would lead to an efficiency of ηPV = 0.3, a 10 year PBT could be
achieved with a price of electricity of 0.25€/kWh (Figure 5.14), and with a 50% reduction in
the normalized capital cost it would decrease to 0.165€/kWh.

The PBT of the wind system in the current economic conditions (carbon tax CT = 0€/ton
and discount rate r = 0.06) is around 25 years. However, the introduction of an additional
carbon tax of 60€/ton (Figure 5.15) or a lower discount rate of 0.035 (Figure 5.16) could lead
to a PBT close to 5 years if coupled with an increased electricity price or with a reduction
in the normalized CapEx, which is unlikely to happen given that wind turbines are now a
well-developed technology.

Figure 5.12: PBT of the PV system with different carbon taxes CT

Figure 5.13: PBT of the PV system with different discount rates r
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Figure 5.14: PBT of the PV system for different values of modules effi-
ciency ηP V

Figure 5.15: PBT of the wind system with different carbon taxes CT

Figure 5.16: PBT of the wind system with different discount rates r
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While there is a strong sensitivity of the PBT to the carbon tax and discount rate for
a wide range of normalized CapEx, the sensitivity to these parameters decreases rapidly if
the electricity price paid by the facility increases. If the electricity price reaches 0.2€/kWh
then the PBT is not significantly influenced by the considered environmental and economic
policies. The PBT could potentially decrease to a minimum of 3.5 years. The main driver
to reach an acceptable PBT (lower than 5 years) is therefore the price of grid electricity.
In order to make on-site wind generation economically viable, promoting and contributing
to the decarbonization of the grid, an economic subsidy (e.g. additional carbon tax) is
needed. The penetration of renewable energy would then increase, causing a reduction in the
wholesale prices and therefore in the electricity network owners’ revenues, and an increase in
the reserve requirements that would lead to additional charges on the electricity price. The
increase in electricity price paid by the final users would make on-site renewable generation
even more profitable but their system value (i.e. value to the wider electricity system) would
decrease [99]. In this scenario, the subsidies would become worthless as previously explained.
The introduction of a carbon tax could have the effect of reducing the PBT of wind (in the
range of electricity price currently paid) but it would have a negative effect on conventional
power plants, which would see a further reduction of their revenues. The same positive effect
on wind systems could be achieved by increasing directly the electricity price, making VRE
more profitable, increasing the revenue for all the power suppliers and making more money
available for balancing operations.

5.3.3 Integration of the PV and wind systems

Since solar and wind have complementary advantages and disadvantages, it is interesting to
study a complex integration of the grid with both these renewable sources.

By integrating these two systems, the average electric power taken from the grid decreases
to 2,040kW (2,445kW with the solar system and 2,250kW with the wind system) since a
higher share of the electric load is covered by the two decoupled sources combined together
(Figure 5.17).

The addition of wind plant introduces high variability, increasing the fluctuation of the
net demand. The system has a signal variance of 1.9×105 (kWh)2 for solar, 3.6×105 (kWh)2

for wind and 4.5×105 (kWh)2 for both combined. It can be expected that the performance of
PV and wind plant will gradually decrease over time, increasing the electricity requirement
from the grid. Furthermore, while the manufacturing site is a net consumer of grid electricity,
there are times when it is an electricity producer (see Table 5.3), which leads to curtailment
of the extra renewable energy or to the increase in the total non-synchronous penetration on
the grid.

A benefit of installing both wind and PV plant is visible in Figure 5.11-c. While the wind
plant increases the variability of the net demand for the grid, it improves the overall viability
of the project.
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Figure 5.17: Electricity generated by the integrated system: raw data (lighter
line) and 1-week moving average data (darker line)

Assuming an additional carbon tax of 60€ per tonne of CO2, or other effective subsidies
for on-site generation, the achieved saving increases. With a PV panel efficiency of 0.30 and
a discount rate of 0.035, the PBT is shown in Figure 5.18. A carbon tax would make the
profitability of the project easier to achieve, but a significant reduction in CapEx would still
be required. This scenario considers a fixed value for the carbon tax during the whole lifetime
of the project. However, the economic profitability of the project may be reached in a longer
time if it is taken into account that the benefit of a carbon tax, here acting effectively as a
subsidy, decreases as the grid is decarbonized.

Figure 5.18: PBT of the integrated system in the best case scenario
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5.4 Summary

This study suggests that the installation of PV and wind power plant on manufacturing sites
for self consumption would be attractive only with a long Pay Back Time, a substantial
subsidy (e.g. carbon tax), and the technological improvements yielding to a commensurate
reduction in CapEx. Achieving all three conditions is probably unlikely, and so it is concluded
that distributed renewable generation for manufacturing industry in Ireland does not make
economic sense from a manufacturing facility commercial point of view when considered in
isolation.

Nonetheless, it may still be a reasonable policy goal to help reduce the carbon intensity
of the national economy. The manufacturing facility would, in fact, avoid over its entire
lifetime the emission of 34kton of CO2 over a total of 334kton of CO2 otherwise emitted in
the basecase (about 10% reduction in emissions). A progressive decarbonization of the grid
has to be achieved to decrease the environmental impact of the energy sector and on-site
renewable generation for the manufacturing industry would represent a good opportunity
to move towards this goal, given its peculiar features such as dedicated connections to the
national utility grid, high land availability, reduction in transmission and distribution losses
with RES generation plants located near the consumption point.
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Chapter 6

On-site electric and thermal energy
cogeneration

In Chapter 5 it has been shown that distributed renewable generation for manufacturing
industry in Ireland does not make economic sense in isolation. Therefore another option
has been investigated in this chapter: the integration of a flexible and commercially mature
technology for on-site cogeneration. An overview of the state of the art of the technologies
suitable for on-site cogeneration is provided in Appendix A. An integrated system of a gas
turbine and a heat recovery steam generator is proposed for cogeneration of both electric and
thermal energy. This system would work in parallel with the grid and the on-site VRE system
for providing the energy required by the facility (as previously introduced in Chapter 3.2).
The technical, economic and environmental feasibility of the integrated system is analysed in
different scenarios: the methodology and results are presented in this chapter.

It is noted that other options may be considered for decarbonizing the thermal demand
of the facility, such as the use of biogas instead of natural gas. This would involve, how-
ever, a governmental decision on gas infrastructures and would not be limited to a solution
implemented on-site by the facility itself, therefore is considered outside the scope of this
thesis.

6.1 Methodology

To make the on-site VRE system economically viable and to decarbonize the thermal energy
load of the facility, an alternative option is investigated.

Combined heat and power (CHP) is a mature and reliable technology that has been
widely studied in literature and successfully applied in real industrial energy hubs for decades.
CHP is recognized to be a particularly suitable solution for on-site energy generation for self
consumption because the electricity produced can be used immediately, partially avoiding
interactions with the grid, and the heat can be used locally, avoiding the necessity for distri-
bution [100].

In order to assess the feasibility of the integrated cogeneration and VRE on-site system in
the manufacturing facility, the electricity and steam demand have been analysed in Chapter 4.
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As explained before, in order to heat the water and generate the steam required in the
production lines, the facility is currently burning natural gas in a traditional vertical boiler
that releases exhaust gases at high temperature (120℃) to the atmosphere. The energy
content of the natural gas could be better exploited by a cogeneration system composed by a
Gas Turbine (GT) and a Heat Recovery Steam Generator (HRSG). A Secondary Boiler (SB)
is also included for providing the remaining steam load when needed.

Two sizes of GT have been considered based on the facility’s requirements and models
available on the market with a capacity of 1,600kWel and 800kWel.

The GPB17D model of the Kawasaki industrial gas turbine has been chosen as an appro-
priate model available on the market and it has been used to provide typical performance
data. The detailed data for the 1,600kWel gas turbine have been made available by the
manufacturer; in order to make a direct comparison, the parameters have been scaled for
simulating the equivalent performances of the 800kWel gas turbine. The parameters used in
the calculations are listed in Table 6.1 and are available for different ambient temperatures
(-20° C to 40° C) and different loads (50%, 75%, 90%, 100%). The data available have been
interpolated to find a realistic value for all the variables listed at every ambient temperature
and load.

Description Symbol Value Unit
Electrical efficiency ηel 26% -
Electric power produced Pel 1,630 kWel

Exhaust gases mass flow rate ṁEG 28,800 kg/h
Exhaust gases temperature TEG 526 °C
Fuel Consumption FC 6,280 kWth

HRSG steam output ṁS 5,000 kg/h
HRSG thermal efficiency ηHRSG 80.1% -
Power to Heat Ratio 2.3 -

Table 6.1: GPB17D parameters at full load and Tamb = 15 ° C [101]

The detailed configuration of the GT coupled with the HRSG is shown in Figure 6.1.
Every stage of the process involving natural gas is numbered from 1 to 6 while the different
stages involving water are identified with letters. The feed water flows into the HRSG at a
certain feed water temperature TW (a) and is pre-heated close to the saturated temperature
in the economizer (b), then it goes in the evaporator where the phase transition from liquid
to vapour occurs (c). If a temperature higher than saturated is required, the steam flows into
the superheater until it reaches the required temperature (d). In this case study the process
lines of the facility require steam at a saturated temperature, therefore there is no need for
the superheater and the process stops at (c). The addition of the superheater would not
significantly change the PBT of the system because the cost estimated is based on average
prices of HRSG which include this component.

In order to avoid waste of energy, the operation of every on-site technology is strongly
interconnected to the rest of the system and is managed based on the availability of RES
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sources (Figure 6.2).

Figure 6.1: GT and HRSG detailed scheme

Figure 6.2: Energy vectors scenarios based on RES availability

The VRE system is prioritized in order to minimize the curtailment.
In parallel with the VRE system, the gas turbine can be run with different control strate-

gies: electricity following (to minimize electricity overproduction); steam following (to opti-
mize the steam generation); or a hybrid of the two. Depending on the control strategy chosen,
the residual load provided by the electric grid changes. The residual load is defined as the
electricity demand minus the electricity produced on-site: it is positive when the facility
needs more electricity than generated on-site and is negative when there is overproduction of
electricity. The operation of the different energy systems on-site is strongly interconnected as
shown in Figure 6.3. When renewable sources are poorly available (Figure 6.3-a), more fuel
has to be burned to provide enough electricity, in parallel with the grid. As a consequence, a
higher percentage of the steam required is produced by the HRSG and the secondary boiler
may be turned off or work at minimum load. If slightly more electricity is available from the
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VRE system (Figure 6.3-b), the GT load could be decreased, leaving the net load on the grid
unvaried. If renewable sources are highly available (Figure 6.3-c), then the input from the
grid and from the gas turbine has to decrease to avoid overproduction of electricity (negative
residual load). As a consequence, the secondary boiler needs to increase its steam production
to meet the steam demand.

During the maintenance period in July, both the electricity and steam demand are null
therefore the cogeneration system (GT & HRSG) is turned off.

For the VRE system two options are possible:

• VRE system turned off: while for the wind turbine this would not represent a problem,
the PV modules would still get solar irradiance without being able to produce and
distribute electric power. This could lead to system damages and/or shorter lifetime.

• VRE system actively producing electricity that is sent to the grid: this could involve
additional costs and operational constraints for both the facility and the grid due to
additional necessary switchgear for two-way power flow.

The investigation of the consequences of either these two options is beyond the scope of this
thesis. In both cases, the VRE generation for on-site consumption would be zero during the
maintenance outage.

In order to decide at what load to run the gas turbine, the electric power and the steam
that would be produced by the integrated system has been calculated for every hour of
the year, considering the external ambient temperature (available from the Met Eireann
website [82]). By comparing this with both the electric and steam demand of the facility it is
possible to choose the necessary load of the gas turbine based on the selected control strategy.
Since the time-step considered to be significant for the demand’s variation is one hour, which
is enough time for the system to reach a new steady state after a transient operation, a static
approach has been adopted for the present study.

The steam flow rate theoretically produced by the gas turbine is calculated with equa-
tion 6.1, where FC is the fuel consumption, ∆heva is the latent heat of evaporation, cW is the
specific heat of water and the coefficient decay takes into account the progressively decrease
in the efficiency of the system during its lifetime.

ṁSth = FC × 3600× (1− (ηel − decay))× (ηHRSG − decay)
∆heva + cW × (TS − TW ) (6.1)

If the steam following strategy is chosen, the GT load that produces the closest value to
the steam flow rate required is selected. The remaining steam load is covered by the sec-
ondary boiler. If the electricity following strategy is chosen, the overproduction of electricity
(negative residual load) is penalized and therefore the closest value that does not exceed
the demand is selected. This is an internal decision of the manufacturing facility managers:
the overproduction of electricity would, in fact, require additional investments either in stor-
age facilities or in additional two-way connections with the grid subjected to both specific
commercial and technical requirements.
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(a) Low RES availability

(b) Medium RES availability

(c) High RES availability

Figure 6.3: On-site cogeneration system (Copyright www.siemens.com/press
for the gas turbine image used for graphical purpose only)
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The economic viability of on-site cogeneration has been evaluated through the cumulative
Net Present Value (NPV ). While the savings and the operative and maintenance costs vary
every year n, the CapEx is different from zero only the first year, when the initial capital
investment is done.

NPV =
lifetime∑
n=1

NPVn =
lifetime∑
n=1

(Savingn − CapExn −OpExn)
(1 + r)n (6.2)

The interest rate, r, is 0.06 in the base case scenario [90]. The savings are given by the
electricity not bought from the grid and by a lower natural gas consumption and are calculated
as:

Saving = FuelCostoriginal − FuelCost+OpExoriginal −OpEx (6.3)

The CapEx is the total initial investment which is equal to:

CapEx = CapExGT + CapExHRSG + CapExSB + CapExWind + CapExPV (6.4)

The current fuel cost paid by the facility has been calculated for a given year n, considering
a progressive increase in the commodity prices of 1.5% [90], as shown in equation 6.5.

FuelCostoriginal =
{8760∑
h=1

Pelgrid × priceel +
8760∑
h=1

Pth × pricegas

}
× (1 + 0.015× (n− 1)) (6.5)

The new cost of fuel, FuelCost, is evaluated in the same way as equation 6.5, considering
that the electric power bought from the grid is lower because of the electricity produced
by the gas turbine and the natural gas bought is overall reduced because it is used more
efficiently to produce the same amount of steam. It is highlighted that fuel costs projections
have a significant element of uncertainty and could be very volatile given their dependency
on many factors that are difficult to forecast (e.g. geopolitical events), therefore a sensitivity
analysis to different prices of commodities has been included in section 6.2.2.

OpEx is the sum of all the operational costs. The current operational expenditures,
OpExoriginal, consist of the electric and gas distribution costs and operational costs of the
boiler currently present on-site. The OpEx in the new scenario with the integrated system
is evaluated in equation 6.6:

OpEx = OpExgrid +OpExGT+HRSG +OpExSB +OpExWind +OpExPV (6.6)

Table 6.2 details the additional costs the facility has to face for the on-site integrated
system. There are no additional costs for the secondary boiler (CapExSB and OpExSB set
to zero) since the facility already has an operating boiler on-site. The CHP CapEx and OpEx
costs have been estimated based on average specific price (€/kWpeak) for the same range of
electric power [102]. The costs related to the wind and PV systems are based, respectively,
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on the study conducted by Kealy et al. [96] and on the estimation obtained simulating the
PV system with the SAM software [88,103].

Symbol Value Unit
800kWel 1,600kWel

CapExGT 1,324,000 2,648,000 [€]
CapExHRSG 100,000 200,000 [€]
CapExSB 0 [€]
CapExWind 2,768,675 [€]
CapExPV 3,721,052 [€]
OpExgrid 2,301,504 [€]
OpExGT+HRSG 299,662 555,359 [€]
OpExSB 0 [€]
OpExWind 100,000 [€]
OpExPV 138,023 [€]
pricegas 0.031 [€/kWhth]
priceel 0.096 [€kWhel]

Table 6.2: Additional costs for the on-site integrated system

The system can be run with different strategies such as minimizing the thermal energy
losses, the total gas consumption or the overall CO2 emissions. The last parameter has been
considered for establishing the environmental benefit of the integrated system.

The amount of CO2 [kg/year] produced by the current system is calculated as in equa-
tion 6.7, where 44

16 indicates the ratio of kg of CO2 per kg of natural gas (CH4) burned.

CO2BaseCase =
8760∑
h=1

Peldemand × CO2GridIntensity +
8760∑
h=1

ṁgas ×
44
16 (6.7)

The amount of CO2 produced by the integrated cogeneration system is calculated as in
equation 6.8.

CO2 =
8760∑
h=1

Pelgrid × CO2GridIntensity +
8760∑
h=1

(ṁgasGT + ṁgasSB )× 44
16 (6.8)

The difference between the two CO2 emissions estimates constitutes the annual emis-
sions avoided. The criteria used to evaluate the environmental feasibility of the system is
to have a positive cumulative CO2 emissions reduction for the entire PBT of the system,
considering that 3 years would be necessary to eventually design a governmental policy and
3 other years to implement, approve and build the system on-site. Different scenarios for the
decarbonization trend of the grid have been considered.
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6.2 Feasibility analysis of the integrated VRE and CHP sys-
tem

6.2.1 Technical viability

The electric load of the manufacturing facility, shown in isolation in Figure 4.2-a, is also
displayed for reference in Figure 6.4, 6.5, 6.8 and 6.10 where the electricity generated by the
VRE and cogeneration system during one year is displayed.

The first analysis focuses on the integrated system of PV, wind, the 1,600kWel GT coupled
with the HRSG and a secondary boiler (SB). The same operational criteria are used for
the 800kWel GT: if the electricity following mode is selected, electricity overproduction is
penalized; if, instead, the steam following control strategy is selected the closest value to the
required steam is selected to limit the overproduction of excess steam. In this case, there is
no restriction on the electricity side, which is the electricity generated at the correspondent
load.

Figure 6.4 and 6.5 show the annual trend and the probability density function PDF of the
electricity demand and of the on-site electricity generation for the VRE and the 1,600kWel

GT with two different control strategies: electricity following and steam following.

(a) VRE and electricity load (b) GT and electricity load (c) PDF

Figure 6.4: 1,600kWel GT in electricity following control strategy: electricity
generation profile and Probability Density Function

(a) VRE and electricity load (b) GT and electricity load (c) PDF

Figure 6.5: 1,600kWel GT in steam following control strategy: electricity
generation profile and Probability Density Function
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The steam generated in the HRSG and in the secondary boiler in the same conditions is
displayed in Figure 6.6 and 6.7.

(a) GT and steam load (b) SB and steam load (c) PDF

Figure 6.6: 1,600kWel GT in electricity following control strategy: steam
generation profile and Probability Density Function

(a) GT and steam load (b) SB and steam load (c) PDF

Figure 6.7: 1,600kWel GT in steam following control strategy: steam gener-
ation profile and Probability Density Function

The measured annual values are reported in Table 6.3: they show that if the electricity
following control strategy is chosen the overproduction of electricity is reduced by more than
70% compared to the steam following case. On the other hand, the secondary boiler would
have a wider range of steam flow rates to cover and the consequent additional cycling could
reduce its lifetime (Figure 6.6). Also, a significant increase in the overproduction of steam is
registered with the electricity following strategy.

A possible third option is a hybrid control strategy that takes into account the availability
of renewable sources. If there is high availability of wind and solar (e.g. higher than the
third quintile), the gas turbine can be switched to electricity following in order to optimize
electricity generation. This solution gives improvements in the respective weak points of
both control strategies but the overproduction of both steam and electricity is still significant
(Figure 6.8 and 6.9, Table 6.3).
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(a) VRE and electricity load (b) GT and electricity load (c) PDF

Figure 6.8: 1,600kWel GT in hybrid control strategy: electricity generation
profile and Probability Density Function

(a) GT and steam load (b) SB and steam load (c) PDF

Figure 6.9: 1,600kWel GT in hybrid control strategy: steam generation pro-
file and Probability Density Function

A smaller size gas turbine coupled with a bigger secondary boiler has been investigated.
The system with a 800kWel GT presents similar production trends with the different control
strategies: the electricity and steam generation profiles are shown in Figure 6.10 and 6.11.

(a) VRE and electricity load (b) GT and electricity load (c) PDF

Figure 6.10: 800kWel GT: electricity generation profile and Probability Den-
sity Function

By switching to a smaller GT size, the electricity bought from the grid significantly
increases to 10.6 × 106kWh while the electricity overproduced decreases to 0.07×106kWh in
the electricity following strategy (Table 6.4). The total amount of steam produced by the
secondary boiler is almost three times higher than the previous case analysed.
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(a) GT and steam load (b) SB and steam load (c) PDF

Figure 6.11: 800kWel GT: steam generation profile and Probability Density
Function

In the steam following configuration there is no steam overproduced during the year. The
CO2 emissions avoided in the first year of the project are estimated to be 2.5×106kg. While
this is lower than the carbon emission saving achievable with the larger GT size, they are
estimated to decrease more slowly with a progressive decarbonization of the electric grid,
given the higher share of the electric load covered by the grid.

The integrated system with the 800kWel GT shows a better technical feasibility for on-
site cogeneration in the manufacturing facility for the reduced amount of extra steam and
electricity produced, therefore it is concluded that a technical opportunity does exist to
improve the exploitation of the natural gas energy content, which is now partially wasted by
releasing the exhaust gases at high temperatures.

Symbol Electricity following Steam following Hybrid
Grid electricity [×106 kWh] 4.2 6.6 5.9
Extra electricity [×106 kWh] 0.18 0.63 0.2
Steam from SB [×106 kg] 6.0 4.9 6.0
Extra steam [×106 kg] 6.6 0.08 1.9
CO2 avoided [×106 kg] 3.5 3.7 3.7

Table 6.3: Annual values for the integrated system with the 1,600kWel GT

Symbol Electricity following Steam following Hybrid
Grid electricity [×106 kWh] 10.6 10.7 10.7
Extra electricity [×106 kWh] 0.07 0.16 0.07
Steam from SB [×106 kg] 16 15.8 15.9
Extra steam [×106 kg] 0.3 0 0.17
CO2 avoided [×106 kg] 2.5 2.5 2.5

Table 6.4: Annual values for the integrated system with the 800kWel GT

The option of producing on-site electricity and steam only through the CHP system, and
not in parallel with a renewable plant, has been investigated: after a preliminary assessment
this option was discontinued due to the limited amount of carbon emissions saving achieved
as the electric grid is progressively decarbonized.
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6.2.2 Economic viability

The economic parameter that is calculated for assessing the economic viability of an in-
vestment project is the Pay Back Time (PBT ). As underlined before, managers in the
manufacturing sector are not likely to invest in a project with a PBT over 10 years (often as
low as 5 years) therefore this is considered as the main requirement in the economic analysis.
The PBT of the project has been calculated in the current conditions:

• grid electricity price, priceel = 0.096€/kWh;

• gas price, pricegas = 0.031€/kWhth;

• discount rate r = 0.06;

• additional carbon tax CT = 0€/ton;

• secondary boiler already present on-site.

Under these conditions, the PBT of the integrated system is close to 7 years if the bigger
gas turbine is selected and 6.2 years with the smaller one, independently from the control
strategy chosen. By integrating the electricity and gas energy vectors it has been possible to
design an economically viable system that reduces the overall CO2 emissions by producing
clean electricity from solar and wind and by fully exploiting the energy content of the burned
natural gas. The well developed technology of gas turbine makes it possible to reduce the
high PBT of the VRE system that would not be economically viable by itself [43].

However, in the near future the values of some parameters may significantly change as
effect of governmental policies to promote the progressive decarbonization of the energy
sector. It is difficult to forecast with accuracy how these parameters will change, therefore
a sensitivity analysis has been done to evaluate in which scenario the integrated on-site
cogeneration system is going to be a viable option for the manufacturing industry.

The first two parameters that are analysed are the electricity and gas prices paid by the
facility. It is very difficult to forecast how these two prices will evolve in the next few years
because they are inter-dependent and also depend on how the electricity market may change
to support a higher VRE penetration. A range is estimated for both these variables in order
to cover different scenarios.

The electricity price is simulated to vary ±20% with respect to the current price paid
by the facility based on portfolio predictions by Poyry [104]. In this report, commissioned
by EirGrid, the national Irish grid operator, various technology options for delivering a sus-
tainable power are presented. Six possible generation portfolios were modelled from 2020 to
2035: two focused on fossil fuels alternatives, one on nuclear energy and three on renewable
deployment. The impact of the six different options on the energy market and wholesale
prices yields a range of electricity prices of ±20%.

It is more difficult to select a gas price range. Looking toward a more decarbonized
grid with a higher VRE penetration and a more integrated energy system it is possible that
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natural gas will not only be an energy source but will also become an energy vector produced
by using electricity (i.e. power-to-gas sector). Therefore, the price range selected has to take
into account not only variation in the price of the primary source (fossil natural gas) but also a
possible transition to different technologies, not commercially mature yet, for the production
of gas from electricity. This would also impact the carbon intensity of the gas produced. The
current efficiency of gas generation through electrolysis and methanation is respectively 0.7
and 0.75, therefore the price of gas produced with the use of these technologies would be

1
0.7× 0.75 = 1.9 times the price of the electricity used to produce it. If the current average
price of electricity is considered, then the cost of producing gas would be 0.18€/kWhth. This
price is almost 6 times the current price of gas paid by the company therefore it would not
make sense to consider it in the analysis. On the other hand, if the gas is produced when
there is an excess of electricity generation that has to be consumed, acting effectively as a
storage and flexibility service, the price paid for electricity could be very low or even negative,
leading to a lower price for gas. Assuming a 50% maximum penetration of power-to-gas in
the gas supply, the range of gas price resulting would be between 0.031€/kWhth (current
price) and 0.1€/kWhth (0.031× 50% + 0.18× 50%).

The sensitivity of the PBT to the commodities price is displayed in Figure 6.12. The
PBT of the integrated system with the smaller gas turbine does not vary significantly with
the control strategy chosen, therefore only one curve is plotted in the graphs.

(a) Sensitivity to electricity price (b) Sensitivity to gas price

Figure 6.12: Sensitivity of PBT to commodity price. Control strategies:
SF = Steam Following; EF = Electricity Following; H = Hybrid.

The configuration with the lowest PBT in all the conditions simulated is the on-site
integrated system with the 800kWel GT.

If the electricity price increases, the system becomes more economically viable in all the
analysed cases with a decrease in the PBT close to 5 years, as shown in Figure 6.12-a. The
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sensitivity of the PBT to the electricity price for the integrated system with the bigger gas
turbine is very similar for the three different control strategies.

The sensitivity of the PBT to the gas price is notable (Figure 6.12-b) and the cogeneration
system becomes less viable with the progressive increase in gas price. The effect of an increase
in the gas price is more evident on the bigger gas turbine run in the electricity following control
strategy since there is a higher overproduction of steam, i.e. a partial waste of the natural
gas energy content.

While the gas and electricity prices have been shown as two independent variables in
Figure 6.12, in reality they influence each other. It is hard to make their relationship explicit
and it is even more difficult to forecast the way they will interact in the future. A simplified
approach is used and three scenarios are studied. The first scenario reflects the current
economic conditions. The other two scenarios take into account possible variations in the
commodities price due to the decarbonization of the energy sector.

The increasing penetration of variable renewable energy in the electric grid is causing
additional costs for balancing and flexibility services which are currently not fully included in
the electricity price: with the progressive rising in renewable penetration the final price of grid
electricity will be driven up [105]. The future trend of gas price is more difficult to forecast.
In the future, the power-to-gas (P2G) sector is forecast to grow as one possible efficient way to
use the extra electricity produced by VRE when the demand is lower than the offer (acting as
a storage service), reducing the need for curtailment. In this scenario, the price of gas would
be directly influenced by the price of electricity: a higher VRE penetration will correspond to
higher electricity and gas prices (Scenario 2). However, technical developments in this field
will require time and the competitive price that currently characterizes gas as a fuel source
is likely to maintain the use of gas as fossil fuel at the current level (Scenario 3), if not even
higher (coal-to-gas switch).

The PBT has been simulated as function of the electricity and gas price. The results are
presented for the two configurations of the on-site cogeneration system that show the best
economic performances (lowest PBT ): the cogeneration system with the 800kWel GT and
the cogeneration system with the 1,600kWel GT run in the steam following control strategy.
The results are shown in Figure 6.13 and Table 6.5. The integrated system with the smaller
GT is more economically viable and requires less time to return on the initial investment.
Currently the PBT estimated is 6.2 years (Scenario 1); if the electricity and gas prices
increase, respectively, by 20% and 250% of the current prices (50% of gas produced from
P2G), the PBT would increase to 10 years (Scenario 2). The effect of a rise in electricity
price partially compensates the increase in PBT caused by higher gas prices. However, this
scenario is unlike to happen in the immediate future given the technology developments that
would require. The more likely scenario (Scenario 3), where fossil natural gas is used in
traditional technologies such as boilers or turbines for energy generation, is characterized by
the increase in the electricity price only, while the gas price remains competitive. The PBT
decreases to 5.4 years in this scenario, making on-site cogeneration even more economically
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viable. The PBT of the integrated system with the bigger GT follows the same trend but is
higher in all the conditions analysed.

(a) Integrated system with 800kWel GT (b) Integrated system with 1,600kWel GT

Figure 6.13: Sensitivity of PBT to the electricity and gas prices. The three
analysed scenarios in Table 6.5 are highlighted

It is interesting to note that the range of PBT achievable with different commodity prices
is wide and may result in significantly different economic outcome for facilities subjected to
different price agreements.

Electricity price
€/kWhel

Gas price
€/kWhth

PBT [years]
800kWel GT

PBT [years]
1,600kWel GT

Scenario 1 0.096 (-) 0.031 (-) 6.2 (-) 6.8 (-)
Scenario 2 0.115 (+20%) 0.1 (+250%) 10 (+60%) 12.5 (+84%)
Scenario 3 0.115 (+20%) 0.03 (+0%) 5.4 (-13%) 5.8 (-15%)

Table 6.5: PBT of the integrated system in the three scenarios discussed

The economic viability of the project is dependent also on other economic parameters
that may change in the near future. The sensitivity of the PBT to the discount rate r and
to the introduction of an additional carbon tax CT has been studied and the results for the
on-site cogeneration system with the 800kWel GT are displayed in Figure 6.14 and 6.15. A
lower discount rate has a positive impact on the PBT , reducing it by 30% when the price
of gas is high (Figure 6.14). However, in the current conditions or even with an increase
in the electricity price, the discount rate does not have a significant effect on the PBT .
Similarly, the effect of an additional carbon tax on the PBT is small as shown in Figure 6.15.
The system with the bigger gas turbine presents a similar sensitivity of the PBT to these
parameters.
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Figure 6.14: Sensitivity of PBT to the discount rate r

Figure 6.15: Sensitivity of PBT to the carbon tax CT

After studying the sensitivity of the Pay Back Time to different parameters, it is concluded
that both a technical and economic opportunity does exist for on-site cogeneration (PV, wind
and grid electricity with a gas fired plant) in the Irish manufacturing industry in presence of
a more decarbonized energy market and the forecast increase in electricity price would make
this option even more economically viable.
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6.2.3 Environmental viability

It has been shown in the previous sections that the integration of on-site cogeneration with
an on-site renewable energy system is a technically and economically viable option for man-
ufacturing facilities in Ireland. However, policies to decarbonize the energy supply have a
strong impact on the economic profitability of these projects. The key question is therefore
whether this integrated system is compatible with the goal of decarbonization. Will such an
installation avoid carbon emissions now and over its lifetime?

The cumulative amount of emissions saved during the entire lifetime of the project (25
years) can be calculated with eq. 6.7 and 6.8. The result is highly dependent on the trend of
the grid carbon intensity forecast for the next decades. There are many studies in the liter-
ature that model different decarbonization pathways to achieve the 2030 and 2050 emissions
reduction targets, however the analysis focuses mostly on total CO2 emissions trajectories.
Glynn et al. [106] characterize 38 scenario variants to account for the uncertainty in climate
mitigation policies and other constraints. Chiodi et al. [107] propose 4 alternative scenarios
to the reference one (no emissions reduction targets) and present the different measures re-
quired to reach more or less stringent targets. Both these studies, along with the majority
of the literature, present pathways for the total CO2 emissions and while they show the re-
duction target specific to the electricity generation sector, it is impossible to infer uniquely
from these data the forecast carbon intensity of the grid. A distinction should be made,
in fact, between the electricity generated and transmitted through the grid that would set
out the grid carbon intensity and the electricity generated from decentralized systems for
self-consumption, which would contribute to the total electricity generation but not to the
grid carbon intensity. Given the absence of forecast trends for the carbon intensity of the
Irish electric grid, different scenarios have been simulated. This is the methodology usually
adopted in forecasting emissions trend [5].

SEAI [108] presents the average annual carbon intensity of the Irish grid. The values
between 2005 and 2016 have been used as historical data and are plotted in Figure 6.16-a as
circular dots. It is suggested to not include older data because the result could be affected
by the positive effect energy policies have had in the first years after their implementation.
Based on these data, three interpolation curves are used to forecast possible trends for the
average carbon intensity of the grid until 2050, as shown in Figure 6.16-a. The three different
fitting curves lead to the cumulative carbon emission savings shown in Figure 6.16-b. Two
configurations of the cogeneration systems are considered: the system with the 800kWel GT
(case with lowest PBT ) and the system with the 1,600kWel GT in steam following control
strategy (case with highest CO2 emissions savings).

The exponential fitting curve takes into account that, after a first rapid decrease in the
carbon intensity of the grid, the reduction rate slows down since it will be progressively more
difficult to integrate more renewable or sustainable energy sources into the grid. This is
the more realistic trend. In this scenario, the cumulative emissions saving has a peak after
14 years (small GT) and after 17 years (big GT) from the commissioning then it decreases
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but it remains positive for the whole lifetime of the system, showing a positive environmental
impact of the project. The progressive decrease in cumulative emissions avoided in the second
part of the lifetime is due in part to a reduction of the energy efficiency of the technologies
on-site. The other reason is that the carbon intensity of the grid is simulated to gradually
decrease every year of the project and at a certain point this will result in the cogeneration
system producing more CO2 than would be produced by buying the electricity from the grid
and generating steam in a natural gas boiler. The second method uses a linear interpolation.
While this curve fits better the historical values, it is not likely to give a true representation
of the future carbon intensity of the grid because it assumes a constant decarbonization rate.
A third option is to consider a linear decrease in carbon intensity for the next decade, while
there is still margin for increasing the penetration of renewable sources on the grid, and then
to introduce an exponential fitting curve that simulates the progressively increasing difficulty
in finding additional methods for further reducing the carbon intensity. The linear and hybrid
interpolation curves lead to a neutral amount of cumulative emissions avoided before the end
of the lifetime of the integrated system, reducing the time span in which this installation
could be environmentally beneficial (Table 6.6).

(a) Estimated carbon intensity of the electric
grid based on the interpolation of historical data
(dots)

(b) Estimated cumulative emissions avoided

Figure 6.16: Estimated grid carbon intensity and cumulative emission
avoided. Interpolation method used: — Exponential — Linear — Hybrid
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Interpolation Neutral year
method 800kWel GT 1,600kWel GT
Exponential >30 >30
Linear 21 24
Hybrid 22 26

Table 6.6: Neutral year after the commissioning with different interpolation
method

These results are only based on the interpolation of historical data and do not guarantee
an accurate forecast. Alternatively, the minimum carbon intensity of the grid required to
guarantee a positive cumulative emission saving can be calculated.

(a) Integrated system with 800kWel GT (b) Integrated system with 1,600kWel GT

Figure 6.17: — Minimum grid carbon intensity required to guarantee pos-
itive cumulative emission savings — Forecast grid carbon intensity based on

exponential fitting

Figure 6.17 shows the minimum carbon intensity of the grid required to guarantee positive
cumulative emission savings until that year if the project was implemented in 2020 and it is
compared to the forecast grid carbon intensity. The intersection of the two lines shows that
the requirement for a positive environmental impact of the project could be met until 2037
(2040 with the bigger GT) then it would be more environmentally sustainable to purchase
electricity from the decarbonized grid and only produce steam on-site.

6.2.4 On-site CHP as balancing service provider

From the analysis conducted, it has been concluded that a technical opportunity for on-
site cogeneration of electricity and high temperature steam through the integration of a gas
turbine and a VRE system does exist for the targeted manufacturing facility, however its
environmental feasibility is limited to the next two decades.

The use of CHP on-site may have another potential benefit: it may mitigate the high
variability of the VRE generation with its flexible operation. The intermittency of renewable
sources is a well known obstacle to high VRE penetration; it affects the operation of the
electricity grid on all three time scales (minute-to-minute, intrahour, hour-to-day-ahead) and
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may result in increasing operating costs to ensure power quality and network reliability [109].
An increase in VRE on-site generation in manufacturing facilities may lead to a shift from an
almost flat demand, effectively considered by the grid as a predictable base-load, to a highly
variable net demand with peaks that are likely to be registered when renewable sources are
scarcely available. This could cause significant balancing issues at a local level, especially
in highly industrialized areas with agglomerated manufacturing sites, where the amplitude
of power fluctuations could increase. Figure 6.18 shows the facility’s net electricity demand
with and without VRE on-site, during two months of the year (January as example of winter
months and June of summer). The introduction of an on-site VRE system leads to higher
fluctuations in the manufacturing facility net demand. From the electricity grid point of view,
an almost flat and predictable load is substituted by a more variable and unpredictable one
that requires more flexibility from the grid.

(a) January (b) June

Figure 6.18: Net electricity demand of the facility with and without the VRE
system on-site

On-site CHP could support a higher penetration of distributed renewable generation by
absorbing part of the intermittency of on-site VRE through its flexible operation, effectively
acting as a local balancing service provider. While CHP has shown limited environmental
benefits if considered only as an electricity and steam generator, it could result in a beneficial
reduction of emissions (higher VRE penetration) and reduced need of balancing service on a
grid level if considered also as a flexibility provider.

The effect of on-site cogeneration on the variability of the net demand for grid electricity is
assessed by calculating the standard deviation σh of the net demand over a five-hour window
spanning two hours before and two hours after every hour h of the year [110], as shown in
equation 6.9:

σh =

√√√√ 1
5− 1 ×

h+2∑
i=h−2

(xi − x̄h)2 (6.9)
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The parameter xi represents the net demand for grid electricity at a specific hour of the
year and x̄h is the average net demand over the analysed 5-hour window centred in h as
shown in eq. 6.10.

x̄h = 1
5 ×

h+2∑
i=h−2

(xi) (6.10)

The five-hour window around hours with null electric demand due to maintenance have
been excluded from the calculation.

An indicator to qualitatively evaluate the variability of the net demand during the whole
year is the mean of σh, σ̄h. It indicates how rapidly the residual electric load that the grid has
to cover changes on average during the year: an increasing σ̄h indicates that the net demand
sees more rapid and higher fluctuations.

σ̄h = 1
8760 ×

8760∑
h=1

(σh) (6.11)

This indicator has been normalized with respect to the base-case with no on-site cogen-
eration (eq. 6.12) in Table 6.7.

σ̄∗
h = σ̄h

σ̄hbasecase
(6.12)

The purpose of this indicator is, in fact, to compare the different analysed cases and draw
qualitative conclusions rather than creating a metric for quantifying the variability of the net
electric load. A further discussion on the indicator and on the time window chosen for this
analysis is presented in Appendix B.2.1.

σ̄∗
h

No on-site cog. 1
VRE only 4.34
VRE + 800kWelGT

el. following 4.12
steam following 4.2
hybrid 4.22

VRE + 1,600kWelGT
el. following 2.86
steam following 5.46
hybrid 5.46

Table 6.7: Normalized mean variability of the net demand σ̄∗
h

As shown in Table 6.7, the introduction of on-site VRE significantly increases the occur-
rence of rapid fluctuations during the year. The 800kWel GT does not have a significantly
positive effect on the variability of the net demand: even in the electricity following control
strategy there is only a slight reduction in the mean compared to the "VRE only" case. By
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introducing on-site cogeneration with the bigger gas turbine (1,600kWel GT), there is a ben-
eficial reduction in the mean that indicates that the fluctuations in the residual load are less
rapid.

The viability assessment of on-site CHP and VRE integrated system for manufacturing
industry could be expressed as a trade-off between its environmental benefits which are limited
in time due to the progressively decarbonization of the grid and its beneficial effect on partially
balancing the fluctuation introduced by the VRE system on the net demand. These two
aspects have been investigated through two parameters: the normalized mean variability of
the net demand σ̄∗

h and the carbon intensity of the electric load (considering fossil gas as fuel
for the gas turbine). Both these parameters are normalized to the base case with no on-site
cogeneration.

The equivalent carbon intensity of the electric load covered in part by the on-site cogen-
eration system and in part by the grid is normalized to the carbon intensity of the grid: three
values of grid carbon intensity have been considered to simulate different decarbonization
scenarios. The results are listed in Table 6.8.

In order to have a significant benefit on the net demand variability the bigger size of the
gas turbine should be installed and run in the electricity following control strategy. While
this configuration would bring significant environmental benefit when the carbon intensity of
the grid is 0.3kg/kWhel, with a progressively decarbonization of the grid the best configura-
tion would be with the smaller gas turbine on-site but the environmental benefits would be
extremely low; a lower carbon intensity for the electricity produced on-site would be achieved
by using only the VRE system.

No VRE 800kW GT 1,600kW GT
on-site only EF SF

σ̄∗
h 1 4.3 4.1 2.8 5.4

Carbon intensity of
the electric load

assuming CO2GridIntensity

0.3kg/kWhel 1 0.76 0.62 0.51 0.58
0.2kg/kWhel 1 0.76 0.7 0.68 0.74
0.1kg/kWhel 1 0.76 0.95 1.19 1.19

Table 6.8: Comparison of the benefits of the different configurations of the
on-site generation system.

Control strategies: EF = Electricity Following; SF = Steam Following.
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6.3 Summary

The on-site cogeneration system (VRE, GT, HRSG and SB) is shown to be economically
feasible for manufacturing facilities in the current analysed scenario (PBT w 6 years) and it
becomes even more profitable in future scenarios where higher VRE penetration would drive
up electricity prices (PBT w 5 years).

The environmental benefits of on-site cogeneration are limited in time as the grid is
progressively decarbonized. In fact, if the on-site CHP system would start being operational
in 2020, the total amount of CO2 emissions avoided would be 3.5kton over 16kton of CO2

emitted otherwise in the basecase with no on-site energy generation (22% emission reduction);
however, as the carbon intensity of the grid progressively decreases, the share of emissions
avoided compared to the basecase decreases as well, reaching overall a cumulative value of
2.5% emissions reduction. It has been shown that the minimum carbon intensity of the grid
required to guarantee positive cumulative emissions saving would be higher than the forecast
carbon intensity of the grid before 2040, limiting de facto the environmental benefits of on-
site cogeneration to the next two decades. Manufacturing facilities are likely to exploit the
on-site system purchased for its entire lifetime to generate more profit, despite the system
may be not environmentally beneficial anymore. This may result in a misalignment between
decarbonizing policies that aim to lower the environmental impact of energy production and
consumption, and manufacturing facility economic strategies that aim to maximize profit.

There is a trade-off between reducing CO2 emissions and decreasing the variability of the
electric net demand. While in a decarbonized scenario (low carbon intensity of the grid) the
environmental benefit would come from only VRE or the integrated system with the smaller
gas turbine, a support to higher penetration of decentralized VRE systems in manufacturing
industry would come from the bigger gas turbine run in the electricity following control
strategy to absorb part of the intermittency of renewable sources availability.

In conclusion, the two main limitations of the on-site cogeneration system as the grid is
progressively decarbonized have been identified to be the environmental benefits limited in
time and the variability of the net demand, which is only slightly reduced through the flexible
operation of the gas turbine.

For reducing the high variability of the residual electric load caused by the on-site cogen-
eration system the integration of a storage system is proposed and is investigated more in
detail in Appendix B.

The use of biogas is proposed [111] to overcome the temporal limit of the environmental
benefit of the system and a brief overview of the current state of the art of biogas production,
its supply potential and cost is given in Appendix C.
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Chapter 7

Conclusions and future work

7.1 Conclusions

The aim of this thesis is to investigate the feasibility of the Irish manufacturing industry as-
suming the role of energy prosumer (producer and consumer) in a progressively decarbonized
energy system, by producing, on-site, part of the electric and thermal energy load in a more
sustainable way. In order to do so, a new model has been developed and implemented in
Matlab, that allows to simulate the techno-economic and environmental feasibility of on-site
energy generation through an integrated renewable system and a Combined Heat and Power
(CHP) system. The model is built as a robust and flexible tool that can be used for any
facility worldwide by updating inputs such as geographical location, solar and wind avail-
ability and hourly energy demand. Real data from an existing manufacturing facility were
used to provide realistic data as input to the feasibility analysis taking into consideration the
constraints that characterize this type of end-user.

First, to evaluate which technologies are more suitable for on-site energy generation in
this specific application, the energy demand for the different energy vectors used in the man-
ufacturing facility (electricity, natural gas and water) was analysed, based both on internal
monitoring and billing information (Chapter 4). The electric demand is almost constant
throughout the year, with no significant diurnal, weekly or seasonal variations and therefore
it is concluded that the electric consumption profile of a manufacturing site differs signifi-
cantly from that of typical residential end-users. The average electric power required by the
facility and currently provided through the national electric grid is 2,659kW, with a peak
of 3,416kW, and the total annual electric energy demand is 23,296MWh. The thermal de-
mand presents, instead, more relevant seasonal variations. The data from internal metering
are intermittently available during the year: a statistical analysis was conducted to simu-
late a demand profile for the entire year based on the available data. The thermal energy
is purchased in the form of natural gas: around 20% is used for space heating and other
minor applications, and the remaining 80% is burned on-site in a vertical boiler to produce
an average steam flow of 5,200kg/h at the saturated temperature of 196°C and 14 bar. The
annual environmental impact of the energy load of the facility is estimated to be 16ktoe of
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CO2 emitted in the basecase with no on-site energy generation, considering the current car-
bon intensity of the grid. Having identified the energy requirements of the facility, different
technologies for on-site energy generation were investigated.

Given the large land space that typically surrounds manufacturing facilities, the first
option investigated to reduce the carbon emissions associated with the electric demand of
the facility was a decentralized Variable Renewable Energy (VRE) system (Chapter 5). The
two renewable sources considered were solar and wind: they are, in fact, less site specific and
therefore more suitable for replicating the analysis to different facilities located elsewhere.

An integrated VRE system constituted of a solar PV and a wind system was modelled
to simulate the renewable electricity potentially produced on-site. The hourly electricity
generation was simulated based on historical meteorological data and techno-economic input
parameters. The results show that solar energy presents a more predictable daily and seasonal
trend while the wind system introduces a high variability in the net demand (which represents
the residual load covered by the electric grid). Overall, the on-site VRE system is technically
viable: it satisfies part of the electric load of the facility with only limited overproduction
(less than 1% of the time during the year).

The economic feasibility was assessed based on the Pay Back Time (PBT ) of the system,
considering that existing manufacturing facilities are not likely to invest in projects with
a PBT higher than 10 years and often as low as 5 years. The sensitivity of the results to
different techno-economic parameters was assessed, to consider both current and likely future
scenarios. The results show that while the wind system could be economically viable if small
incentives are provided or if a reduction in the capital cost occurs, the PV system has a PBT
not acceptable in any of the simulated conditions. For the integrated system of wind and
solar PV, while a technical opportunity does exist, the economic feasibility is subject to all
the following conditions:

• acceptance of a long Pay Back Time;

• substantial subsidy either as a direct subsidy or as an avoided penalty (e.g. carbon
tax);

• technological improvements yielding a reduction in the capital cost.

Achieving all these conditions seems unlikely, and therefore it is concluded that on-site
renewable generation is not economically feasible for Irish manufacturing facilities in isolation
in the conditions evaluated. Nonetheless, producing part of the electric demand of the Irish
manufacturing industry on-site from renewable sources may help reduce the carbon intensity
of the national economy, which may be a reasonable policy goal.

A second option was explored to support the penetration of decentralized VRE generation
in Irish manufacturing facilities. An integrated system of a gas turbine (GT) and a Heat
Recovery Steam Generator (HRSG) was considered for Combined Heat and Power (CHP)
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cogeneration. CHP is a commercially mature technology widely used in industrial applications
and therefore it may successfully support the VRE system by reducing its PBT . The CHP
system would work in parallel with the grid and the on-site VRE system for providing the
energy required by the facility: while the VRE system is suitable for electricity generation
only, the CHP system produces both electricity and also the high temperature and high flow
rate steam required by the manufacturing facility in the production lines.

The technical, economic and environmental feasibility of the integrated system (gas tur-
bine, heat recovery steam generator, and VRE system) were analysed in different scenarios
(Chapter 6). The hourly electricity and steam production profiles of each technology on-site
were simulated for the entire lifetime of the system: the on-site integrated cogeneration sys-
tem results to be technically feasible since it successfully provides part of the electric and
thermal load of the facility. The system is also economically viable with a PBT of approxi-
mately 6 years, which decreases to 5 years in future scenarios where higher VRE penetration
would drive up the electricity price. The CHP system successfully decreases the PBT of the
VRE system, making on-site energy cogeneration a viable option.

The installation of CHP systems in industrial sites has shown a reduction of energy-
related carbon emissions compared to the separate purchase of grid electricity and on-site
steam generation. However, it is not clear whether this environmental benefit will persist
with the progressive decarbonization of the electric grid. It is important to ensure that if the
manufacturing facility invests in a CHP system to support distributed VRE generation, the
environmental benefits of the integrated system endure for its entire lifetime.

The analysis conducted on the environmental benefits of on-site cogeneration shows that
they are temporally limited to the next two decades. If the on-site cogeneration system was
to be commissioned in 2020 for a manufacturing facility in Ireland, the minimum carbon
intensity of the grid required to guarantee positive cumulative CO2 emissions savings would
be higher than the planned carbon intensity of the grid before 2040; after that the integrated
cogeneration system of CHP and VRE will produce more CO2 emissions compared to pur-
chasing the electricity from the decarbonized grid and using on-site natural gas only for steam
generation.

Since manufacturing facilities are likely to exploit the on-site system purchased for its
entire lifetime to generate more profit (despite the system’s increased environmental impact),
this may result in a misalignment between decarbonizing policies that aim to lower the en-
vironmental impact of energy production and consumption, and the manufacturing facility’s
economic strategy that aim to maximize profit.

A possible solution to the temporal limit of environmental benefits is the use of biogas
in the CHP system, which is currently limited in Ireland but it is forecast to significantly
increase in the next decades. However, the economic viability of biogas in this scenario
appears, prima facie (see Appendix C), to be poor and so has not been investigated in depth
here.

Another issue arising with the on-site VRE system is the high variability in the residual



88 Chapter 7. Conclusions and future work

load that is caused by the intermittency in renewable sources. It was investigated whether
the introduction of a flexible technology such as a gas turbine has a positive impact on
reducing the variability of the residual load that the grid has to cover, acting effectively as
a balancing service provider. The gas turbine does not improve significantly the variability
of the residual load. The effect of integrating a Battery Energy Storage System (BESS)
on the net demand variability was investigated as well and is presented in Appendix B.
The results show that for higher capacities of the battery bank the average variability of the
residual load slightly decreases, however even with the biggest storage system investigated the
manufacturing facility retains the role of net consumer. Therefore the reduction in the residual
load variability would not benefit the manufacturing facility but rather the Transmission
System Operator (TSO), who would have to incentivize the installation of a BESS.

The question posed at the beginning of the thesis was whether it is feasible for an Irish
manufacturing facility to be an energy prosumer, considering the progressive decarbonization
of the energy system.

It is concluded that it is technically and economically feasible for an Irish manufacturing
facility to produce on-site part of the electric and thermal energy load through a VRE system
integrated with a CHP system, however the environmental benefits of on-site cogeneration
are limited to the next 20 years. The CHP system, with its flexible operation and low PBT ,
supports the penetration of distributed VRE making it economically feasible and partially
reducing the variability of the residual electric load caused by the intermittency of renewables;
nonetheless, it causes a higher consumption of natural gas that, as the grid decarbonizes, does
not lead to positive carbon emissions savings. The use of biogas in the CHP system could
overcome the temporal limit of the environmental benefits, making CHP a viable option for
supporting distributed VRE in manufacturing sites. The economic cost of this option is
currently limiting its application.

The manufacturing facility remains in all the analysed cases a net consumer, with a
significantly variable residual load that the electric grid has to cover. Only a limited reduction
in the net demand variability is achievable with a battery storage system, unless the on-site
VRE system is oversized, which will require a higher expenditure and will depend on the
facility’s land availability.

7.2 Future work

The main objective of this thesis was to investigate the feasibility for the Irish manufacturing
industry to assume the role of energy prosumer in a progressively decarbonized energy system,
by producing electric and thermal energy on-site in a more sustainable way. More work
could be done to further enrich and strengthen the conclusions of this analysis. A deeper
investigation is suggested on the following points:
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• A limitation of the thesis lies in the simplified approach used for estimating the carbon
intensity of the Irish electric grid in the future. This is due to the limited information
available on the decarbonization trend for the Irish electric grid. A more accurate
simulation could be done with the assistance of specifically designed software.

• Due to the unavailability of additional data from other Irish manufacturing facilities,
the simulations are based on real data from one facility only. It would be interesting
to replicate the analysis conducted in this thesis to other manufacturing industries,
producing different categories of products that requires both electric and thermal energy
(e.g. food production), and located elsewhere. A preliminary analysis was conducted
on an Italian manufacturing facility producing resins. The preliminary results show
that the PV system, sized based on the energy requirements and land availability, is
technically feasible and more economically viable due to a higher solar Global Tilted
Irradiance, compared to the Irish case study, but still does not reach an acceptable
PBT . The wind system, instead, shows worst economic performance compared to the
Irish case study given the low average wind speed registered in the Italian region where
the facility is located. This preliminary analysis shows the dependence of the on-site
VRE feasibility on the geographical location of the facility.

• Another interesting analysis could be done on a cluster of manufacturing facilities lo-
cated close to each other. A commonly owned distributed energy system could satisfy
part of the aggregated energy load, managed effectively as a micro grid. The effects on
the electric grid should be investigated.

• In Appendix B, it has been shown that one limitation to the benefits of the battery
bank on-site is the limited energy overproduced by the VRE system, sized based on
land availability, physical constraints and energy requirements. Larger space around the
facility would allow the installation of a higher renewable capacity that could be better
exploited by the battery system and that may have a positive impact on the variability
of the residual load. More work could be done in investigating the sensitivity of the
results to the available land footprint.

• More work could be done in finding a metric for assessing the variability of the residual
demand that the electric grid has to cover. This will become more and more relevant
as the penetration of distributed Variable Renewable Energy increases and with it the
fluctuations occurring in the net demand of end-users.
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Appendix A

State of the art of PV, wind and
CHP technologies

A.1 Solar photovoltaic

In this section, the state of the art of different solar photovoltaic (PV) technologies both
already available in the market and currently under development, and the actual and forecast
costs of PV systems are presented.

Solar radiation can be converted in different form of energy based on the technology
used. Photovoltaic cells are semiconductor devices that convert solar radiation in Direct
Current (DC) electricity. Cells are grouped in modules, which are then combined to form
strings, arrays and systems with a capacity range that goes from 1 Watt to 109 Watts. The
current photovoltaic technologies can be classified in three groups: first, second and third-
generation [112].

• The first-generation PV systems use very mature technologies that are already fully
commercialized and include mono and multi-crystalline wafer-based Silicon technologies
(c-Si).

• The second-generation consists of thin-film technology.

• The third-generation is based on technologies still under development or not fully com-
mercialized, as concentrating PV (CPV) and organic PV cells.

Before going into detail about the differences between these various systems, a brief
explanation on how a solar cell works is given.

Most of the photovoltaic cells are based on the same physical working principle. Two layers
of a semiconductor material (e.g. Silicon) are used. One layer is doped with Phosphorous,
which creates an extra electron in the Si atomic structure (N-type Si). The other layer
is doped with Boron, which creates a hole in the Si atomic structure (P-type Si). These
two layers, joined together in correspondence of the p-n junction, modify the conduction and
valence bands of the original material, reducing the band gap. When photons (solar radiation)
reach the surface of the solar cells and impact on the electrons, if the energy absorbed by the
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electron is equal or higher that the band gap, the electron jumps from the valence band to
the conduction band and flows from the N-type to the P-type material. The p-n junction,
also called depletion region, does not let the electron back in the N-region, which is now
positively charged. An electric circuit is connected to the solar cell to allow the electron to
flow back in the N-type layer. The flow of electrons through the electric circuit produces DC
current [113]. In Figure A.1, the structure of the silicon cell is shown.

Silicon, which is one of the most abundant element on earth’s crust, is the semiconductor
material used in the first-generation systems. Russell Ohl in 1941 observed for the first time
that high purity Silicon produced a "well-defined barrier having a high degree of photovoltaic
response", what nowadays is identified as p-n junction.

This technology was firstly commercialized by Hoffman Electronics and the first com-
mercial application for the 9% efficient crystalline Si cells was on board of the 1958 NASA
Vanguard I satellite [113]. Since then, a steady increase in cells efficiency lead this PV
technology to be the most commercialized.

Figure A.1: Silicon cell structure

In 1970, the violet-cell was introduced: with an improved response to short wavelengths, it
reached an efficiency of 15%. In 1974, the black-cell was designed: the front-surface reflectance
of solar radiation was reduced with chemical etches on the cell’s surface and the application
of anti-reflection coatings. An efficiency of 17% was reached. In the following 20 years, the
technology of silicon cells continued to improve with the Metal-Insulator-NP (MINP) junction
(1985), followed by the Passivated Emitter Solar Cell (PESC), the Passivated Emitter and
Rear Contacts (PERC) and ultimately Passivated Emitter, Rear Locally-diffused (PERL)
cells, which reached 24.8% efficiency in mono-crystalline form [114]. The majority of mono-
crystalline Si material is produced from polysilicon, available from the electronics industry
as a waste, with the Czochralski method [115]. In alternative, the float zone [116] or the
recently studied Magnetically grown Czochralski (Mcz) silicon [117] techniques are used.
The two layers of Phosphorous-doped Si and Boron-doped Si have, respectively, a thickness
of around 0.3 µm and 250 µm and the resulting band gap is 1.1 eV.

The crystalline silicon solar cells represents 90% of the current PV market [118].

The second-generation systems, thin-film solar cells, are less commercialized than the
first one but their share is recently growing. Thin-film cells are made of a cheap substrate
(glass, polymer or metal) that supports many successive thin solar cells layers (1-4 µm). The
advantage is that they have a very lightweight and flexible structure so they represent a viable
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option for building-integrated PV. They also need less semiconductor material to absorb the
same amount of solar radiation therefore it may become a more economical alternative to
the c-Si solar cells because of its lower capital cost, given by the low production and material
costs. On the other end, the potential savings are limited by a lower efficiency.

Three types of thin-film cells can be identified [112]:

• Amorphous Silicon (a-Si and µc-Si);

• Cadmium-Telluride (CdTe);

• Copper-Indium-Selenide (CIS) and Copper-Indium-Gallium-Diselenide (CIGS).

Amorphous silicon are the most developed and known second-generation solar cells. On a
large cheap substrate, the amorphous Si is deposited using continuous deposition techniques.
They have efficiencies in the range of 4 to 8%. The main issue they present is the high
deterioration of performance over time. A variation is the multi-junction thin-film silicon
solar cell, which combines the amorphous silicon cell with additional layer of a-Si and µc-Si
applied on the substrate. In this way, radiation from a broader region of wavelengths is
absorbed.

The Cadmium-Telluride cell has low production cost and higher efficiency than amor-
phous Si. The best research-cell efficiency reached was 16.7% and no progresses occurred for
a decade. In 2016, however, this plateau was surpassed by First Solar, which reached 22.1%
efficiency in a cell made with commercial-scale manufacturing equipment and materials (Fig-
ure A.2). A potential risk related to this cell is the toxicity and the limited availability of
the materials, since Cadmium is a by product of zinc mining and Telluride is a by-product
of copper processing.

The CIS/CIGS solar cells have the advantages of a very high optical absorptivity and an
impressive laboratory-efficiency of 20.8%. It is considered a promising thin-film technology.

Thin-film solar cells account for 10% of the current market [118].

The third-generation systems are still under study and are not ready for the market yet.
Some technologies are beginning to be commercialized but there is a high uncertainty on how
successful they will turn out to be. The different technologies included in this category are
discussed below.

Concentrating PV systems consist of an optical device (e.g. mirrors and lenses) to con-
centrate the solar radiation in a small area, where a high-efficient multi-junction PV system
is placed. The Concentration Factor (CF) is highly variable (2 to 1,000 suns). This tech-
nology is often coupled with a single or double-axis tracking system so the optical devices
are always directed toward the sun and maximize the electricity produced. A cooling fluid is
often needed because of the high temperature reached by the PV cells where the radiation
is concentrated. As a positive aspect, less semiconductor material is required and high effi-
ciencies are reached but the installation and the advanced technology, on the other hand, are
more expensive.
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Other emerging technologies are dye-sensitized cells [119], organic solar cells [120] and
super lattice technologies [121] but they are still at a primary phase. Third-generation solar
cells represent less than 1% of the solar market [118].

An overall map of the available technologies with the maximum efficiencies registered over
time is presented in Figure A.2.

The solar PV industry is experiencing a steady growth. Market prices are drastically
decreasing and the new-built capacity is overall increasing. Since 2003, the cumulative pho-
tovoltaic capacity grew on average at a rate of 49% per year (Figure A.3). In 2013, 37 GW of
new capacity were installed, reaching a total PV capacity of over 130 GW. China experienced
a considerable growth, installing 11 GW of PV (more than all European countries together).
Japan and United States followed its trend and ranked respectively second and third with 7
and 4 GW.

Figure A.2: Solar PV efficiency chart [122]

Friedman et al. [123] identify the different items of expenditure in a typical PV system
and categorize them in:

• Hardware costs: module, inverter, cables and other equipments.

• Soft costs or non-hardware costs: profit and overhead, sales tax, permitting fee, in-
terconnection cost, inspection cost, permitting preparation and submission, incentive
application, electrical and mechanical installation labor, customer acquisition and sys-
tem design.
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Figure A.3: Cumulative PV capacity and annual growth [118]

The cost of PV systems fell considerably in the last decade. As shown in Figure A.4,
the cost for the production of modules is steadily decreasing due to the technical learning
curve [118,124]. The cost for assembling modules to create a proper PV system, instead, reg-
isters a considerably slower decay. In order to correctly estimate the soft costs, it is required
in the design phase of large PV systems to follow all the steps recommended by the Interna-
tional Finance Corporation IFC [125] which presents guidances for energy yield prediction,
site selection, financial analysis, permits, licensing and environmental considerations. The
National Renewable Energy Laboratory NREL has estimated that in 2018 soft costs for com-
mercial application reached a peak, accounting for 56% of the total cost, while for residential
and utility applications accounted respectively for 63% and 35% [126]. The decreasing trend
in the price of PV panels is mainly caused by a reduction in hardware costs, as shown in
Figure A.5.

Another important trend of the last decade is that the manufacturing process for modules
is moving rapidly from OECD countries (Europe and United States) to non-OECD countries
as China and Japan. In fact, in 2013, the cost and time for permits, incentive applications,
interconnections and all the inspections were, on average, 0.01 USD/W and 0.14 h/kW in
Japan, while they were respectively 0.10 USD/W and 1.21 h/kW in USA [123], making the
PV production in Asia more competitive.
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Figure A.4: Past module prices and projection to 2035 based on learning
curve [118]

Figure A.5: Items of expenditure for residential, commercial and utility-scale
PV systems [126]

A.2 Wind turbines

Another form of energy that derives from sun is wind energy. The earth’s irradiance toward
the atmosphere is not uniform, therefore, areas with different humidity and temperature are
generated. In the cold areas (less radiation absorbed) the pressure of atmospheric gases is
higher than the pressure in the warmer areas. Convective flows generate a macro-circulation:
hot gases with a lower density go up in the atmosphere and attract cold air that flow on the
earth’s surface.

A mass of air that moves is defined as wind. Wind speed is influenced by the location. It
is stronger on the top of high grounds and it slows down on irregular surfaces, like cities and



A.2. Wind turbines 97

forests: the further from obstacles the closer to the free-stream speed. Wind speed changes
in space but also in time, with a time scale of days, hours and minutes depending on the
meteorological conditions.

Wind turbines produce electricity by converting wind kinetic energy in mechanical energy
through blades rotation. Based on the construction technology used, they are classified as
horizontal (HAWT) or vertical axis wind turbines (VAWT).

HAWTs have higher efficiency and low torque but also the gearbox and shaft at high alti-
tudes, which introduce problems of noise and mechanical stress on the structure. Horizontal
axis wind turbines with three blades represent almost 99% of the market. If the wind im-
pacts first on the blades and then on the gearbox, the turbine is defined upwind; it is highly
efficient because the shaft does not interfere with the wind, but they are not auto-aligned. If
the gearbox is the first exposed to wind the turbine is called downwind and has the opposite
advantages and disadvantages of an upwind turbine.

VAWTs have the gearbox on the ground, therefore less problem of noise and stress. They
also have higher land exploitation, no preferential direction and low cut-in speed. Some
disadvantages are the pulsating and low starting torque and the dynamic stability problems.
They account for 1% of the market. They are classified in three categories: Savonius, Darrieus
and Darrieus-Savonius [61].

The available energy increases as cubic function of wind speed, therefore it is important to
choose an advantageous site with a high average speed. The wind blows more consistently and
more smoothly at greater heights: this is the reason why wind industry tries to manufacture
higher tower for wind turbines (Figure A.6).

Figure A.6: Wind turbine diameter evolution since 1985 [127]

Wind plants can be build onshore or offshore. The capacity ranges from 0.5 to 9 MW per
turbine. Wind turbines can be connected to the grid or used as stand alone systems coupled
with a diesel generator.
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A wind turbine is composed by different parts (Figure A.7):

• Blades: typically manufactured in fibreglass-reinforced polyester or epoxy resin. New
materials as carbon fibre have recently been introduced.

• Nacelle: is the main structure of the turbine. A fibreglass structure contains the main
turbine components.

• Rotor Hub: spins at a rate of 10 to 25 rounds per minute (rpm). The modern turbines
have a pitch system to optimize the angle of the blades, guaranteeing a better control
of rotor rpm and feathering the blades in high wind conditions to prevent damages.

• Gearbox: converts the low-speed/high-torque of the rotor in high speed/low-torque
input to the generator.

• Generator: converts mechanical to electrical energy, providing three-phase alternating
current.

• Controller: monitors and controls the turbine.

• Tower: the height of the tower highly depends on the site, on rotor diameter and wind
speed average conditions. The higher the tower, the larger the diameter and the base.

• Transformer: is often contained in the tower. It converts the medium-voltage output
from the generator to a high-voltage, based on the grid requirements.

Figure A.7: Wind turbine components [128]

The blades, the tower and the gearbox are the most expensive components (Figure A.8).
In a wind farm, the total capital cost for onshore systems is estimated to be 1,700-2,450USD/kW
and the turbine cost represents 60-85% of it, while for offshore ones the total capital cost is on
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average 3,350-5,000USD/kW and the wind turbine cost accounts for only 30-50%, given the
high expenditures related to the grid connection and the construction of foundation, roads
and infrastructures.

Figure A.8: Capital cost for a typical on-shore wind power system [127]

While the solar PV technologies saw a steady decrease in capital cost, wind turbines
registered an opposite trend. Many reasons have been identified. The cost of commodities,
steel and copper prices in particular, have rapidly increased over the last decades; the shift
to offshore systems have also contributed to increase the average cost per new installed
capacity in Europe, coupled with a more sophisticated design of the turbines. However, an
important cost reduction may come from the learning curve of wind technology and from
increased competition between different manufacturers, with an estimated 15% reduction by
2020 compared to 2011 level.

Operation and Maintenance (O&M) costs have declined substantially since 1980; current
data are not widely available and can not be easily extrapolated from historical costs because
of the drastic changes in wind technologies.

In 2015 more than 63GW of new wind capacity have been installed, mostly by non-OECD
countries, reaching a total wind capacity of 433GW (Figure A.9). Wind is the leading source
of new power generating capacity in Europe and USA and the second one in China and it is
playing a major role in meeting the 2020 targets. The countries with the highest wind power
capacity per inhabitant are Denmark, Sweden, Germany, Ireland and Spain. A detailed
report about wind energy in every IEA country is presented in the IEA wind report [129].

The global penetration of wind reached a total share of around 4%. Technological de-
velopments and institutional policies are leading to higher penetration levels. However, it is
difficult to predict exactly how the energy mix will look like in 2050 because of many possible
unexpected events.
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Figure A.9: Wind power global capacity and annual additions [130]

It is a good policy to propose and evaluate different scenarios. The World Wind Energy
Association [131] estimates 40% to be a reasonable level of penetration for wind technology
in 2050. It is linked to the forecast worldwide electricity demand, that is estimated to vary
between 40×103TWh per year in the low scenario and 74×103TWh per year in the high
scenario.

A.3 Cogeneration system: Gas turbine and Heat Recovery
Steam Generator

A cogeneration system, also called Combined Heat and Power (CHP), uses a fuel as input to
produce both electric and thermal energy. In a CHP system a fuel, for example natural gas,
is used to generate electricity and the low grade waste heat from this conversion process is
utilized as heating source. The energy generated is close to the location where it is needed,
reducing transmission and distribution losses [136]. In IEA countries in 2015, for 2,056Mtoe
of primary energy flowing in power plants 1,095Mtoe (64%) resulted in power losses, which
include rejected heat [137]: using CHP systems, that simultaneously co-generate useful heat
and power from a single fuel or energy source, could significantly improve the thermal effi-
ciency and reduce conversion losses.

While there are many studies in the literature [9–11] on how the power and heating sector
could interact to provide the flexibility needed with higher VRE penetration, they are mainly
focus on heat pumps, suitable only for low temperature and low flow rate steam requirements.
Kosmadakis [13] discusses the limited range of alternative solutions available at the moment
for decarbonizing the heating consumption of industrial facilities with high temperature and
high flow rate steam requirements. For this application, CHP has been proved to be a
viable option and therefore has been considered in this thesis for on-site energy generation in
manufacturing facilities. The almost flat electricity and heat demand profile of manufacturing
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facilities represents an ideal case for the production of heat and electricity combined instead
of purchasing electricity from the grid and generating heat through a traditional boiler. In
fact, while the thermal efficiency of electricity generation for a centralized combined cycle
gas turbine (CCGT) would be higher, requiring less fuel to produce the same electricity,
the overall carbon intensity of the process is lower in a CHP system since the waste heat is
reused for a useful purpose, reducing the total amount of CO2 emitted for the same thermal
and electric energy produced [138]. A CHP system has also the benefit of producing both
electricity that can be used immediately, partially avoiding interactions with the grid, and
heat that can be used locally, avoiding the necessity for distribution [100].

A CHP system is composed of two technologies, one for electricity generation and the
other for heat recovery. The first sub-system has one input, fuel or energy source, and two
outputs, electricity and waste heat. The latter is the input of the second sub-system which
uses waste heat as a fuel source for producing useful thermal energy. The integration of
these two sub-systems converts up to 80% of the fuel source into useful energy, reducing the
energy-related CO2 emissions (Figure A.10). The official definitions of CHP and cogeneration
efficiency are given by the European Union Directive [139] and a complete training guide on
combined heat and power systems is presented by the European Commission [140].

Figure A.10: Efficiency gains of a Combined Heat and Power system [141]

CHP does not need economic incentives to be a viable choice for power generation, how-
ever, targeted policies are still needed to address barriers that prevent it from reaching its
full worldwide potential [136], as: economic and market issues (securing fair price for electric-
ity produced by CHP systems and exported to the grid); regulatory issues (interconnection
procedures); and social/political issues (lack of public awareness of CHP benefits).

CHP applications range from residential (micro-cogeneration) to industrial systems (1-
500MW) up to District Heating and Cooling DHC (distribution of heat generated in a cen-
tralized location for residential and commercial heating requirements). Its main advantages
are the reduction in emissions compared to two separate plants and less power losses in the
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transmission and distribution network. It is also a viable option for re-powering old inefficient
plants [142].

In Ireland, the total installed capacity of CHP in 2018 reached 354MWel, 93.5% fuelled
by natural gas, with a total of 438 units. Most units are installed in the service sector (hotels
account for the majority), while the highest share of installed capacity is registered in the
industrial sector (Table A.1).

Units Operational Capacity
No. [%] [MWe] [%]

Services 262 83.2 39 12.3
Hotel 67 25.6 8.7 22.4
Leisure 46 17.6 3.6 9.2
District Heating 34 13 0.2 0.5
Industry 53 16.8 280 87.7
Food 26 49.1 76.7 27.4
Manufacturing 6 11.3 10.6 3.8
Pharmaceutical 14 26.4 24.7 8.8

Table A.1: Number of cogeneration units and operational capacity per sector
in Ireland [143]

The overall efficiency of CHP installations has increased from 76% in 2001 up to 83%
in 2018. By using combined heat and power generation instead of separate electricity and
heat production, the emission of 438kton of CO2 has been avoided in 2018 (Figure A.11).
This technology is proven to be mature, reliable and also economically compatible with the
requirement of the manufacturing industry (PBT strictly less than 10 years). The Association
for Decentralized Energy published a report [144] describing the installation of a CHP plant in
the manufacturing facility of Bausch + Lomb in Ireland. The plant supplies 72% of the electric
and 91% of the thermal load of the facility which operates 24/7/365. It led to an annual
operational cost saving of 1M€ and an annual CO2 saving of 6.75kton. The estimated PBT
is 3.4 years. Another successful example of CHP in the manufacturing industry is reported
by Boston Scientific [145], which uses high-efficiency CHP power plants in its manufacturing
sites located in Clonmel, Cork and Galway, Ireland.

There are many technologies that can be used as CHP systems. The most common so-
lution, widely used in the industrial sector, is to couple a thermal power plant for electricity
production to a Heat Recovery Steam Generator (HRSG) for wasted heat recovery and steam
production. In a thermal power plant, the chemical energy contained in the primary energy
sources such as fossil fuels is converted in thermal and then mechanical energy by a tradi-
tional power plant and finally in electrical energy through a generator. A detailed study of
different power generation technologies, the underlying thermodynamic principles and their
application is presented by Kiameh [146] and a detailed comparison of the combined-cycle
plant with different thermal power stations on the basis of different parameters is described
by Kehlhofer [147].



A.3. Cogeneration system: Gas turbine and Heat Recovery Steam Generator 103

Figure A.11: CO2 avoided with cogeneration systems [143]

The selected power generation technology for CHP is a gas turbine, which has the highest
flexibility and the lowest maintenance and capital cost of any major prime mover [148].
While the electricity demand of the facility would suggest a cogeneration system based on
a gas engine (typically used for electric power generation lower than 4MW), its application
is more suitable for low pressure and low flow rate steam requirements. The manufacturing
facility analysed requires high flow rates of steam at high temperature, therefore a gas turbine
has been considered. Although the most common application for industrial gas turbine is for
electric power generation higher than 4MW, this does not represent a technical limitation.
There is, in fact, a niche market for smaller gas turbines that provide high temperature and
high flow rate steam.

The gas turbine technology saw a large growth in the last 20 years. New coating mate-
rials, new cooling scheme for the turbine’s first stage, a higher Pressure Ratio (PR) in the
compressor and the implemented European strategies [149] have led to an increase in thermal
efficiency up to 45%.

A gas turbine system is based on the Brayton cycle and is mainly composed of a compres-
sor, a combustor and a gas turbine. A generic 3D representation and an operational scheme
of a gas turbine system for industrial applications are shown in Figure A.12 and A.13.

The air, at ambient temperature and pressure, flows first into the compressor, which is a
device that pressurizes the working fluid.

The function of the combustion chamber is to increase the temperature of the working fluid
through the chemical energy contained in the fossil fuel that is burned. A small percentage
of air flows in the combustor (10%) while most of it bypasses the combustor and is used for
cooling and mixing purposes. The resulting combustion products are mixed with cooler air
to achieve a suitable turbine inlet temperature. This mixture is called exhaust or flue gases.
The air that enters in the combustor flows in three main regions (Figure A.14): the primary
zone, where the combustion takes place, the dilution zone and the annular space between the
liner and the casing. More details about this component are presented by Boyce [148] and
Lozza [152].
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Figure A.12: Gas turbine system [150]. Copyright www.siemens.com/press
for the gas turbine image used for graphical purpose only

Figure A.13: Gas turbine operational scheme

Figure A.14: Layout of a typical combustion chamber [153]
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When the exhaust gases leave the combustion chamber, they enter into the turbine. Gas
turbine systems use axial-flow turbines in 95% of all the applications; the other technology
available, less common, is the radial-inflow turbine.

In this component, the mechanical power is obtained by the exhaust pressure drop.
The energy content of the exhaust gases going out from the turbine is still high since their

temperature is around 500°C. The objective of a Heat Recovery Steam Generator (HRSG)
is to convert this thermal energy content in useful energy. A HRSG is basically a heat
exchanger that produces steam from water by using the thermal energy of exhaust gases.
Then the steam can be either used as it is if needed in the facility, like in the case of this
study, or sent in a steam turbine to produce more electrical power. The Heat Recovery Steam
Generator is composed by an economizer (ECO), an evaporator associated with a drum boiler
(EVA) and, depending on the application, also by a superheater (SH). A generic scheme of
the heat exchanger and of the overall plant is displayed in Figure A.15.

Figure A.15: Gas turbine system followed by a Heat Recovery Steam Gen-
erator

The economizer preheats the feed water that then goes in the drum. It is located at the end
of the HRSG, where the flue gases have lower temperature. The evaporator receives saturated
water from the economizer and produces saturated steam in the drum. The drum is, in fact,
the connection point between these three main heat exchangers; it acts both as storage tank
to balance the water and steam flows and as separator for the steam-water mixture. If the
required steam temperature is higher than the saturated temperature, the saturated steam
flows in the superheater. This heat exchanger is located at the beginning of the HRSG since
it needs to exchange heat with the exhaust gases at their highest temperatures.

For small applications, one water-steam cycle is enough but for bigger systems it may be
required to use more cycles at different pressure levels. A HRSG can be designed based on
natural circulation or forced circulation [154], depending on the needed layout (vertical or
horizontal).
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The overall cogeneration system can be design to be driven by the thermal or the electric
energy demand. Based on the chosen driver, a control strategy can be implemented. A de-
tailed review and explanation of process control and optimization is presented by Liptak [155]
and Aurora et al. [156]. If the energy demand profile is almost constant over time, the gas
turbine and HRSG work at constant load. If, instead, the energy vectors’ demand varies
significantly over time, the control system regulates the load. While the regulation occurs
instantaneously, the output of the system changes with a certain inertia until it reaches the
new steady state. In this situation, the gas turbine is very flexible and reacts to a load change
with a transient period of the order of minutes; the HRSG, instead, is the bottleneck of the
system because of its thermal inertia. When the net energy demand is highly variable, the
number of transient operations of the cogeneration system may increase, therefore a dynamic
simulation of the system may be required to estimate the electricity and thermal energy pro-
duced over time. After a detailed analysis of different dynamic simulation methods [157–163]
and a statistical study of the variation in the demand profiles of electricity and steam, it is
concluded that for the present investigation a static approach is sufficient, since the time-step
considered to be significant for demand’s variation is one hour, which is enough time for the
system to reach a new steady state after a transient operation.
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Appendix B

On-site energy storage

B.1 Energy Storage System

The on-site energy system discussed in Chapter 6 has shown a significant reduction of the
demand for grid electricity but it also causes high fluctuations in the net demand, substituting
an almost constant electric load (Figure B.1-a) with a highly variable one (Figure B.1-b). As
shown in Table 6.7, the flexible operation of the 1,600kWel gas turbine in electricity following
control strategy gives the highest reduction of the average net demand variability but the
positive effects are limited compared to the base case with no on-site energy generation.

(a) No on-site generation (b) With on-site generation: PV, wind and
1,600kWel gas turbine in electricity following con-
trol strategy

Figure B.1: Net demand for grid electricity without and with the on-site
generation system

For the electric grid a sudden change from a constant and easily predictable demand profile
to a highly variable one may represent a complication in the management of the grid balance,
especially if a growing number of manufacturing facilities located in close geographical areas
would adopt on-site generation systems.

The potential benefit of installing an on-site storage system to reduce the high variability
of the residual electric load that the grid has to cover has been evaluated.
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B.1.1 Available technologies

With the increasing penetration of Variable Renewable Energy (VRE) in the electric grid,
managing the high variability and intermittency of renewable sources has become extremely
important. Energy Storage Systems (ESSs) are considered an effective tool to strengthen the
grid flexibility, supporting the penetration of more variable renewable power.

Storage systems in the past decades were used to decouple energy production from the
supply typically over the day: by having a large-scale electricity storage, utility generation
plants could be dimensioned on the average demand rather than the peak and operate at
full capacity (close to the most efficient operational point) leaving to the storage system
the final balance of the electricity demand and supply curve [164]. Recent development and
advances in ESS have made energy storage technologies a viable solution to compensate the
high variability and the supply intermittency introduced in the electric grid by VRE and
enhance the flexibility of the electric system. As the penetration of VRE increases, the
need for flexible capacity and for decoupling electricity generation and supply will grow to
guarantee the balance of the grid and reduce energy curtailment.

ESSs can be classified by different criteria. Chen et al. [164] categorize ESSs based on
their function and based on the form of energy stored.

A simplified classification based on functionality is:

• Storage technologies for power quality and reliability. They are primarily intended for
high power ratings and include capacitors/supercapacitors, Superconducting Magnetic
Energy Storage (SMES), flywheels and batteries.

• Storage technologies for energy management. They include Pumped Hydroelectric Stor-
age (PHS), Compressed Air Energy Storage System (CAES), Thermal Energy Storage
(TES), fuel cells and batteries.

Another classification can be made based on the form in which energy is stored:

• Electrical energy storage: capacitors and supercapacitors (electrostatic energy); SMES
(magnetic energy).

• Mechanical energy storage: flywheels (kinetic energy); PHS and CAES 1 (potential
energy).

• Chemical energy storage: conventional batteries (such as lead-acid and lithium ion);
fuel cells (chemical energy); solar hydrogen, solar ammonia dissociation–recombination
and solar methane dissociation–recombination storage (thermochemical energy).

• Thermal energy storage: aquiferous cold energy storage, cryogenic energy storage (low
temperature energy); sensible heat systems such as steam or hot water accumulators,
latent heat systems such as phase change materials (high temperature energy).

1It is specified that CAES could also be classified as a thermal energy storage system given the relevant
thermal component involved (Adiabatic-CAES)
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Zhao et al. [165] summarize for the main ESS technologies various important parameters
such as capital cost, ramp rate, efficiency, response time, life and cycle time. A brief descrip-
tion of the characteristics and applications of the most used ESS technologies is presented.

• Pumped Hydro Storage (PHS). PHS exploits the potential energy content of a large
body of water at a relatively high elevation. The water is pumped from a lower to
a upper reservoir during off-peak hours. When electricity is needed, the water is dis-
charged and its potential energy is converted first in kinetic and then in electric energy
through hydro turbines connected to generators. PHS is a well established technology
with high technical maturity: it has a power rating range from 100 to 5,000MW, a
typical discharge time of the order of hours to days and a response time of the order of
minutes; the round-trip efficiency can reach 80% and the lifetime is very long, higher
than 50 years (or more than 15,000 cycles). The main disadvantaged of PHS are the
geographical restrictions, low energy density (large footprint), high initial investment
costs and long construction period. PHS is the largest and most mature energy stor-
age technology, accounting for 99% of the globally installed power rating with over
150GW [166].

• Compressed Air Energy Storage (CAES). CAES stores energy in the form of compressed
air. When excess electricity is available electrical motors drive air compressors and store
compressed air in underground systems or systems of vessels and pipes. When electricity
is needed, the compressed air is mixed with natural gas and burned, then the exhaust
gases flow is expanded in a gas turbine to generate electricity. The power rating range
is from 5 to 300MW with a typical discharge time of the order of hours to days, a
response time of the order of minutes and a lifetime of 25 years (or 10,000 cycles). The
round-trip efficiency is variable (41%-75%) and depends on how the compressed air is
stored and then used, for example Adiabatic Compressed Air Energy Storage A-CAES
can reach high efficiency of 70%. CAES is a technology in use since the 19th century
and the installed power rating is currently 0.6GW, however many projects are under
development globally for installing new CAES plants [166].

• Flywheel Energy Storage (FES). FES allows the storage of rotational energy in an
accelerated rotor, and when needed is discharged by the flywheel that drives the machine
as a generator. The power rating range is from 0 to 0.25MW with a typical discharge
time of the order of seconds to hours and a response time of the order of seconds; the
efficiency is very high (80%-90%) and the lifetime is excellent, around 15-20 years or up
to 1 million cycles. This technology is mainly applied as a power quality device for its
excellent cycle stability, long life with full charge-discharge cycles, little maintenance
cost and high efficiency. The main drawbacks are the high self-discharge losses and
low energy density. First generation flywheels have been in use since 1970; today more
advanced systems are under implementations with new materials that allow higher
energy densities and superconductive bearings for reducing friction losses.
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• Battery Energy Storage System (BESS). BESS stores electricity in the form of chemical
energy. Every cell that composes a battery is made of an electrolyte together with anode
and cathode. When a potential is applied to both the electrodes, an internal chemical
reaction occurs which charges the battery. When energy is needed the reaction is
reversed. There are many different types of batteries, such as Lead acid (LA), Nickel
Cadmium (NiCd), Nickel Metal Hydride (NiMH), Lithium-ion (Li-ion) and Sodium
Sulphur (NaS) batteries. They have very rapid response time (less than a second) and
can track load changes, which makes them particularly suitable for system stability.
They have low self-discharge loss and high efficiency. BESS is a modular technology
(high power and energy density), with a lifetime strongly dependent on the number of
cycles and cycle depth. Certain batteries contain toxic materials (such as Lithium and
Cadmium) that represent a problem for final disposal [167].

LA batteries are the most widely used batteries, commercially available since 1890.
They are suitable for both mobile and stationary applications for emergency power
supply, stand-alone systems, fluctuations mitigation of output power in presence of VRE
systems. They have a good cost-performance ratio, a relatively low energy density, a
high round-trip efficiency (up to 90%). However, the usable capacity decreases when
high power is discharged.

Li-ion batteries are the most used storage technology for mobile and portable applica-
tions. They have a very high round-trip efficiency (98%), high energy density and a
wide discharge time range (from second to weeks), which make them a very flexible and
universal technology. They have a relatively long lifetime and low self-discharge rate.
However, they have the highest capital cost.

• Superconducting Magnetic Energy Storage (SMES). SMES consists of a superconduc-
tive coil where DC current circulates, creating a magnetic field where the required
energy is stored. This technology is characterized by a short response time (< sec)
and it is suitable for load levelling and power stabilization. The main drawback is the
sensitivity of the superconductive coil to changes in temperature, which requires a re-
frigeration system and a large amount of power to keep the coil at low temperatures.
SMES are nowadays present in the market only in small applications.

• Super-Capacitor (SC). SCs are composed by two solid conductors with an electrolyte
solution in between. SC batteries have large power density which makes them suitable
for power quality (fast response) applications, they are characterized by fast charging
and discharging due to low inner resistance, high reliability and a long lifetime. They
are environmentally friendly (easily recycled) and highly efficient (90%) with a discharge
time ranging from seconds to hours. The main drawbacks are the low energy density,
the low voltage of individual cells (higher voltages require serial connections) and high
self-discharge rate compared to electrochemical batteries.
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A through analysis on Electrical Energy Storage is presented by the International Elec-
trotechnical Commission IEC [168], and a review is presented by Aneke and Wang [169], and
by Guney and Tepe [170]. An overview of the different power ratings and discharge time for
different ESSs is displayed in Figure B.2 and their maturity status is shown in Figure B.3.

There are many studies in the literature that either investigate the potential and need
for storage technologies with the progressive increase of VRE or analyse Energy Storage
Systems used by medium/large industrial consumers in presence of a VRE systems. However
they are either studies conducted on an aggregate level [171–177] or focused on the overall
optimization of integrated energy systems [178–183]. The aim of the analysis conducted here
is not to optimize the on-site generation system but to investigate if any significant reduction
in the net demand variability can be achieved by installing a storage system.

It has been shown that there are many technologies available for energy storage, each with
different advantages and disadvantages. The technology investigated for this application is
Li-ion battery storage, which is the most used storage technology for mobile and portable
applications. It is a modular technology with a discharge time ranging from seconds to weeks,
an efficiency of the order of 95% and a low self discharge rate per day. Its lifetime is highly
dependent on the number of cycles and on the cycle depth and typically ranges between 1,000
and 10,000 cycles [168,170].

Figure B.2: Power ratings and discharge time for different storage tech-
nologies [184]. UPS: uninterruptable power supply; T&D: Transmission and

Distribution
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Figure B.3: Maturity status of different storage technologies [184]

B.2 Effects of battery storage on the variability of the residual
load for the electric grid

The analysis conducted considers the on-site cogeneration system composed of the PV and
wind system, the 1,600kWel gas turbine, the Heat Recovery Steam Generator and the sec-
ondary boiler. The gas turbine is run in the electricity following control strategy since it is the
configuration that showed the highest reduction of net demand variability (Table 6.7 and 6.8).
While the on-site energy cogeneration system has been simulated through the implemented
Matlab model described in Chapter 5 and 6 of this thesis, the lifetime simulation of the battery
system performances has been conducted with the tool SAM (System Advisory Model) [88],
which provides complete and accurate models for simulating battery storage systems. Dif-
ferent sizes have been investigated. The bank capacity ranges from 1,000kWh to 10,000kWh,
with a corresponding battery bank power between 200kW and 1,000kW. The depth of dis-
charge, the number of cycles performed and the progressive capacity degradation of the
different battery banks are simulated; if the resulting lifetime of the storage system is shorter
than 25 years a replacement is scheduled when the battery is not able to provide more than
80% of its original capacity. The main parameters are briefly summarized in Table B.1. All
the other parameters are set automatically by the SAM software [185].

A parametric simulation has been run for all the different battery bank sizes. As explained
in section 6.2.4 of this thesis, the variability of the net demand is assessed by calculating the
standard deviation of the net electric load provided by the grid over a five-hour window
spanning two hours before and after every hour of the year (eq. 6.9) [110]. The indicator
used for evaluating comparatively the benefits of different battery bank sizes is the mean of
the net demand variability normalized to a base case σ̄∗

h (eq. 6.12). The benefits of introducing
a battery bank are evaluated in comparison to a base case, which is defined in this analysis
as the on-site cogeneration system with the best performance for variability reduction (PV,
wind, 1,600kWel GT in electricity following control strategy and no ESS).
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Parameters
Battery type Lithium Ion
Bank capacity [kWh] 1,000 - 10,000
Bank power [kW] 200 - 2,000
Dispatch model Peak shaving
Minimum state of charge 15%
Maximum state of charge 95%
Price for electricity [€/kWh] 0.096

Table B.1: Main parameters of the battery systems simulated in SAM

The comparison of the normalized mean σ̄∗
h is displayed in Figure B.4 for the different

battery bank sizes. Higher values of σ̄∗
h indicate that the net electric demand that the grid

has to supply has more rapid and higher fluctuations; lower values indicate a net electric
demand that, on average, changes less rapidly during the year. With bigger battery banks a
smaller variability σ̄∗

h is registered.
This indicator is presented in the form of normalized values to compare the different

analysed cases and draw qualitative conclusions rather than creating a metric for quantifying
the variability of the net electric load. A deeper discussion on the chosen time window and
on the indicator to evaluate the variability is presented in Appendix B.2.1.

Figure B.4: σ̄∗
h normalized to the base case (PV, wind, 1,600kWel GT in

electricity following control strategy, no ESS) for the different battery bank
sizes

It is interesting to analyse, alongside σ̄∗
h, the Cumulative Distribution Function CDF of

the variability σh∗, normalized to a reference value σhref (eq. B.1), for different battery bank
sizes and for the base case (Figure B.5).

The normalized variability σh∗ is defined as:

σh
∗ = σh

σhref
(B.1)

where σhref is a reference value of maximum variability σh that is never exceeded with
any of the battery bank sizes.
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Figure B.5: Cumulative Distribution Function (CDF ) of σh
∗ for the different

battery bank sizes

Overall, by increasing the battery bank size a null variability of the net demand is reg-
istered more often during the year (σh∗ = 0) and a reduction in the mean and maximum
variability of the net load occurs; however, high peaks in the variability are still registered
even with the biggest battery bank. The mean of the net demand variability σ̄∗

h steadily
decreases with the battery bank size but no significant reduction is seen after the 5,000kWh
battery bank. This is confirmed by the analysis of σh∗, where only a small difference is reg-
istered in the CDF of the 5,000kWh and 10,000kWh battery banks. Hence, the additional
cost of options bigger than 5,000kWh would not be justified, as shown by the progressive
increase of the Pay Back Time (PBT ) of the battery system, due to higher investment costs
and limited additional savings (Table B.2).

Bank size [kWh] – power [kW] σ̄∗
h PBT of battery system [years]

Base case 1 -
1,000 – 200 0.96 1.3
2,000 – 400 0.9 2.4
3,000 – 600 0.83 3.4
4,000 – 800 0.79 4.4
5,000 – 1,000 0.75 5.3
10,000 – 2,000 0.72 10.3

Table B.2: Mean of the net demand variability σ̄∗
h normalized to the base

case (PV, wind, 1,600kWel GT in electricity following control strategy, no ESS)
and PBT for the different bank sizes

A trade-off is seen between the PBT and the reduction in the net demand variability,
which influence the choice of the size of the on-site battery system.

Since the battery bank with 5,000kWh capacity and 1,000kW power has shown good
performances in terms of reduction of the mean variability of the net demand and has a
PBT acceptable for a manufacturing facility, a more detailed analysis is presented.

The battery bank with a power of 1,000kW and a capacity of 5,000kWh shows a reduction
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in the normalized mean variability of 25% compared to the on-site cogeneration system with
no ESS (Table B.2). It has been investigated whether better results may be achieved with
different control strategies.

It is possible to change the control logic of the battery bank, from day-ahead peak shaving
to a target of maximum power from the grid. No improvement is seen by switching control
logic: the normalized mean variability of the net demand σ̄∗

h is higher (0.88) and the reduction
in the variability compared to the base case is limited to 12%.

Another option would be to impose that the battery bank charge only from the overpro-
duction of the on-site generation system. This option yields worst results: σ̄∗

h increases to 0.95
with a reduction compared to the base case of only 5%. The manufacturing facility, in fact,
registers overproduction for only a limited number of hours during the year (20% of the year
with an average electricity overproduced of 148kWh per hour). In order to make this option
viable, the gas turbine should run at full load at all times to maximize the overproduction
of electricity that can be used to charge the battery bank. This solution is not sustainable
given the amount of extra steam that would be produced and that would go to waste.

To limit steam overproduction, the gas turbine could be run in steam following control
strategy. This option presents a very high variability of the net electric demand, increasing
σ̄∗
h to 1.3, compared to 0.75 of the electricity following case.

It has been shown that introducing on-site generation causes the electricity demand typical
of manufacturing facilities, almost constant during the year and therefore predictable for the
grid, to become highly volatile. The introduction of a flexible technology such as a gas
turbine for on-site cogeneration slightly improves the variability of the net demand, but
to reach a considerable reduction the system should be significantly oversized: this would
entail higher investment costs and a lower thermal efficiency of the gas turbine working more
often at partial loads (below the maximum efficiency load). The inclusion of a battery system
contributes to a further reduction of the variability but also in this case significant fluctuations
occur during the year.

Even with the biggest battery system, the facility retains the role of net consumer, there-
fore the manufacturing facility does not benefit from installing an on-site battery storage
system. A reduction in the variability of the manufacturing facility’s electric load would
benefit the electric grid, which could incentivize the manufacturing facility to adopt on-site
battery storage or find alternative solutions to manage the increasing variability of the load.

B.2.1 Sensitivity analysis on the time window chosen

As mentioned in section 6.2.4 and section B.2, there is not a wide literature on how to quantify
or even define the variability of a residual electric load: different approaches may be used.

In this thesis the variability has been quantified by calculating the standard deviation σh
of the net demand over a five-hour window spanning two hours before and two hours after
every hour h of the year (equation 6.9). This method is proposed by Palmateer [110].
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The window standard deviation σh (and so its normalized mean σ̄∗
h) depends on the

time window chosen. Palmateer [110] suggests to chose a 5-hour window and this is the
approach followed in this thesis. However, a sensitivity analysis has been conducted to
investigate whether the qualitative conclusions drawn from the analysis previously presented
change with this parameter. For different sample windows, the mean variability for the
smallest (1,000kWh-200kW) and biggest (10,000kWh-5,000kW) battery bank considered in
this analysis has been calculated and has been normalized to the mean variability of the
considered base case (VRE, 1,600kWel GT in electricity following and no ESS) which also
varies with the sample window chosen. The results are shown in Figure B.6.

Figure B.6: Normalized mean variability σ̄∗
h for different sample windows

— Small battery bank — Big battery bank

The smaller battery bank has a lower σ̄∗
h compared to the base case, however the reduction

in the variability is very small and it decreases with larger time window. More benefits in
terms of variability reduction are given by the bigger battery bank, as previously discussed.
However, the reduction in the variability compared to the base case is progressively lower as
the time window increases.

It is concluded that the normalized mean variability σ̄∗
h is a useful tool to draw qualitative

conclusions on the relative benefit of introducing on-site battery storage. It should be used,
however, only as a qualitative comparative tool and an extremely cautious approach is sug-
gested in comparing in absolute terms numerical values for this variable. This investigation,
in fact, has not been conducted to identify a metric for the variability per se but to compare
qualitatively the benefits of different configurations.
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Appendix C

Use of biogas in the on-site
cogeneration system

In Ireland, biogas currently represents only 1.9% of the renewable contribution to the Total
Final energy Consumption TFC (0.08% of TFC) and is mostly used for generating renewable
thermal energy through Combined Heat and Power (CHP) technologies: in 2018, 5% of the
CHP units installed used biogas for a total installed capacity of 9.5MW [16]. While biogas is
not extensively used in Ireland a the moment due to stringent purification requirements before
its usage, it is recognised by the Sustainable Energy Authority of Ireland (SEAI) to have an
important role in the pathway to achieve the 2030 and 2050 targets [111]. In fact, while the
actual global production of biogas and biomethane is 35Mtoe, the sustainable potential is
estimated by the International Energy Agency (IEA) to be 730Mtoe and its full utilization
could cover around 20% of today’s worldwide gas demand [186]. Biogas is steadily growing
in IEA scenarios since it could allow a reduction in emissions in hard-to-abate sectors such as
heavy industry and transport, and limit the cost of decarbonizing the heating sector by taking
advantage of the existing gas infrastructures [187]. The cost of biogas is higher compared to
natural gas, however the gap is estimated to narrow in the future, as the required technologies
to produce it will become more commercially mature and carbon pricing, or other forms of
disincentives for fossil fuels, will make natural gas less competitive.

Biogas can be produced in different ways. The most common is through anaerobic diges-
tion plants: a digester vessel is used, which contains micro-organisms that break down the
organic matter contained in the feedstock to produce biogas, which is typically 60% methane
(CH4) and 40% carbon dioxide (CO2) by volume. This rate changes depending on the type of
feedstock and includes also small quantities of other gases. Feedstock ranges from food wastes
to animal slurries to energy crops specifically grown for the purpose. Different technologies
use anaerobic digestion to produce biogas:

• Biodigesters: the organic material is diluted in water and is broken down by micro-
organisms that form naturally. The reaction occurs in airtight systems such as contain-
ers and tanks. Biogas is then clean from contaminants and moisture before usage.
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• Landfill gas recovery systems: decomposition of municipal solid waste at landfill sites
in anaerobic conditions produces biogas that can be captured using pipes or extraction
wells and conveyed to a central collection point with a compressor.

• Wastewater treatment plants: they can be equipped with a recovery system for the
organic matter, solids and nutrients from sewage sludge. This matter can be used as
feedstock to produce biogas in an anaerobic digester.

Biomethane is instead a near-pure source of methane. It can be produced from biogas, by
cleaning it in additional upgrading processes for CO2 removal, or through thermal gasification
of solid biomass followed by methanation. The 90% of global biomethane production that
comes from biogas is upgraded using different properties of various gas contained within
the biogas to separate CH4. A detailed report on the available technologies for upgrading
biogas is presented by the Swedish Gas Technology Centre SGC [188] and a detailed economic
assessment is conducted by Khan et al. [189]. The remaining 10% is produced by breaking
down biomass at high temperature and pressure in a low-oxygen environment into a mixture
of gases, called syngas (mainly carbon monoxide, hydrogen and methane). The feedstock used
for gasification processes is typically wood chips, pellets or solid waste derived fuels; they are
more expensive compared to the feedstock for anaerobic digestions, which could in certain
cases be acquired even at a negative cost. In the methanation process the syngas (acid and
corrosive components removed) is sent through a catalyst that promotes the reaction between
hydrogen and carbon monoxide to produce methane.

While biogas has a Lower Heating Value (LHV) ranging between 16 and 28MJ/m3,
biomethane has an average LHV of 36MJ/m3 and can be used as a direct substitute of
natural gas without changes in transmission and distribution infrastructure [186].

Considering the case of a manufacturing facility as analysed in this thesis, it would not
be a feasible option to have a plant for on-site biogas production since it would require
additional investments, space and resources. The most likely scenario is to consider that the
temporal limitation of the on-site CHP environmental benefit could be overcome by using
biogas or biomethane coming from the natural gas grid, i.e. produced by centralized plants
and then distributed to final users. As shown by Khan et al. [189], purified biogas can be
injected into the gas grid if the gas streams are of equal quality 1. Biogas could then be
used in an on-site CHP system: internal combustion engines and gas turbines have been
proven in fact to successfully generate electricity and heat using biogas [190]. It is highly
recommended, however, that water vapour is condensed to avoid condensation in gas lines and
it is required that the level of hydrogen sulphide (H2S) is below 300ppm (obtained through
desulphurisation) to avoid corrosion of boiler and gas engine [191].

1Additional information about Irish regulation and guidelines are provided by SEAI [111].
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If there is an opportunity for biogas in electricity and heat generation that would help re-
ducing fossil fuels consumption, why its usage is still limited to less than 5% of its sustainable
potential 2?

One reason is related to the definition of biogas as renewable source. There is a lot of
discussion about whether biogas should be considered sustainable. The IEA [186] suggests
that biogas should be considered a sustainable source only if the feedstock used to produce it
can be processed with existing technologies, if it is not competing with food for agricultural
land and does not have any other adverse sustainability impacts such as reducing biodiversity.
It is necessary to ensure that these conditions are met in order to consider biogas a sustainable
choice.

Another limitation to the use of biogas lies in the cost [186]. It is estimated that today
more that 700Mtoe of biomethane could be produced sustainably (20% of the global natural
gas demand) at a cost displayed in Figure C.1.

Figure C.1: Cost curve of potential global biomethane supply by region in
2018 [186]

The average cost of producing biomethane through biogas updating is around 19USD/MBtu,
including both the production cost (which is the most relevant part) and the upgrading
cost 3 [186].

Biomethane and natural gas costs vary significantly by region, as shown in Figure C.2,
where the cost of producing the least expensive biomethane is compared to the natural gas
price. While the gap between biomethane and natural gas prices is significant in advanced
economies, this may not apply to developing regions such as in parts of Asia, where natural
gas is imported and therefore relatively expensive, and where biogas feedstock is available at
a very low cost.

2Sustainable potential of biogas is intended as defined by the IEA [186].
3Grid connection costs are not included and represent a potential additional cost.
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Figure C.2: Cost of using the least expensive biomethane to meet 10% of gas
demand and natural gas prices in 2018 [186].

C&S America = Central and South America; Developing Asia = People’s Republic of China, India, the
Association of Southeast Asian Nations and other developing economies in Asia Pacific.

Looking at Ireland in particular, the SEAI [111] has estimated the Levelized Cost of En-
ergy (LCOE) for biomethane produced from anaerobic digestion plants for different discount
rates and compared it to the wholesale price of natural gas (calculated on the same LCOE
basis). Assuming a 8% discount rate, the cost of biomethane produced in new anaerobic
digestion plant is between 0.9 and 7.0 c€/kWh greater than the wholesale price of natural
gas (which is equal to 3c€/kWh). At a higher discount rate of 12%, the gap rises to 1.6 to
9.6 c€/kWh. A better economic opportunity exists for existing anaerobic digestion plants at
sewage treatment plants, where the only extra cost would be the cost of upgrading and in-
jecting the biomethane. In this case, the cost of the biomethane would be lower than natural
gas. The process of gasification to produce syngas instead has a higher LCOE.

It has been shown that an opportunity for overcoming the temporal limitation of the
environmental benefits of on-site energy cogeneration lies in the use of biogas supplied through
the natural gas grid. The environmental benefits of biogas are proven under the condition that
biogas is produced sustainably as previously explained. The higher cost of biogas compared
to natural gas is slowing down the transition to this renewable fuel, however the price gap is
likely to narrow in the future through economy of scale of larger facilities: overall the average
cost of globally producing biomethane by 2040 is estimated to decrease by 25% [186].
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