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Abstract 

Many countries are working on transitioning towards a carbon-neutral economy by 2050. 

This has predominantly driven investments towards renewable electricity technologies 

such as solar and wind generators, driving research to increase energy systems' 

interconnection.  

 

To investigate the role of gas-based vectors in the transition of the energy system, the 

following sectors are considered, i.e., gas for energy storage, gas for heating, and gas 

for power generation. Maximizing green hydrogen production in Power to Gas (P2G) 

systems by understanding 1) stack performance of low and high-temperature 

electrolyzers and 2) operational modes in response to curtailed renewable electricity  

could aid potential investors to achieve maximum return on their investment. 

Progressively increased intermittent operational modes in electrolyzers showed that low-

temperature electrolyzers were more resilient to flexible operation (< 7.7% difference in 

total H2 production) when compared to high-temperature electrolyzers (< 67%). These 

results indicated that a stack-level understanding of electrolyzers in the integration of the 

energy system, needs to be incorporated to maximize green hydrogen production. 

Utilizing the present gas infrastructure for flexible power generation is foreseen as a 

primary role for natural gas/hydrogen in a low carbon future. A least-cost optimization for 

systems operational cost in a one-node multi-renewable electricity systems model 

increased operational costs when large coal generators were progressively replaced with 

smaller gas generators. The role of reciprocating engines and industrial gas turbines was 

primarily in providing fast frequency response and reserve regulation. Another pathway 

for natural gas and hydrogen in a low-carbon energy system is in the heating sector. A 

detailed investigation of potential decarbonization achievable in Irish building stock that 

still uses traditional gas boilers for domestic and space heating was analyzed. The study 

concluded that thermal retrofits and blending of 20% H2 in the gas network alone would 

contribute to a maximum decarbonization of 34% in Ireland’s heating sector. 

 

The studies presented in the thesis provide a novel approach to understanding the use 

of P2G systems, analyzing the role of gas for heating and flexible gas generators in a 

future low carbon energy system. 
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Chapter 1: Introduction 

Since the beginning of the Industrial Revolution in 1760, fossil fuels have been a primary 

energy source. Despite the advantages of rapid economic growth due to the industrial 

revolution, the use of fossil fuels has had significant implications on global climate 

change (Ritchie, 2017). In addition to global warming, fossil fuel combustion has been 

responsible for sulfur dioxide, nitrogen oxides, carbon dioxide, and particulate matter. 

These pollutants can lead to health problems and an estimated 6 million premature 

deaths each year by 2030. Therefore, the world needs to shift towards more sustainable 

and cleaner low-carbon energy sources. 

 

The Paris Climate Agreement held on the 12th of December 2015 steered increased 

investments in renewable electricity such as wind and solar energy (Staff, 2020). 

Globally, renewable energy capacity has increased by 184 GW from 2018 to 2019. In 

addition, the cost of renewable electricity production has continued to decrease due to 

technological advancements, economies of scale, and competitive auctions (Staff, 

2020). 

 

In Ireland, the contribution of renewables to the primary energy mix was 11.2% in 2019, 

which was 1.2% higher than in 2018. The contribution of wind and hydro energy 

increased by 28% and 16%, respectively (Staff, 2020). Despite an increase in renewable 

electricity use (33.2% renewable electricity in 2020), Ireland has not met i ts 2020 

renewable energy target (O'Neill, 2019, Burke, 2020). The policies of the European and 

Irish governments towards decarbonizing the energy system are designed towards 

increasing the efficiency of energy use and replacing fossil fuels with low/zero-carbon 

sources as the primary energy source. However, transforming the energy system 

towards one dominated by renewable electricity poses challenges, as Variable 

Renewable Electricity (VRE) needs a more flexible power grid to balance supply and 

demand. Ireland has already begun the transition in the end-use sectors to increase 

renewable energy utilization. In general, it is primarily motivated by two reasons. Firstly, 

renewable electricity (as wind, solar, and hydropower) provides zero fuel cost energy. 

Secondly, end-use sectors such as transport and heating are increasingly being 

electrif ied, enabling efficient use of renewable electricity (IRENA, 2019). 

 



 

2 
 

Renewable energy will play a vital role in decarbonizing global energy systems in the 

coming decade. However, it is unclear how quickly the transition to renewable energy 

will occur and which technologies will be vital in transforming the energy mix. Hence, 

effective planning is needed to ensure flexibility of the electrical power grid through 

demand-side management and sector coupling. In addition, effective management of 

large-scale VRE is also necessary to ensure the security of supply in the transmission 

and distribution systems. 

 

The current energy systems cater to coal, gasoline, and natural gas due to their quick 

response, relatively abundant availability, and low cost to end-users. The presence of 

fossil fuels has ensured the security of the energy supply. However, during the transition 

to a low carbon energy system, replacing carbon-intensive fossil fuels such as coal, peat, 

and gasoline with natural gas could significantly reduce carbon emissions without 

additional infrastructure investment. Hence, natural gas could play a crucial role in the in 

conjunction with renewable electricity to meet peak load requirements, enhance flexibility 

in the power grid, reducing electricity systems cost, and mitigation options for hard to 

electrify sectors. 

 

The pathway to a low carbon economy is replacing fossil fuels with low/zero carbon-

emitting technologies and increasing energy use efficiency in the primary energy-

consuming sectors. The primary energy-consuming sectors in Ireland are electricity 

generation, space/water/industrial heating, and the transportation sector. Oil and gas 

contribute to 97% of the total energy consumption in the transportation sector, 92% of 

the energy consumed in the heating sector, and 83% of the total electricity generation 

(Figure 1.1) (SEAI, 2018). With the increasing penetration of renewable electricity in the 

energy system, electrif ication of the primary energy-consuming sectors is the most 

efficient way to decarbonize the energy system. With climate policies incentivizing 

renewable energy, electric vehicles could replace fossil-fueled cars and trucks; electrical 

heating, such as heat pumps, could replace oil and gas furnaces and gas boilers 

(Deason, 2020, IRENA, 2019). In addition, increasing investment in renewable electricity 

has opened pathways for hydrogen production from electricity through Power -to-Gas 

(P2G) technology (Laguna-Bercero, 2012, Ni et al., 2008, San Martín et al., 2014, 

Gunnar Benjaminsson, 2013). These transformations also create a pathway for 

increased integration between the gas and electricity sectors. However, transforming the 

energy system to one dominated by renewable electricity would require significant 
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investment in technologies at the end-use sectors to account for increased flexibility and 

long-term storage required in a high VRE power system. 

 

Figure 1.1: Primary energy sources in the three major energy-consuming sectors in Ireland in 

2018 (SEAI, 2018) 

 

 

Figure 1.2: “Duck curve” obtained when plotting the net load in the electrical grid over a given 

day, obtained from the CAISO website (Wang et al., 2019) 

One major operational challenge encountered with increasing the penetration of VRE in 

the system is an inevitable curtailment of electricity during a period of oversupply. This 
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concept is best described by the duck curve described by the California Integrated 

Systems Operator (ISO). The duck curve, a graph of the net PV generation across a day 

(Figure 1.2), shows an increased risk of oversupply during periods of low electricity 

demand (Fraser, 2019). Similar observations have been made with increasing wind 

penetration and high curtailment levels (Twite, 2018) (Figure 1.3). A similar observation 

is made in Ireland, where increased wind energy penetration in the electrical grid was 

accompanied by increased curtailment (SONI, 2019). Tasuda et al. (2015) described the 

VRE curtailment ratio for wind and solar energy. It showed that internationally an 

increase in VRE generation was met with increased electricity curtailment. A multi VRE 

system could be coupled with an energy storage technology, such as batteries or power-

to-gas technology, to reduce curtailment. 

 

Figure 1.3: “Gator curve” obtained in the Midwest USA, at high levels of wind penetrations 

(Twite, 2018) 

P2G has recently grabbed much attention as a viable Energy Storage Technology (EST) 

in an interconnected energy system. It can store electricity in the form of 𝐻2 or Methane 

(𝐶𝐻4) in the gas grid. Since the gas can be stored directly in the gas network, it possesses 

the capacity to store energy to be dispatched between an hour to a year. This is a larger 

discharge time than the other commonly used EST’s today, such as batteries, flywheels, 

or compressed air storage (de Bucy, 2016). Therefore, P2G technologies satisfy the 

need for long-term energy storage in a multi-renewable energy system and could ensure 

the security of supply. In a consumer-driven energy market that is the case in many 

developed European nations, long-term energy storage could become crucial for a multi-

renewable energy system (Blanco and Faaij, 2018). Battery storage is an alternative 
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competing technology to P2G, providing flexibility to the grid. The International Energy 

Agency (IEA) anticipates that if battery costs are reduced over the next two decades by 

70%, then by 2040, battery storage may be the most significant technology in handling 

fluctuating electricity demand. However, batteries are more suited to addressing diurnal 

rather than seasonal demand variations (Ajanovic and Haas, 2018). 

 

The need for increased flexibility in an electrical power grid dominated by VRE is possible 

with gas because it can be a backup energy source for wind and solar power. According 

to the International Energy Agency, the role of natural gas is vital in a future low-carbon 

energy system due to its generation flexibility, resource efficiency, relatively low carbon 

emissions (McInerney et al., 2019) potential sustainable sources, and rapid deployment 

capabilities. Furthermore, wind and solar electricity are weather-dependent, and an 

alternative energy source is needed to compensate for when "the wind doesn't blow" and 

"the sun doesn't shine". In addition to providing increased flexibility in the electrical grid, 

natural gas can be easily stored in pipelines to provide long-term storage capacity (GNI, 

2019, Ali Ekhtiari et al., 2019). As the cleanest burning fossil fuel (Table 1.1), coupled 

with the potential to incorporate a mixture of Synthetic Natural Gas (SNG) from 

renewable sources and a mix of hydrogen (𝐻2), natural gas and the gas network could 

potentially support the further development of renewable electricity (IEA, 2017, EIA, 

2020). Storing SNG in pipelines is made possible by increasing the linepack. Linepack 

refers to the total volume of gas contained within the system. Hence increasing the 

linepack refers to increasing the total volume of gas contained within a section or the 

whole pipeline by increasing the gas's pressure and compressibility. Increasing linepack 

in the gas network enables the shift of gas flexibly around the transmission network, at 

a regional, national, or even international level (Wilson and Rowley, 2019, Cătuţi et al., 

2019). 
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Table 1.1: Specific carbon dioxide emissions of various fossil fuels in descending order (Statistics- 

Specific Carbon Dioxide Emissions of Various Fuels, 2015 

Fuel Emission in kgCO2/kWh Emission in kgCO2/GJ 

Wood 0.39 109.6 

Peat 0.38 106.0 

Lignite 0.36 101.2 

Hard Coal 0.34 94.6 

Fuel Oil 0.28 77.4 

Diesel 0.27 74.1 

Crude Oil 0.26 73.3 

Kerosene 0.26 71.5 

Gasoline 0.25 69.3 

Ref inery Gas 0.24 66.7 

Liquid Petroleum Gas 0.23 63.1 

Natural Gas 0.20 56.1 

 

In addition to providing flexibility to a multi-renewable energy power grid, natural gas 

could play an important role in lowering the carbon emissions in the heating sector. The 

decarbonization pathways for residential and commercial buildings are primarily through 

(Ervia, 2018) 

1. Demand reduction (prosumer approach) 

2. Renewable gas (biomass/biomethane/hydrogen) 

3. Electrif ication of heat (Heat pumps) 

4. Increased efficiency of energy use (integration of heat networks, thermal retrofits) 

 

At present, decarbonizing the heating sector focuses on thermal retrofits  and 

electrif ication of heat (Hirvonen et al., 2015). However, efficiency improvements to 

boilers that use gas/oil/solid fuels would significantly reduce fuel utilization and carbon 

emissions. Furthermore, at present, electricity is not 100% renewable. Hence, until the 

power generation can become 100% renewable, gas will play an essential role in 

decarbonizing the heating sector. 

 

Despite an increase in investments in renewable electricity worldwide, many countries 

are already considering natural gas to be an essential part of the energy mix for power 

generation in the future. The role of natural gas in a low-carbon energy network could be 

to tackle intermittency and provide security of supply in terms of capacity markets in the 
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electrical grid. Furthermore, natural gas generators are quick, flexible gas units with a 

quick ramp-up ability that can compensate for the variability of power generation with 

wind and solar generators (Clemente, 2017). This ensures low wastage of renewables 

and high efficiency of energy delivery.  

 

In addition to the technical requirements met by natural gas in a low carbon energy 

system, an environmental case for building a new gas infrastructure also needs to be 

considered. Policymakers need to be wary, as building new gas infrastructure is complex 

and expensive. Though natural gas is a carbon-emitting fuel source, it reduces carbon 

emissions compared to coal or peat infrastructure. Natural gas can also provide low 

carbon alternatives at the end-use, such as peak winter heating, seasonal storage, or 

primary energy source for heating in industry. From a policy perspective, another critical 

comparison is between the costs and feasibility of expanding the electricity grid versus 

expanding the gas grid that could eventually also deliver decarbonized gases (renewable 

methane or hydrogen) and provide benefits of energy security.  

 

This work aims to investigate the role of natural gas and hydrogen in the low-carbon 

future. As evidenced by climate policies in Europe, natural gas would play a role in the 

transition of the energy system (IEA, 2018). However, it is unclear exactly which sectors 

would use natural gas and hydrogen and how? This work investigates the roles of natural 

gas and hydrogen primarily in three interconnected end-use sectors, i.e., gas for energy 

storage, gas for heating, and gas for power generation. Natural gas and hydrogen for 

long-term energy storage benefits such as security of supply, flexibility, and stability to 

an electrical grid dominated by VRE. Natural gas and hydrogen would still be used in 

high heating demand sectors, particularly industrial heating. The additional capacity 

available in the gas network due to increased electrif ication of heat in residential and 

commercial building sectors could pave the way for increased use of synthetically 

produced natural gas and hydrogen. With increasing penetrations of renewable 

electricity, such as wind and solar, particularly in Europe, larger coal and peat generators 

are being shut down. Additionally, large coal, peat, and gas generators (>1GW) may not 

be needed to meet the reserve or peak demands of the electrical grid.  The third part of 

the project investigates the least-cost optimized operation of an energy system that is 

replaced progressively with smaller gas generators at 30% and 50% penetrations of 

renewable electricity.  
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To answer the question, “What is the role of natural gas and hydrogen in a low carbon 

future” this work has focused on investigating technologies currently used, or which could 

potentially use natural gas as an energy source along with alternative technologies for 

these end-uses. The individual models can then be combined to create a system end-

use model, which would help examine the most energy-efficient, economical, and policy-

favoring route from the source to the end-user in a future integrated energy system.  

 

The changing nature of the energy system calls for increased efficiency in utilizing fuels 

as the first step towards a high renewable energy system. Increased utilization of 

renewable fuels would aid in bringing down costs to the end-user in the long term and 

relatively reduce CO2 emissions. The work in this thesis addresses system-level 

challenges in 1) operation of electrolyzers to maximize green hydrogen production, 2) 

analyzing the effect of increased building efficiency on carbon reduction in gas-heated 

homes, and 3) addressing system-level cost implications for incorporating smaller gas 

generators in the power grid. The modeling methodologies used in this thesis can be 

applied to a broad range of use cases. While the inputs used are specific to Ireland, a 

change in the input (based on case study) would produce case-specific results. The 

research questions that are answered in this work are: 

1. How does the intermittent operation of electrolyzers impact the overall hydrogen 

production from a low and high-temperature electrolyzers? 

2. How does an increase in building energy efficiency impact the gas demand? 

3. Due to their high efficiency and low start-up times, could small gas generators 

replace large gas generators for reserve and peaking applications in a low carbon 

electrical network? 

The following chapters delve into details of each of these research questions, followed 

by main conclusions and the future work of the thesis.  

 

Chapter 2 addresses the operational challenges in low and high-temperature 

electrolyzers to maximize hydrogen production from curtailed renewable electricity. An 

electrochemical and thermochemical model of the electrolyzers addressed this 

challenge.  

 

Chapter 3 looks at the end-use of gas where the effect of decarbonization on gas use 

profiles in Ireland was analyzed. First, a model of the Irish building stock was developed 

using gas consumption profiles from EnergyPlus. The profiles are then assimilated and 
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analyzed in Matlab. The effect of increased energy efficiency measures in the residential, 

and the commercial sectors along with a progressive shift towards low carbon fuels in 

the residential, commercial, and industrial heating sectors on the gas consumption was 

obtained. 

 

Chapter 4 looks at the potential role of gas generators in a future high VRE electrical 

grid. It uses an energy systems model called the backbone model optimized for the least 

operational cost. A  progressive replacement of coal generators with small gas 

generators was carried out to examine the role of small gas generators in a future 

renewable electricity system.  

 

Chapter 5 summarizes the main conclusions drawn from the research carried out in the 

studies followed by the future work. 
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and high temperature electrolyzers 
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Abstract 

Understanding the system performance of different electrolyzers could aid potential 

investors achieve maximum return on their investment. To realize this, system response 

characteristics to 4 case studies, consisting of summarized data sets of curtailed 

renewable energy was obtained from the Irish network and was investigated using 

models of both a Low-Temperature Electrolyzer (LTE) and a High-Temperature 

Electrolyzer (HTE). The results indicate that statistical parameters intrinsic to the method 

of data extraction along with the thermal response time of the electrolyzers influence the 

hydrogen output. A maximum hydrogen production of 5.97 kTonne/year is generated by 

a 0.5 MW HTE when the electrical current is sent as a yearly average. Additionally, the 

high thermal response time in a HTE caused a maximum change in the overall f lowrate 

of 65.7% between the 4 cases compared to 7.7% in the LTE. This evaluation of 

electrolyzer performance will aid investors in determining scenario-specific application of 

P2G for maximizing hydrogen production. 

mailto:aruna.chandrasekar@ucdconnect.ie
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Graphical abstract 

Keywords: Power-to-Gas; Curtailed Wind Energy; PEM electrolyzer; SOEC; 

Energy Storage; Hydrogen 

Highlights 

1. An electrochemical model is used to calculate the hydrogen production from LTE 

and HTE 

2. An energy systems approach is used to calculate H2 production 

3. Annually curtailed electricity data for 2030 is extracted in 4 ways 

4. The inherent thermal response time in the electrolyzer impacts total H2 production 

5. Linking current variability and annual H2 production from P2G could advise 

investors 

2.1 Introduction 

Mitigating greenhouse gas emissions to slow down climate change, while 

accommodating an increasing energy demand, has been one of the biggest challenges 

of the 21st century (Zeng and Zhang, 2010). Taking this into account, the European 

Commission outlined a renewable energy roadmap and planned a goal of 20% 

renewable energy in EU’s overall energy mix by 2020. In accordance with the plan, many 

European countries have invested in renewable electricity, primarily wind and solar 

energy. As a result of these investments, the EU was already ahead of its goals by 2018, 
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where the greenhouse gas emissions were reduced by 23% and contribution of 

renewables to the electricity demand is up by 32% (Council, 2020, IEA, 2020). That was 

already 3 percentage points higher than the planned 20% target for Greenhouse gas 

emissions, and 12 points higher than the planned 20% for renewable electricity 

contribution to the primary electricity demand. Despite the rapid growth and investment 

in renewables, traditional energy sources, particularly fossil fuels, remain the primary 

source of energy. The current energy system design is based on fossil fuels as a primary 

source of energy, enabling security of supply, relatively low cost, and quick demand 

response (Howley et al., 2015). To foster change in the current electricity system, to one 

dominated by renewable electricity, operational challenges related to the instantaneous 

grid balancing need to be addressed (Joode et al., 2014).  

 

In Ireland, wind energy has gained momentum, and there has been a 309% increase in 

installed capacity from 2008 to 2018 (SONI, 2019). In 2019, wind energy contributed to 

29.3% of the total electricity production and has been successful in reducing fossil fuel-

based emissions and lowering consumer costs (Buckley, 2019, SONI, 2019). However, 

due to localized network issues, (constraints), over production of electricity, and limits in 

the permitted non-synchronous generation of electricity (curtailment), windfarms are 

periodically required to reduce their output to maintain grid stability. Hence, a constant 

increase in the installed capacity of wind generation, with little change in the demand 

and interconnection capacity in the electrical grid could lead to higher levels of system-

level dispatch down (constraints & curtailment)  (SONI, 2019). This phenomenon is 

observed in the annual increase in the all-island dispatch down of wind energy from 2.2% 

in 2011 to 6% in 2018 while the wind capacity increased from 2100 MW in 2011 to 4942 

MW in 2018.  

 

Other weather dependent renewable electricity sources, such as solar energy in 

California, also encounter similar challenges with curtailment. A graph of the net load, 

i.e., the difference between the normal load in the system and the PV generation, 

commonly called the “duck curve” presents a similar concern, due to the risk of 

overgeneration in PV systems. Reports of overgeneration of solar energy in California, 

particularly in the midday have been reported in the year 2019, and strategies to store 

this electricity in batteries are currently being considered (Paul et al., 2015, Roth, 2019).  
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If wind and solar energy are to replace fossil fuels as a primary source of energy in the 

future, the operational challenges related to the instantaneous grid balancing of 

renewable electricity need to be improved. Both short and long-term electricity storage 

technologies need to be included in the energy system to overcome this challenge. The 

additional capital cost associated with tackling the operational challenges of increasing 

renewable electricity will have ripple effects on the cost of renewable electricity for end 

users. On the other hand, maximizing electricity output from wind and solar electricity 

would improve the ability to recover capital costs and enable investors to maximize their 

profits (Bird et al., 2014). To understand the requirements of  a decarbonized electricity 

grid from an energy storage standpoint, research on electricity storage technologies and 

auxiliary electrical load balancing technologies for a multi-energy renewable electricity 

system need to be conducted to identify suitable technologies that will aid in maximizing 

renewable electricity output at an economical investment cost. 

 

Currently, low, and medium power, energy storage applications comprise of systems 

such as flywheel, compressed air energy storage, supercapacitors, and chemical 

storage through accumulators (Ibrahim et al., 2008, Michael, 2019). In addition, pumped 

hydroelectricity storage coupled with natural gas storage and flow battery electricity 

storage is used primarily for network connection applications with peak leveling and 

power quality control applications (Georg, 2012, Ibrahim et al., 2008). While one or a 

combination of these technologies have applications in the current electricity grid, they 

do not individually have the large storage capacity and small discharge time (ideally 

varying between a couple of seconds to a couple of minutes) that is needed to maintain 

grid stability and security of supply in a multi-renewable energy electrical grid.   

 

A zero-carbon electrical grid would ideally consist of multi-sourced renewable electricity 

and hence would have a higher need for flexibility with increased emphasis placed on 

security of supply. The high storage capacity and the large range of discharge times 

observed in Power to Gas (P2G) technology (Figure 2.1) could alleviate the electrical 

network issues related to additional flexibility and security of supply requirements. The 

P2G process, which consists primarily of an electrolyzer, links the electrical power grid 

to the gas grid by electrochemically transforming surplus power into a grid compatible 

gas, which is either hydrogen (H2), or Methane (CH4). H2 is the immediate by-product of 

water electrolysis, caused by breaking water into its original components. This H2 can 

then be either stored in the gas grid or can be converted to CH4 by combining it with an 
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external carbon source, such as carbon monoxide (CO) or carbon dioxide (CO 2), in a 

process called methanation. The resulting CH4, known as Synthetic Natural Gas (SNG), 

can then be injected into an existing gas grid or gas storage facility and could be used 

for future electricity generation (Götz et al., 2016). By doing so, P2G technology provides 

an additional vector for renewable energy transport which includes storage. It enables a 

two-way energy flow between the gas and electrical grid. The Ragone plot shown in 

Figure 2.1 compares the available electricity storage technologies based on their storage 

capacities and the discharge times (ITM Power, 2016).   

 

Figure 2.1: Comparison of conventional energy storage technologies based on the range of  

storage capacities and discharge times (ITM Power, 2016), (IEA, 2018) 

To ensure the suitability of P2G in an electrical power grid, maximizing operational 

capacity when connected to a variable source of electricity needs to be addressed. An 

understanding of the electrochemical processes in the electrolyzer ensuing the P2G 

process is needed to address this issue. (Olivier, P., et al., 2017) presents an exhaustive 

and comprehensive review of the existing works on Low-Temperature Electrolyzers 

(LTE) system modeling. Other literature that focus on reviewing electrolysis modeling for 

both High-Temperature Electrolyzers (HTE) and LTE (Carmo et al., 2013, Han et al., 

2015, Olivier, 2013, Samer, 2008, Deshmukh and Boehm, 2008, Zeng and Zhang, 2010, 

Ni et al., 2008a, Mingyi et al., 2008, Lebbal and Lecœuche, 2009, Liso et al., 2018, Ma 

et al., 2009, Marangio et al., 2009, Millet et al., 2010, Biaku et al., 2008, Ni, 2012) address 

specific technical challenges, experimental evaluation, and integration of an electrolyzer 

system with a renewable energy source. 
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A knowledge of water electrolysis has been around for almost 200 years. Over the past 

two decades, this concept has gained momentum as a method to store renewable 

electricity. Literature from the early 2000's points out the versatility of hydrogen as a 

sustainable fuel to replace fossil fuels (Momirlan and Veziroglu, 2005, Jain, 2009). In 

2013 there was the first practical demonstration of this concept in Germany, where ITM 

power partnered with the thirteen companies of the Thüga group to test the injection of 

hydrogen into the German gas grid. A proton exchange membrane (PEM) electrolyzer 

was used to convert electricity to hydrogen. This process has shown an overall efficiency 

of over 70% (with heat recovery) and for the first time ever, electrolytically generated 

hydrogen was injected into the German gas grid (ITM Power website, 2019). Other 

ventures in integrating renewable energy into the gas grid include demonstrations by 

GRTgaz (GRT gaz, 2019). The GRTgaz project plans on including 100 installations of 

P2G that can produce between 15-20 TerraWatt-hour (TWh) of energy per year by 2050 

(GRT gaz, 2019). The installation of these plants has begun with the Jupiter 1000 project 

where a 1 MWe plant has already been constructed. Additional ventures based on this 

project are being carried out in the Netherlands (DNV-GL, 2019, FCHJU, 2019). Further 

research-based projects are being carried out by hydrogen Europe research under the 

umbrella of fuel cell and hydrogen joint undertaking, which investigates the potential 

applicability of hydrogen-based technologies in a decarbonized energy system (Gu et 

al., 2019, Partidário et al., 2020, Yang et al., 2019). Recent research in energy systems 

has shined a light on strategies for integrating P2G as a part of a decarbonized electrical 

grid (Gu et al., 2019, Partidário et al., 2020, Yang et al., 2019).  

 Studies focus on the three most common types of electrolyzers: 

1. Alkaline Electrolyzer 

2. Proton Exchange Membrane (PEM) Electrolyzer 

3. Solid Oxide Electrolytic Cell (SOEC) 

 

Each of these electrolyzers differs in its material of construction, half -cell reactions, 

investment costs, and operational temperatures. Operational temperatures of the 

electrolyzers are a key operational parameter and need to be included as a variable in 

the modeling of the electrolyzers. The operational range of Alkaline and PEM 

electrolyzers is between 20 - 120 oC. They are categorized as LTE (Olivier et al., 2017, 

Götz et al., 2016) while the operational range of the SOEC is between 600 - 1200 oC (Ni, 

2012, Gunnar Benjaminsson, 2013), where the electrolysis is carried out with steam. 

This is categorized as HTE. Though HTE have high energy requirement they have higher 
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efficiencies when compared to LTE. While PEM electrolyzers reach efficiencies between 

62-85% (Bhandari et al., 2014), SOEC can reach higher efficiencies of about 95% with 

heat integration and reduce electricity consumption by 25% for the same electrolyzer 

size (Bhandari et al., 2014). The value of the cell voltage under open-cell conditions when 

the cells are thermo-neutral (i.e., there is no exchange in heat within the cell and the 

surroundings) is 1.48 Volts for a LTE (Emmanuel Zoulias, p 1-18). This is the voltage at 

which the electrolytic cell reaches its maximum theoretical efficiency (100%). Any 

additional voltage drop above the thermo-neutral voltage is caused due to 

overpotentials/inefficiencies in the cell (Emmanuel Zoulias, p 1-18). This implies that, in 

order to obtain high efficiencies in a LTE, the overpotentials in the cell need to be as low 

as possible. The working principle of a SOEC is similar to a LTE, however, due to the 

higher operating temperature thermoneutral voltage is 1.29 Volts which is lower than that 

of the LTE, making it more efficient than the LTE.  

 

Electrolyzers can be a useful tool for energy storage, however, their high capital cost is 

a disincentive for investors, especially if they are only operated intermittently. The cost 

of producing hydrogen based on a simple calculation using a range of capital, operation 

and maintenance costs from current literature (Vickers et al., 2020), and assuming zero 

cost for curtailed electricity is estimated to be in the range of 3.5-6 €/kg. When compared 

to the current price of hydrogen from fossil sources as an energy fuel, which is around 

1€/kg (Kayfeci et al., 2019), the production of hydrogen by electrolysis is approximately 

6 times higher. Using hydrogen from P2G as a direct fuel in hydrogen refueling stations 

is a potentially higher value use of hydrogen, where hydrogen prices are estimated at 

9€/kg (Ole and Stefan, 2017, Jim et al., 2015). Recent literature focusing on techno-

economic analysis of the P2G process also indicates that industrial and automotive 

applications of hydrogen will provide a more lucrative application of electrolytically 

produced hydrogen (Nicholas et al., 2020). 

 

Fully understanding the suitability of P2G systems includes many different avenues of 

study including, the economics of hydrogen manufacture through electrolysis, the 

economies of scale of electrolyzer production, as well as ancillary equipment such as 

heat exchangers, compressors, H2 storage systems, drying units, which are all an 

essential a part of the P2G process. Recent papers focusing on experimental analysis 

of PEM electrolyzers along with ancillary equipment indicate that the overall process 

efficiency of the PEM (LTE) is lower when it is operated under second-to-second 
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electrical current varying conditions due to the lag in the thermal response time 

(Stansberry and Brouwer, 2020). Additionally, weather-dependent renewable energy 

sources such as wind and solar energy show dynamicity in wind speed and solar 

intensity that also lower the overall efficiency of the P2G process (Safari and Dincer, 

2018). While current literature provides sufficient insight into the P2G process, a detailed 

evaluation of the operational challenges relating to the integration of an electrolyzer in 

an energy system has not been addressed. To provide a more in-depth analysis of the 

operational parameters of electrolyzers that maximize hydrogen production, this study 

will focus on a comparative analysis of the influence of statistical variation in data sets 

on the hydrogen production from LTE and HTE as a standalone technology from an 

energy systems perspective.  

 

An energy systems approach is used in this paper to describe the electrolyzers, along 

with statistical data analysis of the curtailed electricity profile, with the objective to provide 

a new perspective for looking at case-specific P2G applications. Investors and systems 

analysts often use summarized data sets to evaluate the suitability of potential assets. 

This study tests the hypothesis that the way in which the data is summarized has a 

significant impact on the evaluation of a P2G system. 

 

In summary, this study presents a detailed analysis of the system's performance of LTE 

and HTE. The methods section details the electrochemical and thermal modeling 

approach used along with a statistical analysis of the data to present 4 different scenarios 

for potential curtailed electric current profiles. Through an analysis of only the 

electrochemical and thermal modeling domains, this study aids in demonstrating P2G 

technology behavior under various scenarios.  

 

2.2 Methods 

To investigate the impact of system parameters and operating temperature on the overall 

hydrogen production from the electrolyzers, the P2G system is described using 

mathematical correlations. The electrochemical conversion and heat balance in the 

electrolyzers are modeled based on analytical equations that have been verified by 

experimental data (Olivier et al., 2017, Kothari et al., 2005, Ma et al., 2009, Grigoriev et 

al., 2009, Millet et al., 2010, Marangio et al., 2009, Allebord, 2013, Ni et al., 2008b, M.F. 
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Santos and L. Figueiredo, 2013, Biaku et al., 2008). In general, the various domains of 

the electrolyzer that can be mathematically described are (Figure 2.2):  

1. Electro-chemical domain describes the relationship between the input electrical 

current and the output hydrogen flow in an electrolytic cell. In extension to this, the 

equations can also be used to model the behavior of stacked cells. 

2. Electrical models detail the electrical processes occurring in the various 

components present in the electrolysis system such as converters, pumps, chillers, 

etc. 

3. Thermal models are used to model the variation in the operational temperature 

inside the electrolytic system. 

4. Mass transfer models enable the understanding of the flow of electrolytic masses 

in the cell.  

5. Fluidic models describe the hydro-dynamic state of the cell while considering the 

mass flows and the pressure behavior primarily in the channels of the cells.  

  

Figure 2.2: The modeling domains in an electrolysis stack (Olivier et al., 2017) 

To investigate the suitability of operating an electrolyzer with a potentially time-

varying electrical current, the electrochemical and thermal domains of the electrolyzer 

are modeled. The instantaneous hydrogen production from electrolyzers is influenced by 

a change in potential difference across the cell and simultaneously the electrolyzer stack 

temperature, hence only modeling of the electro-chemical and thermal domains of the 

electrolyzers are considered. Other stack level effects i.e., diffusion of gases through 

electrolyzer stack, stack degradation, thermal gradient etc., are negligible and hence 

ignored for the purpose of this study. The electrochemical domain of the electrolyzer 

describes the hydrogen output from the electrolyzer for an input electrical current data, 
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and the thermal domain measures the temperature and heat changes in the electrolyzer, 

which directly influence the hydrogen output from the electrolyzer.  

 The electrical response for both the PEM and SOEC electrolyzers is not 

considered. This is considered a reasonable approach as the electrical response of both 

the electrolyzers takes place within milliseconds to a few seconds (Carmo et al., 2013, 

Han et al., 2015, Rabih, 2008, Rallieres, 2013), which is very small in comparison to the 

scale of modeling (the timestep of the electrical current data is hourly). The thermal 

response of the electrolyzers, however, varies for each type of electrolyzer. The PEM 

electrolyzer, which is a LTE shows the quickest response of a few seconds to a few 

minutes depending on the material of construction of the electrolyzer, while the SOEC, 

which is a HTE has a response time of about 2-10 hours (Laguna-Bercero, 2012, Reytier 

et al., 2014). Since the thermal response of the electrolyzer is dependent on the 

response time, it is modeled using lumped parameters. These models are simple to 

resolve and are useful for an energy systems analysis (Olivier et al., 2017). 

 

To understand the electrochemical mechanism of each of these electrolyzers, this study 

delves into further depth of the electrochemical process of two categories of 

electrolyzers. The overall reaction for water electrolysis for the LTE and HTE is given by 

Equation 2.1. 

       

𝐻2𝑂 → 𝐻2  +
1

2
𝑂2          (2.1) 

 

Under standard conditions of temperature and pressure the minimum cell voltage for a 

closed-cell process (constant voltage and temperature), Ecell is given by equation 2.2.  

 

Ecell
o  = −

∆Go

nF
                         (2.2) 

 

Where, ∆Go is the change in the Gibbs’ free energy under standard conditions, n is the 

number of electrons transferred and F is Faraday's constant.  

 

The steady-state approach to model the potential across the cell when subjected to a 

load is represented by equation 2.3. This equation is used to calculate the total potential 

drop created across a cell when an electrical current is sent to the electrolyzers.  
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𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑟𝑒𝑣 +  𝐸𝑎𝑐𝑡,𝑎𝑛𝑜𝑑𝑒  + 𝐸𝑎𝑐𝑡,𝑐𝑎𝑡ℎ𝑜𝑑𝑒  +  𝐸𝑜ℎ𝑚        (2.3) 

Here Ecell is the overall cell voltage, Erev, Eact,anode, Eact,cathode, and Eohm are the reversible 

overpotential, anodic overpotential, cathodic overpotential, and ohmic overpotentials 

respectively. Using the value of the cell potential drop from equation 2.3, the overall 

efficiency of the electrolyzer is calculated using equation 2.4 (Harrison, 2010). 

 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝑈𝑡𝑛

𝐸𝑐𝑒𝑙𝑙
            (2.4) 

The overall efficiency of the electrolyzer (𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ) is represented as a fraction of the 

thermoneutral voltage (Utn) and the actual cell voltage drop in the electrolyzer when an 

electrical current is passed through it and the change in the temperature inside the 

electrolyzer with time can be represented by the equation 2.5. 

 

𝐶𝑝𝑑𝑇

𝑑𝑡
 =  (𝐸𝑐𝑒𝑙𝑙 (𝑇) − 𝑈𝑡𝑛)𝐼 −  ℎ(𝑇 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 )        (2.5) 

Where Cp is the overall specific heat capacity of the electrolyzer, h is the convective heat 

transfer coefficient of the electrolyte, and Tambient is the ambient temperature.  

 For a given electrical current dataset, the cell potential of the electrolyzer is 

calculated using equation 2.3, and the corresponding temperature change in the cell for 

the value of the Ecell is then calculated using equation 2.5. The flowrate of hydrogen from 

the electrolyzers is then calculated using equation 2.6, where the total energy in the 

electrical current used an as input to the system is known, and Higher Heating Value of 

Hydrogen is known (HHVH2). The flowrate of hydrogen (�̇�𝐻2
)) is calculated from the 

electrochemical and thermal modeling,  

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝑢𝑡𝑛

𝐸𝑐𝑒𝑙𝑙
=

𝐸𝑛𝑒𝑟𝑔 𝑦𝑖𝑛

𝐸𝑛𝑒𝑟𝑔 𝑦𝑜𝑢𝑡
=  𝐼 𝑋

𝐸𝑐𝑒𝑙𝑙

�̇�𝐻2 𝑋 𝐻𝐻𝑉𝐻2

        (2.6) 

A step-by-step procedure of the calculations made to obtain the instantaneous flowrate 

of hydrogen across the cell is represented in figure 2.3 
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Figure 2.3: Mathematical modeling loop developed to obtain total hydrogen production in the 

electrolyzers 

The input (electrical current) for the modeling of the electrolyzers has been obtained from 

the backbone modeling framework, where a model of the Irish electricity system has 

been developed. The backbone modeling framework is a highly adaptable energy 

systems modeling framework. It is developed based on mixed-integer programming and 

considers unit commitment decisions for power plants and other energy conversion 

facilities. The framework has been implemented as the open-source Backbone modeling 

tool using General Algebraic Modeling System (GAMS) (Niina Helisto, 2019). The 

backbone model uses a cost-minimization approach for the energy system. To analyze 

the changes in flowrate in hydrogen in the electrolyzer for different degrees of time-

variation in the same quantity of electrical current, a curtailed electrical power profile for 

the year 2030. 

 

This data is used in Case A (figure 2.4) and is scaled down to obtain a maximum power 

input of 500kW. This data is then summarized in three different ways to include different 

levels of electrical power variability, which is often the case when an economic analysis 

of potential P2G investment is being carried out. 

1. Yearly average curtailed electricity., a single stream of electricity over the 

whole year (Case B, Figure 2.5) 

2. Daily average of curtailed electricity (Case C, Figure 2.5) 

3. Daily profile of curtailed electricity averaged for every month of the year (Case 

D, Figure 2.6) 
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For the sake of modeling the maximum capacity of the electrolyzers is set to 500 kW. 

With the current pace of research, PEM and SOEC electrolyzers could have a capacity 

spanning GigaWatts. However, a single stack of the electrolyzers would still have a 

maximum capacity of 1 MW, which is the maximum size of a LTE that has been stacked 

currently to make one unit (DNV-GL,2019, FCHJU, 2019, GRTgaz, 2019). HTE like the 

SOEC are still in lab-scale research, and practical large-scale demonstrations of this 

technology have not yet been observed. Since the performance evaluation of a single 

stack of electrolyzer rather than the size estimation of the electrolyzers for 2030 is the 

focus of the study, an arbitrary size of 500 kW was selected as a single stacked unit for 

both the LTE and HTE electrolyzers. 

 

Figure 2.4: Raw data (Case A) of  daily curtailed power downsized for a 500kW electrolyzer, for 

Ireland obtained from the backbone model for the year 2030 (Niina Helisto, 2019) 
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Figure 2.5: Curtailed electricity data summarized as, yearly (Case B) and daily average (Case 

C) 

 

Figure 2.6: Curtailed electricity data summarized as a recurring daily profile (Case D), averaged 

over a month 
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In cases B, C, and D (As shown in Figure 2.5 and Figure 2.6), the electrolyzer is never 

operating at full capacity (500kW). This is because the hourly values of curtailed 

electricity are averaged. Relevant statistical information from these summarized data is 

summarized in Table 2.1. 4 statistical parameters i.e., 1) the number of hourly variations 

2) Maximum change in magnitude of electrical power 3) mean/average electr ical power, 

and 4) Deviation of current from mean in the 4 cases are measured to represent the 

different levels of variability in the 4 cases. The operational modes (Case B-D) are 

selected based on how an investor may choose to operate the electrolyzer based on 

available curtailed electricity (Case A).  

Table 2.1: Statistical parameters recorded in each of  the four cases considered for electrical 

current variability 

 

2.3 Results and discussions 

To understand the electrochemical process and thermal processes inside the 

electrolyzer a step change in the electrical current of 0.5 A/cm2 is sent as an input to both 

the LTE and the HTE. The profile change in the operational temperature of the 

electrolyzers and the hydrogen flowrate is obtained. A current density of 0.5  A/cm2 is 

selected to represent the maximum electrical current that can be sent to a 0.5  MW 

electrolyzer (Figure 2.7 and Figure 2.8). The electrolyzers are assumed to operate at a 

100% capacity factor throughout the operation (1 year) with no stack degradation. 

Additionally, the cation-anion splitting ratio () is assumed to be 0.5. This means that 

during the electrochemical reaction in the cell, the ions splitting is equal. To test the 

 
1 The mean curtailed electricity is 1% higher due to rounding error when calculating the daily average 

Relevant statistical parameters Case A Case B Case C Case D 

Number of hourly electrical current 

variations 
1267 0 283 7965 

Maximum change in the magnitude of 

electrical power (MW) 
0.5 0 0.13 0.1 

Mean of the total electrical power 

(MW) 
0.0281 0.0281 0.0281 0.02841 

Standard deviation from mean value 

of the curtailed electrical power 

between timesteps (MW) 

0.1035 0 0.027 0.0258 
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validity of the results against other intrinsic and extrinsic operational parameters, a 

sensitivity analysis of the impact changes in electrolyte concentration due to the 

operation of the electrolyzer, membrane degradation, electrolyzer degradation (loss of 

efficiency due to operation), change in the ambient temperature, is carried out (Taibi et 

al., 2018). A maximum deviation of +1.5% in the overall results is observed. This possible 

error in calculated results is tolerated as it does not impact the comparative analysis of 

the hydrogen production in different summarized data sets. 

 

Figure 2.7: Change in temperature and f lowrate in a PEM electrolyzer showcasing the thermal 

response time 
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Figure 2.8: Change in temperature and flowrate of hydrogen in an SOEC showcasing the thermal 

response time 

It can be seen from the electrochemical simulation of the electrolyzers that the response 

time of the PEM electrolyzer is 2 minutes, and this is observed in the temperature profile 

of the PEM electrolyzer (Figure 2.7). The response time of the SOEC on the other hand 

is much longer, and the operating temperature in the electrolyzer only stabilizes after 10 

hours (Figure 2.8). Additionally, the flowrate from the electrolyzers is correlated to the 

temperature change in the electrolyzers, and equation 2.5, indicates that the operational 

temperature of the electrolyzer and the hydrogen flowrate are not linearly correlated. So, 

when a time-varying current is sent to the electrolyzer, there is a correlation between the 

number of hourly variations and the deviations of current sent to the electrolyzer.  

 

Using the knowledge from the initial results, simulations for the two electrolyzers using 

the input electrical current data for case A, B, C, and D is carried out. The results of the 

total annual flowrates obtained from the electrolyzers, when operated with the different 

data sets are presented in Table 2.2.  
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Table 2.2: Flow rate of hydrogen obtained from the electro-chemical and thermal modeling of the 

LTE and HTE. 

 

The difference in the total f low rate obtained from the electrolyzers is due to a variation 

in the operational exoergic efficiency of the electrolyzers. The values of the average 

operational exoergic efficiency of the electrolyzers are shown in table 2.2. The results 

indicate that despite the higher operating efficiency of the HTE, the slow thermal 

response would affect the operational efficiency of the electrolyzers in the presence of a 

time-varying electrical current. Figures 2.8 and 2.9 show in detail the hour-to-hour 

changes in the operational efficiencies in the PEM and SOEC electrolyzers when 

subjected to the electrical power input shown in case D. A 24-hour timeline for case D is 

used as an example to show how the hydrogen flowrate and operational efficiencies 

change in the electrolyzers when subject to the same electrical current. 

 

 Total annual hydrogen production 

Results Case A Case B Case C Case D 

PEM (Tonnes/Year) 4.19 4.54 4.39 4.42 

Average exergy efficiency 6.28% 72.18% 48.15% 58.48% 

SOEC (Tonnes/Year) 2.05 5.97 4.22 3.21 

Average exergy efficiency 2.90% 94.90% 41.44% 39.06% 



 

28 
 

Figure 2.9: Change in the operational efficiency and flowrate in the PEM electrolyzer over a 24-

hour period for an electrical power input as showcased in case D.  

Figure 2.10: Change in the operational efficiency and f lowrate in the SOEC electrolyzer over a 

24-hour period for an electrical power input as showcased in case D.  

It is observed that the hydrogen production is at a maximum for both the PEM and SOEC 

when they are operated in continuous mode. The low power requirement, (which 

correlates to an electrical current density ~0.025 A/cm2, Figure 2.5) evident when the 

electrolyzer is operated in continuous mode results in a low potential difference (1.6 volts 
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for PEM and 1.35 volts for SOEC) across the electrolyzer. This means the energy losses 

in the electrolyzer are low, and hence a higher hydrogen production. 

 

To operate at higher efficiencies, the cell voltage drop in the electrolyzer should be as 

low as possible. Though operation at a low current density helps keep energy losses in 

the electrolyzers as low as possible, a large electrical current needs a large cell area to 

keep the current density as low as possible. In case B the current density is spread 

evenly across a long period of time leading to a high-efficiency operation. For a PEM 

electrolyzer, at higher electrical current densities, the voltage drop increases almost 

linearly (as seen in Figure 2.11 (a) and (b)). These figures were generated for the PEM 

and SOEC electrolyzers at steady-state operating conditions to correlate the current 

density and cell voltage drop. This indicates that the PEM electrolyzer operates best at 

electrical current densities below 0.1 A/cm2, and the low response time indicates a fast 

flowrate change due to the short thermal response time of 2 minutes in the electrolyzer. 

These two factors combined can explain the low variation of 7.7% in annual flowrates 

between the 4 different scenarios. In a SOEC, the voltage drop increases with increasing 

electrical current density, just like that of a PEM electrolyzer. The resu lts from the 

modeling of the SOEC for the four cases was performed such that the maximum 

operational temperature in the HTE is 1000 oC. The high response time of the 

electrolyzer (10 hours), indicates a much slower response to changes in electrical 

densities in the electrolyzer compared to the LTE. This correlation between the effect of 

temperature and response time explains the higher flowrate in the case of continuous 

operation. However, a higher number of electrical power variations and standard 

deviation in electrical current (Case A and D) lead to a much lower overall f lowrate.  

 

(a)      (b) 

Figure 2.11: Polarization curve for (a) PEM electrolyzer highlighting the relationship between the 

electrical current density and cell voltage in the electrolyzer and (b) SOEC highlighting the 

relationship between the electrical current density and cell voltage in the electrolyzer 
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2.4 Conclusions and future work 

The study concludes that the operational temperature of an electrolyzer and the nature 

of electrical current input have a significant impact on maximizing hydrogen production. 

While a HTE can reach maximum exoergic efficiency of 95%, a varying electrical current 

operation of the SOEC has shown that it is diff icult to always operate a HTE at its 

maximum efficiency. The method of operation of the electrolyzers as a standalone 

technology (continuous/dynamic) influences the overall hydrogen output from a given 

electrical power input. 

 

The results from the electrochemical and thermal modeling of the electrolyzers show that 

statistical variation in the different summarized data sets have a significant impact on the 

evaluation of a P2G system. The change in operational temperature in the different 

operational modes influences the overall hydrogen production. This is because the 

difference in the thermal response time in the LTE and HTE causes a non-linear 

increase/decrease in the flowrate of hydrogen. Since the LTE responds quickly when the 

curtailment is unpredictable it shows a high potential to maximize H2 production when 

responding to sudden or short increases in curtailed renewable power (as seen in case 

A, case C, and case D). However, it should be noted that both electrolyzers produce their 

maximum hydrogen flowrate when the electrical current is sent continuously to the 

electrolyzer (case B). Though case B shows the largest hydrogen production for both 

LTE and HTE, the low thermo-neutral voltage in HTE enables a much higher efficiency 

in HTE. Hence, applications of the SOEC could prove lucrative where there is a regular 

and constant oversupply of renewable electricity, for example, due to overcapacity.  

 

This study provides a detailed insight into the effect of operational parameters on the 

overall hydrogen output from the electrolyzers. It could also be used as a groundwork for 

further research in P2G systems as an interconnecting technology between the electricity 

and gas grid in a decarbonized energy system. The results from the modeling 

demonstrate that the PEM electrolyzer is better suited to a variable renewable electricity 

source while a SOEC has a higher efficiency when in continuous operation, however, 

choosing to invest in one electrolyzer over the other, could be more complex. This study 

answers one part of the question, i.e., operational challenges of LTE and HTE as a 

standalone technology. Other technical and investment decisions such as technical 
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feasibility, future innovations in the material of construction of electrolyzers, carbon tax 

rebates, economies of scale, and long-term investment benefits are not considered.  

 

Minimizing the cost of producing hydrogen is the major objective while assessing the 

feasibility of P2G technology. Production of cheap hydrogen opens new avenues for its 

use as a green fuel for heating, power generation, or transportation and allows it to 

compete in the market with fossil fuels. The transition to a hydrogen economy is a 

potential avenue to a net-zero/decarbonized future, however, continued research and 

development are required to ensure that the transition happens sooner rather than later. 
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Abstract 

Decarbonization of the heating sector is essential to meet the ambitious goals of the 

Paris climate agreement for 2050. However, poorly insulated buildings and industrial 

processes with high and intermittent heating demand would still require traditional boilers 

that burn fuel to avoid excessive burden on electrical networks. Therefore, it is essential 

to assess the impact of residential, commercial, and industrial heat decarbonization 

strategies on the distribution and transmission gas networks. Using building energy 

models in EnergyPlus the progressive decarbonization of gas-fueled heating was 

investigated by increasing insulation in buildings and increasing the efficiency of gas 

boilers. Industrial heat decarbonization was evaluated through a progressive move to 

lower-carbon fuel sources using Matlab. The results indicated a maximum decrease of 

19.9% in natural gas utilization due to buildings' thermal retrofits. This, coupled with a 

move towards the electrif ication of heat, would reduce volumes of gas being transported 

through the distribution gas network. However, the decarbonization of the industrial heat 

demand with hydrogen could result in up to a 380% increase in volumetric flow rate 

through the transmission network. A comparison between the decarbonization of 

domestic heating through gas and electrical heating is also carried out. The results 

indicated that gas networks could continue to play an essential role in the decarbonized 

energy systems of the future. 

Keywords: Natural gas; Hydrogen; Heat decarbonization; Thermal retrofits; 

Energy demand reduction; Gas network 
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3.1 Introduction 

The advent of industrialization and the urbanization of society has led humans to spend 

more time indoors. At present, humans spend about 90% of their time indoors, 70% of 

which is at home (Gray and Timm, 2019). Physical comfort (warmth) is one of the basic 

needs outlined by Maslow's hierarchy of needs, and hence, we spend a lot of time and 

resources ensuring our comfort. Building heating and cooling is one of the primary 

energy-consuming sectors, contributing 40% of the primary energy consumption in the 

United States (US) and the European Union (EU) (Cao et al., 2016) and resulting in 

between 30% and 36% of energy-related global CO2 emissions (Larsen et al.). 

Approximately 50%–70% of the total heating demand in western countries consists of 

heating, ventilation, air-conditioning, cooling systems (HVAC), and 30%–50% on water 

heating (Dirks et al., 2015). 

 

The energy sources for the heating sector in Europe primarily consist of fossil fuels (coal, 

oil, and natural gas). Approximately 70% of residential heat in the EU was from fossil 

fuels in 2015 (Bertelsen and Vad Mathiesen, 2020), and even in developed countries, 

e.g., Ireland, many old buildings still have an open fireplace for heating that uses solid 

fuels to heat water (Donnely, 2010). The housing stock in Ireland has been identif ied as 

amongst the least energy efficient in Northern Europe (Ahern and Norton, 2019) and is 

characterized by large amounts of heat wasted due to the low energy efficiency devices 

(Dirks et al., 2015, EU Commission, 2016). Therefore, there is the potential to reduce 

the carbon emissions of the Irish heating sector through the efficient use of natural gas. 

Residential heating and cooking were 13% of the overall gas consumption in Ireland in 

2019, while 30% of gas demand was in the non-residential heating sector, and 58% was 

for power generation (CSO, 2019). The Irish gas distribution network is extensive and 

modern, reaching all major urban areas (GNI 2019), and can be considered underutilized 

in efforts to decarbonize heating. 

 

Total building heating and cooling energy demand can be split into residential, 

commercial, and industrial buildings, where residential buildings account for 

approximately 75% of the total European building floor area (BPIE, 2020). Since 79.6% 

of residential building energy demand is due to water and space heating (SEAI, 2017, 

Clancy, 2015), decarbonizing the residential heating sector would contribute significantly 

to reducing carbon emissions from buildings (Staff, 2020, Ürge-Vorsatz et al., 2015, 
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Department of Communication, 2009). The commercial/public service sector contributes 

to approximately 20% of the overall heat demand. In both the residential and commercial 

heating sectors, the electrif ication of heat by installing heat pumps improves energy 

efficiency and can achieve decarbonization goals. Heat pumps require high insulation 

levels in buildings, as the efficiency of heat pumps is higher when the final heating 

temperatures are below 40-45 oC, making them an efficient choice for residential heating 

(Hirvonen et al., 2015) where a constant temperature is maintained. For residential 

heating, the coefficient of performance of heat pumps is typically in the range of 3-5, and 

their use could save €500 a year in running costs compared to conventional electrical 

and fueled heating technologies (Valancius et al., 2019, Vekony, 2021). The high upfront 

costs of heat pumps (€5000–€45,000) (Vekony, 2021) coupled with the high insulation 

requirements make them a more suitable choice for high-end buyers or new 

developments. Therefore, additional policy measures and support from governments are 

required to upgrade existing buildings and promote heat pumps. Electrification of heat in 

low-heating demand sectors can effectively reduce CO2 emissions (Steinbach et al., 

2017, Scheer, 2020), however; gas boilers could still be required to meet peak and high 

heat demands (Chaudry et al., 2015).  

 

While efforts toward decarbonizing the low heating demand sector focus on retrofits and 

the electrif ication of heat, decarbonization of high heat demand would include replacing 

carbon-intensive fuels with low or zero-carbon substitutes, such as natural gas and 

hydrogen. The decarbonization pathways for residential and commercial buildings are : 

1. Demand reduction 

2. Renewable gas (Gasification/Biomethane/Hydrogen) 

3. Electrif ication of heat (Heat pumps) 

4. Increased efficiency of energy use (Integration of heat networks, Insulation)  
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Table 3.1: A summary of the pathways towards decarbonization (Ervia, 2018) 

 Decarbonization potential Cost 

Prosumer Low Low 

Biomass Low Low 

Insulation High Low 

Biomethane High Low 

Hydrogen High High 

Heat networks High High 

Heat pumps High High 

 

The weighting of the various decarbonization pathways against their decarbonization 

potential and the cost is outlined in Table 3.1. This provides an overview, categorizing 

the pathways based on their decarbonization potential and their relative cost. The 

prosumer method of decarbonization is when individual end-users, use their own 

initiative to lower their carbon footprint through the installation of renewable energy 

generation and reduction of their energy demand. Given it requires individual initiative 

and financing, it is beyond the reach of many individuals. While the potential to reduce 

emissions with the prosumer approach could be high given recent advancements in 

peer-to-peer energy trading, it involves a high degree of uncertainty on whether and 

when it would happen. So, from an energy systems perspective, the decarbonization 

potential is "low," and the energy system's cost is low to nil, as it is individually financed. 

Reducing energy consumption of home heating through insulation can achieve 

significant carbon reductions, however, retrofitting homes requires significant monetary 

(between 30,000-80,000 €) and time investments (Superhomes, 2019, O'Sullivan, 2020), 

meaning that it is not attractive to all income groups.  Although stated in the report by 

Ervia (2018), as a low-cost pathway, when the cumulative cost of insulating all necessary 

buildings is taken into account results in a significant cost. Biomethane produced from 

the gasification of wood or crops such as wheat/maize, and anaerobic degradation of 

plant and animal wastes can be used to decarbonize the gaseous feedstock (Pääkkönen 

et al., 2019, Ajayi-Oyakhire and Mohammed, 2012). Using biomass conversion to 

Synthetic Natural Gas (SNG) is a practical approach toward decarbonization as it does 

not require any change to the gas pipeline infrastructure; however, it requires a large 

production of biomass for conversion to biomethane to meet the current gas demand. 

SNG and biomethane are similar in composition to natural gas, and with infrastructure 

for natural gas already in place, it is a low-cost option for end-users as no capital cost is 

required to upgrade equipment. Another method for decarbonizing heat involves 
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recovering industrial waste heat and supplying it to surrounding buildings. This requires 

an integrated heat network and therefore has a limited opportunity in existing 

developments. In Ireland, district heating infrastructure is less than 1% of the heat market 

compared to a European average of 10%) (Gartland and Bruton, 2016, Energy in Ireland, 

2017, Ervia, 2018). 

 

The inclusion of hydrogen into gas networks, either alone or with natural gas, can 

contribute to its decarbonization. Hydrogen has a high potential for decarbonization 

because it emits only water as a by-product. Despite this strong potential, it has some 

major drawbacks. First, a 100% hydrogen system may require the entire piping system 

to be changed from steel to polymer/fiber-reinforced pipelines to prevent pipe 

embrittlement and increased joint inspection for leaks (Hydrogen pipelines, 2021, Gillette 

and Kolpa, 2007). Second, engines or burners need to be refitted to accommodate 

hydrogen. Third, additional safety measures to add color and smell to the gas are needed 

(Mouli-Castillo et al., 2020). Hydrogen, for gas decarbonization, has a strong research 

consensus as a potential zero-carbon source for gas decarbonization, and many 

hydrogen cities are presently being developed in Rotterdam, Netherlands (HyWay 27, 

2021) Leeds U.K. (H21 Leeds, 2021), and Tokyo, Japan (HARUMI FLAG) 

(FuelCellsWorks, 2019), to analyze the practical implications of moving to hydrogen. 

When looking at a city/community of buildings, a simple and practical investigative 

approach to analyze the system-level effects of increasing energy use efficiency in the 

heating sector and understand the challenges encountered in the gas network would be 

beneficial. 

 

Ireland has resolved to undertake an ambitious mission to transform into a low-carbon 

economy by 2050 (Staff, 2020). Transforming to an energy system dominated by 

renewable electricity requires significant investment in changing the technology in the 

end-use sectors. During this transition, end-use technologies that use fossil fuels are still 

economical, especially for intermittent high energy demands, e.g., domestic, and 

industrial heating. Natural gas is a lower-carbon substitute to replace high-carbon-

emitting fossil fuels. Therefore, natural gas would continue to be part of the energy mix 

until 2050. This beckons the research question for the study, i.e., how does the 

decarbonization of the heating sector impact the gas demands and the use of gas in 

Ireland? 
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A combination of EnergyPlus and Matlab was used to analyze the effect of deep retrofits 

in buildings using natural gas for heating on Irish gas network demand as of 2016. 

EnergyPlus is a commonly used building energy simulation tool that generates bu ilding 

energy demand data. Combining EnergyPlus with Design-Builder or other Graphical 

User Interface (GUI) simulation tools is commonly used by research engineers, 

architects, and researchers to obtain building energy consumption data. In addition, 

EnergyPlus has an extensive database of building codes developed by the United States 

Department of Energy (U.S. DOE). EnergyPlus enables the user to create more detailed 

simulations of buildings rather than HVAC components as in other building simulation 

tools. 

 

Research in building simulation has mainly focused on simulating a specific building and 

understanding the impact of increased energy efficiency measures on the total electricity 

and gas consumption. Pan et al. (2011) used EnergyPlus alongside a GUI simulation 

tool Design-Builder to visualize and change the specific geometry of the building, such 

as daylight dimming and occupant sensors, and compared it with the energy demand 

data from an actual building. Mambo et al. (2013), presented a model to improve the 

energy efficiency and CO2 savings in a UK airport terminal building using actual data and 

real-time occupancy behavior.  

 

Research studies on the effect of decarbonization of heat on the gas network are limited. 

Haghi et al. (2020) focused on addressing a multistakeholder approach to optimizing 

total systems cost in an energy system. Their results indicated that at higher carbon 

prices, with constant renewable electricity penetration, natural gas boilers remain the 

primary heat source, contributing to 80% of the demand for heating, and that heat pumps 

are cost-effective for consumers only at carbon prices above £100 per tonne of CO2. 

Other related studies include Bauermann, et al. (2014), where they focused on 

increasing renewable electricity penetration and heat supply technologies to reduce the 

heating supply cost and CO2 emissions using GAMS.  

 

Thermal retrofits are still essential when transitioning towards electrical heating, as heat 

pumps are only effective in well-insulated homes. Gas heating could exploit this 

necessity, and buildings using gas heating could still garner significant cost benefits by 

retrofitting homes and reducing their energy consumption. Studies on cost and carbon 

savings obtained with thermal retrofits to the current Irish building stock identif ied a 
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theoretical potential to reduce carbon emissions by 44 % in new buildings (Ahern et al., 

2013). 

 

In Ireland, the industrial sector primarily uses gas to provide high-temperature heat. 

Assessing the pathways for the decarbonization of industrial heat demand does not 

include a change to devices or process/efficiency improvement. It is beyond the scope 

of this study to delve into the specifics of each industrial user. Instead, an analysis of the 

effect of switching to low or zero-carbon fuels (natural gas and hydrogen) in combination 

with the decarbonization of buildings is carried out to add context to the decarbonization 

pathways set out for low and high heating demands. The combined effect of these 

changes in sectors connected to the Irish gas network is obtained.  

 

This study examines the impact of heat decarbonization policies prioritized by the Irish 

government on the gas network and advances the study using a novel approach. It 

provides a more practical approach by using outputs from EnergyPlus, which provide a 

helpful framework for bridging the divide between building energy modelers and energy 

systems models. To understand the effects of increasing insulation in bui ldings and 

increasing gas boiler efficiency, an estimate of the effect of these measures on the gas 

network is obtained. The studies conducted in buildings so far use an individual building 

approach. Most studies so far focus on individual building energy efficiency 

improvement, along with an analysis of the decarbonization potential. The impact of 

these energy efficiency improvements on the demand for gas from an energy system 

perspective has not been studied. This study uses an energy systems approach where 

the effect of energy efficiency measures on all buildings is acclimated, and the combined 

effect of all heating sectors (residential, commercial building, and industrial) is combined. 

The total decarbonization that can be achieved by combining all these sectors is studied.   

 

Each sector is considered separately, and the combined effect of decarbonization on the 

gas demand in the transmission network is discussed. This research aims to provide:  

1. A deeper understanding of the effect of decarbonization strategies on gas demand 

profiles, and  

2. Investigate the potential of the gas network in aiding a low-carbon energy system 

by exploiting the existing gas infrastructure. 

 



 

40 
 

This study does not consider potential scenarios such as converting oil/fuel-based 

heating in residential or commercial sectors to gas-based heating. Analysis of these 

scenarios requires additional details on the location of these homes and their access to 

the gas network. Other limitations of the study include overestimating the insulation 

required in commercial buildings, which means the building consumes more energy to 

maintain indoor comfort as heat penetration during the warmer months is limited by the  

additional insulation. Additionally, this study is conducted as a case study analysis. When 

building thermal retrofits are considered, it is assumed that all gas-heated buildings are 

retrofitted to "A-level" homes. While this is not impossible, it is unlikely to happen in a 

low-carbon future. 

 

Additionally, it is also assumed for the industrial heating sector that all the carbon-

intensive fuels are replaced by gas-based fuels (hydrogen/natural gas). Hence, this case 

study considers the highest possible decarbonization in the heating sector. The results 

do not accurately describe what will happen, e.g., not all gas-heated homes may be able 

to achieve “A-rated" standards. However, it does provide a modeling basis for these 

studies to be carried out in the future. In addition, valuable information to gas network 

operators and energy systems researchers on the technical impact of decarbonizing the 

heating sector on gas demand is provided in this work. 

3.2 Modeling methodology 

A modeling approach was developed to evaluate the effect of heat decarbonization 

pathways on the overall gas demand and consumption profile in Ireland's distribution and 

transmission natural gas networks.  

 

Individual building consumption profiles are evaluated to determine how building 

improvements impact gas demand in the distribution network. The gas heating demand 

for residential and commercial buildings in Ireland was calculated using two engineering 
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software programs: EnergyPlus and Matlab. Figure (3.1) outlines the practical input-

driven approach methodology for assessing the effect of building heat decarbonization.  

Figure 3.1: Modeling methodology to investigate the effect of heat decarbonization strategies in 

residential and commercial buildings on the gas network, along with the combination of total 

industrial energy demand supplied as gas. 

Many standard residential and commercial building types exist within EnergyPlus, and 

their energy consumption is obtained using reference building models from the U.S.DOE 

(www.energy.gov) website. (Clemente, 2017). These reference building models are 

equated to an equivalent Irish building type, as provided by the Central Statistics Office 

(CSO) Ireland (Table 3.2). The modeling was carried out in 3 main steps: 

1. Obtaining individual building gas consumption from EnergyPlus 

2. Calculating and analyzing total building energy consumption for the Irish case 

study in Matlab 

3. Combining total residential and commercial building gas consumption with the 

total gas consumption in the industrial sector 
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Table 3.2: Equivalent Irish and equivalent U.S. DOE building types. 

Irish residential and commercial 

buildings available in 2016 

(www.data.cso.ie) 

Equivalent EnergyPlus building model name 

Hospital Hospital 

Large hotel Large hotel 

Small hotel Small hotel 

Large office Large office 

Restaurant Restaurant 

Retail store Stand-alone retail 

Small office Small office 

Supermarket Supermarket 

Warehouse Warehouse 

Apartment 

Electrical 
Multi-family home unheated basement, electric 

heating 

Gas Multi-family home unheated basement, gas heating 

Heat pumps Multi-family home unheated basement, heat pumps 

Oil furnace Multi-family home unheated basement, oil heating 

Detached homes 

Electrical Single-family home slab basement, electric heating 

Gas heating Single-family home slab basement, gas heating 

Heat pumps Single-family home slab basement, heat pumps 

Oil furnace Single-family home slab basement, oil heating 

 

For EnergyPlus to determine the energy consumption for each building, it must be 

provided with information regarding the type of heating system, including boiler 

efficiency, insulation properties including the thermal conductivity,  thickness of the 

material, and weather conditions. Since EnergyPlus contains 17 sets of building codes 

from the USA, Salem, McNary, Oregon USA was selected in a temperate marine climate 

zone, similar to Irish climatic conditions (EnergyPlus, 2021). Hence, residential, and 

commercial building codes representative of this region are used. The weather data for 

Dublin, Ireland, obtained from the EnergyPlus website (Santos, 2013), were then used 

as an input in the model to obtain the gas consumption of each building type. The 

software is then run for 3 cases, as outlined in Table 3.3.  

 

Case A consisted of raw data for buildings obtained from EnergyPlus. The U-values for 

the insulation layers were obtained from the building surface details in EnergyPlus files. 

On average, commercial buildings are poorly insulated, except for wall insulation. The 
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average area-weighted wall insulation (combination of internal and external insulation) 

in residential buildings was calculated to be 0.38 W/m2K. For Case B, a U-factor of 0.13 

W/m2K, 0.15 W/m2K, 0.16 W/m2K, 0.14 W/m2K, and 0.84 W/m2K (The A-rated Energy-

efficient concrete home, 2009, Window Energy Performance, 2014, Passive house, 

2020) are considered for the attic insulation, external wall insulation, internal wall 

insulation, floor insulation, and window glazing respectively. These values represent the 

ambitious levels of insulation that can be achieved for residential and commercial 

buildings in Ireland for an "A" rated building (The A-rated Energy-efficient concrete home, 

2009). An "A" rated building is the highest level of insulation required for a 

residential/commercial building. However, the cost for achieving an A-rated building is 

high; hence realistically, some homes that are considering thermal retrofits may opt for 

a lower building energy efficiency rating 

 

In addition to increased insulation, another commonly practiced demand reduction 

approach in residential and commercial buildings is increasing the heating device's 

energy efficiency. For example, for buildings with gas heating, the efficiency of gas 

boilers can be improved to 95% (E1) (Alsop, 2020). This represents Case C, where the 

gas boiler efficiency is improved in addition to thermal retrofits. 

Table 3.3: Parameters of U-Factor and gas efficiencies considered for the 3 scenarios 

Parameter 
Level of 

insulation 

Case A (Base case) 

(Obtained from 

EnergyPlus files) 

Case B  

(Improved 

insulation) 

Case C 

 (Improved insulation 

and increased gas 

efficiency) 

  Residential Commercial   

U-Factor 

(Watts/m2K)  

(The A-rated 

Energy 

ef f icient 

concrete 

home, 2009, 

WEP, 2014) 

Window 1.7 2.04 
0.84 

(U1,window)  
0.84 (U1,window)  

External 

wall 
7.4 

0.39 

0.61-0.73 

0.15 

(U1,External 

wall) 

0.15 (U1,External wall) 

Internal 

Wall 
0.41 N/A 

0.16 

(U1,internal 

wall) 

0.16 (U1,internal wall) 

Attic 0.15 0.19-33.4 
0.13 

(U1,attic) 
0.13 (U1,attic) 

Floor 0.22 33.4 
0.14 

(U1,floor) 
0.14 (U1,floor) 
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EnergyPlus uses these inputs to calculate the overall gas demand of buildings. The 

outputs from the EnergyPlus simulation included the gas and electricity demand for 

individually modeled buildings. The building gas demand data is used as an input for the 

Matlab model, which calculates the total gas demand for Ireland's residential and 

commercial buildings. The overall gas demand was then calculated using Equation (3.1).  

 

Total gas demand= ∑(Ni  × GDi)                (3.1) 

 

N = number of buildings, G.D. = gas demand in kWh, and i = type of building. Equation 

3.1 generates a matrix containing the quarter-hour gas demand for each day.  

 

Matlab was then used to collate the outputs from EnergyPlus and generate the heating 

gas demand of the entire Irish building stock. According to the Sustainable Energy 

Authority of Ireland, there are 1,697,665 residential buildings and 109,086 commercial 

buildings (SEAI, 2018, CSO, 2016, Scheer, 2015) as of 2016. Tables 3.4a and b contain 

a breakdown of the types of buildings and their heating sources.  

 

 

 

 

 

 

 

 

 

 

 

 

Gas boiler 

Ef ficiency 

(%) (Alsop, 

2020) 

 80 (E0) 80 (E0) 95 (E1)  
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Table 3.4(a): Type and number of  commercial buildings in Ireland in 2016 (Scheer, 2015) (b): 

Type of  building, heating, and number of occupied residential buildings in Ireland in 2016 (CSO, 

2016) 

 

It was not possible to find a breakdown of the heating sources for commercial buildings 

in Ireland. Therefore, it is necessary to estimate the percentage of commercial buildings 

that consume gas. Information on the number of residential and non-residential gas 

meters in Ireland in 2016 was obtained from the CSO website. Approximately 6.76% of 

Ireland’s population (about 321,676 people as of 2016)  (CSO, 2020) do not have the 

possibility of a gas network connection owing to the location of gas network pipelines. 

Furthermore, not all regions have a gas pipeline, and even in those that do, the pipeline 

only serves major urban centers (Networked gas consumption, 2020). Therefore, from 

the data in Table 3.4b, only 21% of residential buildings use gas as their primary heating 

source, which is 356,510 residential buildings in total. This 21% was also taken as the 

number of commercial buildings that use gas, which is 22,894. The analysis of the results 

was carried out in two steps. First, the results of building energy consumption obtained 

from EnergyPlus were used as inputs in Matlab. Second, a model with the number of 

residential and commercial buildings in Ireland was developed in Matlab to calculate the 

overall gas demand. As a result, the amount of decarbonization that can be achieved 

using the two demand reduction approaches, namely 1) increasing the insulation in gas-

heated buildings and 2) increasing the efficiency of natural gas boilers, were obtained. 

Additionally, the combined effects of residential and industrial fuel demands shifting to 

low-carbon fuels (i.e., natural gas and hydrogen) on the overall demand for gas were 

also obtained. 

Residential buildings 

Type of  

Building 

Type of  

heating 
Number  

Apartment Electrical 50,782 

 Gas 42,657 

 Heat pumps 6,094 

 Oil furnace 104,612 

Detached 

homes 
Electrical 373,380 

 Gas heating 313,639 

 Heat pumps 44,806 

 Oil furnace 761,695 

Total  1,697,665 

Commercial Buildings 

Type of  Building Number 

Hospital 86 

Large hotel 1,000 

Small hotel 3,000 

Large office 2,000 

Restaurant 16,000 

Retail store 37,000 

Small office 40,000 

Supermarket 3,000 

Warehouse 7,000 

Total 109,086 
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3.2.1 Building model validation 

The residential and commercial building models were validated by comparing the overall 

electricity and gas demand obtained using EnergyPlus and the gas demand reported by 

SEAI for residential and commercial buildings (Table 3.5). In addition, a curve-fitting tool 

(lsqcurvefit), i.e., a non-linear least squares solver, was used in Matlab to obtain the 

number of each type of residential and commercial building that will give a similar gas 

demand as that of the actual gas consumption in the heating sector as of 2016 (SEAI 

2018, CSO, 2016). This is used to reference the number of buildings included in the 

model and aids in understanding the system-level changes in the transmission network 

due to gas demand transformation resulting from heat decarbonization strategies.   

 

The model was validated against the values obtained from the CSO and SEAI websites 

(Table 3.5). While there is a discrepancy in the number of buildings obtained by curve 

fitting and the actual number of residential and non-residential (commercial and public 

services) connected to the gas network, the difference is less than 1%. The slight 

difference may be due to differences in the building codes between USA and Ireland. 

Additionally, the gas consumption for all buildings in each type is homogeneous, which 

is not an accurate reflection of the variation within a building type. Another assumption 

made in this approach is the differences between apartment buildings which contain on 

average 6 dwellings per building in Ireland (CSO, 2016), and 20 dwellings in a multi-

family home in Salem, Oregon, USA, (Im-orb et al., 2018). The multi-family building 

model from EnergyPlus consists of 18 living units per multi-family home (Taylor et al., 

2015). The breakdown of the number of buildings used in the model was calculated using 

the curve-fitting tool, and the results were obtained (Table 3.5). 

Table 3.5: Validating the model of residential and commercial heating demands using data from 

SEAI 

 
Gas heating 

demand 

Actual gas heating 

demand (2020b, 2020a) 
EnergyPlus Model 

 
Type of 

Building 

Number 

of gas 

meters 

(CSO) 

Total energy 

consumption 

(KTOE) 

Number 

of living 

units 

Total energy 

consumption 

(KTOE) 

Residential 

Apartment 

659,722 616 

583,470 466.4 

Detached 

homes 
89,052 157.2 
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Total 

(Residential) 
   672,522 623.6 

Commercial 

Hospital 

28,551 394 

22 3.6 

Large Hotel 250 27.3 

Large Office 750 38.9 

Restaurant 500 13.1 

Retail 4,000 44 

Small Hotel 9,250 237.6 

Small Office 10,000 0.2 

Supermarket 750 7.8 

Total 

(Commercial) 
   16,272 372.4 

Total  688,273 1010 688,794 996 

 

3.2.2 The combined effect of residential and Industrial decarbonization 

For the decarbonization of industrial heat demand, the stagewise conversion of all 

industrial processes to lower carbon fuels was considered.  

1. Scenario 1: Conversion of all industrial heat demands to natural gas.  

2. Scenario 2: Conversion of the natural gas network to a blended network with a mix 

of hydrogen (20 vol%) and natural gas (80 vol%). 

3. Scenario 3: Conversion of the natural gas network to a 100% hydrogen network. 

 

Scenarios 1 and 2 do not require a significant change in the current gas infrastructure, 

whereas scenario 3 may require upgrades of gas pipelines to accommodate 100% 

hydrogen (John, 2020). The decarbonization potential of the primary industrial sector 

was identif ied based on the energy consumption in the 8 major industrial sectors in 

Ireland (Appendix A). Decarbonization potential in sectors, i.e., replacing carbon-

intensive fuels with gas, was obtained, and the reduction in CO2 emissions in scenarios 

1, 2, and 3 were calculated. The residential, commercial, and industrial sector results 

were combined, and the overall change in volumetric gas consumption and CO2 

emissions was calculated to identify the decarbonization achievable using gas-based 

vectors in the heating sector using equation 3.2. 

 

Fraction decrease in CO2 emissions = ∑((ECi × CCi )- (ECi × CCNG))/ (ECi × CCi )          (3.2)  
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EC is the energy consumed by a carbon-intensive fuel in MegaJoules, and CC is the 

carbon content of the fuel in kgCO2/MJ, CCNG is the carbon content in natural gas, and i 

is the type of fuel.  

The resulting increase in the flow of natural gas is calculated by equation 3.3.  

 

Increase in flow of natural gas = ECi  / HHVNG               (3.3) 

 

Where HHVNG is the higher heating value of natural gas (MJ/m3). A higher heating value 

for natural gas and hydrogen was used to represent the maximum heat utilization from 

burning the fuels. 

 

Using equations (3.2) and (3.3), the decrease in carbon emissions and increase in gas 

flow when switching from carbon-intensive fuels to natural gas were calculated. 

 

The total increase in flow rates in scenarios 1, 2, and 3 was calculated using Equations 

(3.4) and (3.5). 

 

Total increase in flow = Energy consumed/ ((VNG × HHVNG)+(VH2 ×HHVH2))   (3.4)  

 

Total decrease in CO2 emissions = (Total increase in flow × VNG × SCENG /HHVNG)   (3.5) 

 

VNG is the volume fraction of natural gas, VH2 is the volume fraction of hydrogen, HHVH2 

is the higher heating value of hydrogen, and SCENG is the specific carbon dioxide 

emissions of natural gas (kCO2/MJ).  

3.3 Results and discussions 

3.3.1 Building heating requirements 

A daily gas consumption profile for each type of residential and commercial building is 

obtained from the EnergyPlus model. To illustrate the impact of the carbon-reduction 

measures on the maximum, mean, and minimum daily gas demand profiles for a hospital 

and a single-family home (Figure 3.2 and Figure 3.3) and the total gas consumption for 

the residential and commercial buildings (Figure 3.4) are graphically presented. 
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Figure 3.2: 24-hour gas consumption profile for a hospital, for the maximum, mean and minimum 

daily usage, for case A, B, and C. 

 

Figure 3.3: 24-hour gas consumption profile for a single-family home with gas heating from the 

maximum, mean, and minimum daily usage, for case A, B, and C. 

The natural gas demand for each building varies across the 24-hour period, consistent 

with typical heating demands. Increased building insulation (Case B) makes a more 

significant reduction in gas consumption for a residential home than in a hospital since 

residential homes are typically more enclosed compared to commercial buildings (in this 

case, a hospital). The increased insulation results in a more significant reduction in gas 

demand for a winter's day which corresponds to the maximum daily usage in figures 3.2, 
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3.3, and 3.4. In contrast, there is a significant increase in gas demand during working 

hours in the hospital throughout the year. The average gas consumption for a residential 

house in Ireland is 11,000 kWh (CER, 2017), and for Case A, the individual home had 

an average gas consumption of 12,719 kWh, which was reduced to 9,903 kWh for Case 

B and 9,668 kWh for Case C. The natural gas demand for the residential and commercial 

building sectors decreased by 18% and 19.9% in Cases B and C, respectively (Table 

3.6). For the maximum gas demand profile, slight changes were observed in the 

commercial sector and more significant changes in the shape of the profiles for the 

residential sector (figures 3.3 and 3.4). It must be noted that the minimum hourly profile 

for a hospital shows that between 6 PM and 12 AM, case B shows a slightly higher 

demand profile than case A. This is due to over insulation of the buildings, where, on a 

warm day, the additional insulation prevents heat from entering the building from outside, 

thus requiring the heating to be turned on. Since the model looks at an energy balance 

to maintain the temperature inside the building, it assumes that the building would need 

some heating during the summer months. However, this is not a reflection of reality.  

 

Figure 3.4: A 24-hour gas consumption profile for the maximum, mean, and minimum day in 

residential and commercial buildings for Case A, Case B, and Case C. 
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Figure 3.5: The total gas demand for residential and commercial buildings in Ireland and the 

percentage change in gas consumption for each month in Case A, Case B, and Case C 

When the gas consumption for the residential and commercial buildings is aggregated 

monthly (Figure 3.5), there was a noticeably reduced impact of the energy-saving 

measures during the summer months. The primary demand for gas in the summer 

months is for cooking and water heating (SEAI, 2019), not space heating, so additional 

insulation levels have little or no impact. On the other hand, up to a 25% reduction in gas 

demand for the heating of residential and commercial buildings can be observed during 

the winter months. The impact of the additional insulation is that the gas demand profile 

in the distribution network is more consistent throughout the year, with the difference 

between summer and winter gas demand reducing from approximately 90% in case A to 

40% in Case C. The results are in keeping with those by Wilson et al. (2013), where for 

a similar climate, regardless of the future energy path the energy demand in winter will 

continue to be greater than in summer. These increased efficiency measures additionally 

reduce the annual carbon dioxide emissions by 18% in Case B and 19.9% in Case C.  

(Table 3.6). While the results from this study agree with those by Qadrdan et al, (2019), 

and both show a decrease in gas demand for domestic heating, the causes are different, 

and in Quadran et al. (2019) the cause of the reduction in gas demand is due to increased 

heating from heat pumps. 
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Table 3.6: Total decrease in gas consumption for the residential and commercial buildings 

(m3/year) for the three cases. 

Case 

Detached 

home 

(kWh//annum) 

Apartment 

building 

(kWh//annum) 

Commercial 

buildings 

(kWh//annum) 

Annual gas 

consumption 

(kWh//annum) 

Case A (Base 

Case) 
1.83 x 109 5.42 x 109 4.33 x109 11.58 x 109 

Case B 

(Buildings with 

improved 

insulation) 

1.23 x 109 4.41 x 109 3.80 x 109 9.44 x 109 

Case C 

(Buildings with 

improved 

insulation and 

gas boiler 

ef f iciency) 

1.16 x 109 4.35 x 109 3.72 x 109 9.23 x 109  

 

The results show that thermal retrofits in buildings would significantly change the profile 

and volume of the overall gas consumption. To help gain insight into the effectiveness of 

the insulation in reducing gas demand, individual measures were examined in detail. 

This was done by modifying one insulation layer at a time, e.g., the thickness of the 

insulation layer in the internal wall was alone was increased to represent an "A-rated" 

building, and its effect on the overall gas consumption was obtained (Table 3.7). The 

effect of individual insulation measures showed that external wall insulation, internal wall 

insulation, and window glazing had the highest impact on gas consumption. Floor 

insulation leads to no decrease in gas demand. Similar studies on the Irish building stock 

showed that floor insulation does not impact the heat loss in residential buildings (Ahern 

et al., 2013). The cost of window glazing (from single glazing to double glazing) is the 

highest (245-299 €/m2), with an average payback period of 33 years (Ahern et al., 2013, 

Coyle, 2015). Heat loss from windows accounts for only 10% of the heat loss in 

residential buildings (Donnelly, 2010). Heat loss from the walls and attic/roof accounts 

for 35% and 25% (Donnelly, 2010) of the heat loss, respectively. Because of economies 

of scale, as roof/attic and walls account for a larger surface area of the buildings; the 

insulation costs are significantly low (approximately 100 €/m2 for wall insulation and 15 

€/m2 for attic/roof insulation) (Ahern et al., 2013) with an average payback period of 2-7 
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years, depending on the material used (Coyle, 2015). These factors need to be 

considered by individuals and companies when considering thermal retrofits in buildings. 

Table 3.7: Total decrease in gas consumption in residential and commercial buildings with 

dif ferent layers of insulation 

Insulation level Gas consumption (TWh) 
% Decrease in gas 

consumption 

Commercial sector 

No improvement in insulation 4.33  

External wall insulation 4.09 5.54% 

Floor insulation 4.33 0%2  

Attic insulation 4.28 1.16% 

Internal wall insulation 4.29 0.92% 

Window glazing 4.12 4.79% 

Residential sector 

No improvement in insulation 6.78  

External wall insulation 5.87 13.30% 

Floor insulation 6.764 0.16% 

Attic insulation 6.757 0.25% 

Internal wall insulation 6.67 1.6% 

Window glazing 6.21 8.39% 

 

3.3.2 Comparison with electric heating 

Increased insulation in buildings is a requirement for the use of heat pumps.  Depending 

on the level of insulation, this could cost between €400-€600 (for attic insulation), up to 

€110,510 for a deep retrofit (Renewable energy, 2021) (estimated at €778/m2 for a 142 

m2 home), which could be cut down to a maximum capital expenditure of  €80,000 for 

privately owned homes based on SEAI grants in Ireland (SEAI, 2021). Along with the 

insulation costs, the additional capital cost of heat pumps (€3000 – €45,000) (Vekony, 

2021) could mean that the overall retrofit cost may be beyond many homeowners. A 

comparison of the effect of thermal insulation on the total carbon emissions in a single-

family is made for gas heating and a heat pump supplied with electricity with different 

carbon intensities (Figure 3.6). The highest level of insulation in the buildings is 

representative of a passive home (Department of Housing, 2020) (R=6.5). Compared to 

 
2 The results f rom the floor insulation show no change in gas consumption except in a large 
hotel where there is a 0.002% increase in gas consumption. This could be due to the over 
insulation of the buildings. 
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a passive home with a heat pump, a passive home with gas-heated homes presently can 

emit less CO2 emissions when the electrical network's carbon intensity is above 300 

gCO2/kWh. In Ireland, the CO2 equivalent carbon emissions of electricity for 2016 was 

424.9 gCO2/kWh (EEA, 2021). While it is constantly reducing (375gCO2/kWh in 2018) it 

is still higher than many other European countries (EU average 296 gCO2/kWh), so 

currently, natural gas-heated homes can have lower CO2 emissions. It is to be noted 

here that in the EnergyPlus building model a heat pump with a Co-efficient of 

Performance (COP) of 2.5. was used. The COP is a crucial factor when evaluating the 

CO2 emissions of a heat pump, at higher COP values heat pumps are more energy-

efficient and this would change the trend lines in Figure 3.6.  Countries such as Sweden 

(13.3 g/kWh), Denmark (166.1 g/kWh), and UK (281.1 g/kWh), with lower electrical 

carbon intensities, will also have lower total CO2 emissions (EEA, 2021). While in 

Sweden, where electricity prices are as low as 17 cents/kWh (Electricity price statistics, 

2021), and the price of natural gas is 11 cents/kWh (Natural gas price statistics, 2021), 

homes would have lower carbon emissions and lower heating cost utilizing a heat pump. 

However, in countries such as Poland, which has the highest electrical CO2 emission 

intensity in Europe (773.3 g/kWh), thermal retrofits to buildings and gas heating could 

significantly reduce carbon emissions compared to thermal retrofits to buildings with heat 

pumps. Regardless of the energy source for heating, financial savings and carbon 

emission reductions can be achieved with increased building insulation. As the electricity 

network continues to decarbonize, and the associated carbon emissions decrease, the 

benefits of switching to heat-pump will increase, however, the best solution will inevitably 

be determined on a case-by-case basis. 
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Figure 3.6: Comparison of the total carbon emissions from a ssingle-familyhome with gas heating 

f rom EnergyPlus (●), and a single-family home with heat pump (COP =2.5) utilizing electricity of 

dif ferent carbon intensities (― ∙ ∙  425 gCO2/kWh, …… 296gCO2/kWh and ----15 gCO2/kWh, for 

values of increasing insulation R(1/U), where R=6.5 is a passive home.  

3.3.3 Gas for industrial heating 

Incorporating zero-carbon fuels into the transmission and distribution gas network is an 

option that would benefit all natural gas end-users. The potential for reducing carbon 

emissions in each industrial sector was calculated using equations (3.4) and (3.5), and 

the combined change in gas demand (volume and CO2 emissions) of the invested 

measures in the industrial heating sectors are presented in Table 3.8. 
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Table 3.8: Total decarbonization achievable in the industrial sector 

  
Scenario 1 (All 

Natural Gas) 

Scenario 2 

(20 vol% H2 and 

80 vol% Natural 

Gas) 

Scenario 3 

(All H2) 

Increase in the 

volume of gas 

consumed  

 

(m3/year) 4.38 x 108 6.39 x 108 3.18 x 109 

% 52.29% 76.38% 380.33% 

Fraction decrease 

in carbon 

emissions  

 0.15 0.22 1 

 

Figure 3.7: The combined effect of replacing carbon-intensive fuels in the industrial sector with 

gas-based fuels and adopting a demand reduction approach to reducing gas consumption in the 

residential and commercial heating sectors on the overall volume of gas transported for heating.  

Natural gas demand increases when carbon-intensive fuels (coal, peat, and gasoline) 

are replaced by natural gas for industrial heating, as seen in Scenario 1 (Figure 3.7). The 

inclusion of hydrogen to further the transition toward a low-carbon economy in the 

residential, commercial, and industrial sectors would increase the flow in the gas network 
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(Scenarios 2 and 3). In addition, the decarbonization potential of the combination of the 

scenarios (Table 3.9) can vary between 4.36% and 100%. However, this comes with a 

penalty of increased flows of gas through the gas transmission and distribution network. 

In addition, the cost for green hydrogen production is projected to be $4 per kg H 2 (120 

€/MWh) (IEA 2021), which is almost double the selling price of natural gas and is 

presently not cost-competitive with natural gas (approximately 50-78 €/MWh) (SEAI, 

2020). Therefore, shifting to a hydrogen-based energy system can significantly reduce 

the carbon footprint; however, it would incur additional costs for both the network and 

the end-user to upgrade the pipelines and the end-user devices. 

Table 3.9: Decarbonization potential of  the combination of  the residential, commercial, and 

industrial heat demand cases and scenarios 

 Scenario 1 Scenario 2 Scenario 3 

 

Annual CO2 

emissions 

(MillionTonne

s/annum) 

% of  prior 

CO2 

emission   

Annual CO2 

emissions 

(MillionTonn

es/annum) 

% of  prior 

CO2 

emission   

Annual CO2 

emissions 

(MillionTonne

s/annum) 

% of  prior 

CO2 

emission   

Case A 4.64 95.64 % 3.71 77.2 % 0 0 % 

Case B 4.27 83.16 % 3.42 67.17 % 0 0 % 

Case C 4.23 81.94 % 3.38 66.21 % 0 0 % 

 

A reduction of carbon emission by 33.79%, from natural gas usage for heat in industry 

and buildings can be achieved using the current gas infrastructure (Scenario 2 & Case 

C). This aligns with the 40% decarbonization target for 2030 and sets Ireland on a path 

toward meeting the 2050 decarbonization goals. However, another factor to consider is 

the penalty of an increase in gas flow rate due to the inclusion of hydrogen, which is not 

proportional to the reduction in the CO2 emissions obtained. This needs to be considered 

in future scenarios that include more volume fractions of hydrogen in the gas network. 

Furthermore, while increasing linepack efficiency in gas pipelines adds to the flexibility, 

the additional cost of hydrogen compression, gas quality, and safety concerns due to 

hydrogen transmission in the gas pipelines and use need to be considered.  
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3.4 Conclusions 

An analysis of increased energy efficiency measures in buildings shows that the gas 

consumption in the distribution network decreases, as well as with a significant reduction 

in variation in gas demand throughout the year. The reduction in gas consumption due 

to thermal retrofits, even when combined with the carbon emissions of natural gas, 

shows that passive homes with gas heating can significantly reduce carbon emissions 

to levels comparable to passive homes with heat pumps (figure 3.6). The reduction in 

energy demand and variation throughout the year provide the capacity requirements for 

the additional flowrates required when hydrogen is incorporated into the distribution gas 

network. For the high heating demands, such as the industrial sector, shifting from 

carbon-intensive fuels to natural gas/hydrogen reduces carbon emissions; however, the 

shift towards hydrogen comes with additional costs for both network operator and end-

user. Since the present policies and subsidies of the Irish government for reducing 

building heating emissions are directed towards improving building insulation  and 

installing heat pumps, about a 17% reduction in carbon emissions from the gas network 

for heating can be achieved (Case B, in Scenario 1). The high percentage of privately-

owned homes (67.9 % in 2016) combined with low demand for district heating in Ireland 

is further incentive to improve insulation in homes. 

 

The investigative approach used in this study is novel and has not been used previously 

to investigate the impact of heat decarbonization pathways on the gas network. This 

study provides a well-scoped and keen insight into the decarbonization potential of the 

changing nature of gas used for heating in Ireland. Energy systems researchers and 

potential investors in natural gas and hydrogen technologies could use this study to 

assess gas pipelines' potential use and capacity in a decarbonized future. 
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Abstract 

Balancing the power system requirements for a variable renewable electricity (VRE) 

system requires flexible generators. With a unit commitment approach, bthe ackbone's 

energy systems model approach provides an adaptable framework while optimizing for 

the least operational cost. For this study, Backbone was structured as a one-node 

system, i.e., the All-Ireland node ,and consists of 66 power generation units for 2020 and 

64 power generation units for 2030, all connected to a single node. Four cases for 2020 

and 2030 were investigated using the Backbone model to see if a combination of small 

generators (higher ramp rate) could lower systems’ operational cost. The results show 

that the generators' fuel cost and variable operation and maintenance costs are the two 

critical factors considered to lower the system's cost in the backbone model. The model 

shows a preference for Combined Cycle Gas Turbines (CCGT) generators to lower 

systems’ costs, owing to their high efficiencies. Even at higher penetrations of wind in 

the 2030 scenario, large CCGT generators are operated more frequently.  However, 

small gas generators are ramped down during wind electricity fluctuations, potentially to 

provide fast frequency response. The study concludes that the ramp rates of gas 
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generators do not play a crucial role in lowering operating costs in a power system since 

fuels costs contribute to >90% of the total operating cost. However, a future high VRE 

energy system requires increased flexibility. Assessing the qualitative value of small 

generators in an investment model would aid in understanding their potential in a modern 

energy system with high VRE. 

4.1 Introduction 

The electrical sector is undergoing a transformation. Relatively cheap natural gas, low-

cost renewable electricity, energy efficiency, and increasing use of distributed generation 

change how electricity is produced and valued for consumers (Jong-Jin Kim and Moon, 

2009). Furthermore, to lower carbon emissions and ensure the low-cost availability of 

fuels for future generations, trends in electricity generation have shifted towards more 

renewable sources of electricity (United Nations, 2015). The European green deal details 

this, setting national-level targets for the European member states. The agreement 

hopes to achieve a carbon-neutral economy by 2050 (European Commission, 2019). 

 

Solar and wind power generation are crucial for the transition to a carbon-neutral 

economy. However, the increase in renewable electricity generation has an associated 

increased curtailment (O'Shaughnessy et al., 2020). This is observable with solar 

generation in California and wind generation in the Midwest in the USA, where increased 

solar and wind energy penetrations lead to higher curtailment levels (Twite, 2018). The 

electricity system challenges for renewables are considerably different from the current 

setup of the energy system. Higher VRE generation calls for increased availability of fast 

response generators to ensure the power system's reliability and supply security. 

Conventional generators are still being used to ensure system stability and security of 

supply. Moneypoint, one of Ireland’s largest coal generators, is set to retire in 2025, and 

the present administration has decided to phase out all coal generation by 2025 

(Darmody, 2021). The retirement of large generators would cause system reliability 

issues, mainly if the capacity were to be replaced only by wind/solar generators (Lawson 

and Courtney, 2019). Small capacity gas generators could provide the required flexibility 

and reliability in a renewable energy system. 

 

Natural gas is the lowest carbon-emitting fossil fuel. Based on a simple calculation using 

the carbon content of fuels, replacing carbon-intensive fuels with natural gas for power 

generation can lower CO2 emissions by 18%- 55% (EPA, 2014). In addition, gas 
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generators, such as combined cycle gas turbines, microturbines, and reciprocating 

engines, are being considered for flexible power generation owing to their high ramp 

rates, high efficiency, and lower start-up times. These characteristics are markers of a 

flexible generator, enabling maximum utilization of available energy resources (Breeze, 

2018). Natural gas generators are broadly divided into 4 categories (Figure 4.1):  

 

1. Steam generation units 

2. Centralized gas turbines 

3. Combined cycle units 

4. Distributed generation 

Each natural gas generator is discussed based on its ability to meet the requirements of 

a transforming energy system, i.e., f lexibility in the electrical power grid and efficient 

energy utilization (Table 4.1). 

 

 

Figure 4.1: The different types of natural gas generators that are currently available. 

Steam generation units and centralized gas turbines were traditionally the most common 

types of generators used. However, steam generation units have low energy efficiency 

(33% to 35%) (Breeze P., 2018), making them unpopular for modern electrical power 

generation. Traditional steam units are now replaced by centralized gas turbines, which 

are more efficient. Centralized gas turbines use the hot gases emitted while burning the 

fossil fuel to turn the turbine and generate power; additionally, they can be fitted with a 

Heat Recovery Steam Generator (HRSG) which further increases the efficiency of 

energy utilization. A gas turbine fitted with an HRSG is also called a Combined Cycle 
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Unit (CCU) (Breeze, 2011). This contains a gas turbine and a steam recovery unit, 

increasing energy efficiency in a single power generation cycle. The combined cycle 

operation of this generator can reach high efficiencies of up to 60% (Gas Power, 2019). 

This makes them a popular choice for present-day power generation compared to steam 

units or simple cycle gas turbines. In addition, distributed generation could be attractive 

as it is more reliable and efficient in combining heat and power when compared to larger 

centralized units (Strauss et al., 2002). 

Table 4.1: Comparison of the different gas generators based on their size, efficiency, ramp rates, 

and Variable O&M costs (VOM).  

 Size (MW) Efficiency  
Ramp rate (MW 

/min) 

VOM 

(€/MWh) 

Centralized gas turbine 

(CGT) (Energy, Strachan and 

Farrell, 2006, Combined Heat 

and Power technology fact 

sheet, 2016, Wartsila, 2021, 

2020, Lacal Arantegui et al., 

2014) 

1-500  20%-35%  35-50 0.53 

Closed cycle gas turbine 

(CCGT) (Theodoropoulos et 

al., 2018, Strachan and 

Farrell, 2006, Fichtner 

Prognos, 2017, Sarkar, 2015, 

Anisie et al., 2019, Wartsila, 

2021, Moss, 2020, Lacal 

Arantegui et al., 2014) 

1-500 50%-60% 20-55 1.53-2.3 

Open cycle gas turbine 

(OCGT) (Theodoropoulos et 

al., 2018, Strachan and 

Farrell, 2006, Sarkar, 2015,  

Fichtner Prognos, 2017, 

Anisie et al., 2019, Wartsila, 

2021, Moss, 2020, Lacal 

Arantegui et al., 2014) 

0.1-510 35%-55% 50-300 2.5-2.7 

Industrial gas turbine (IGT) 

(James and Rajagopalan, 
1-500  35%-60%  14-25  3.7  
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2014, GT13E2 gas turbine, 

2021, Wartsila, 2021) 

Reciprocating engines (RE) 

(Adefarati and Bansal, 2019, 

Moss, 2020)  

21 21%-45% 36  4.8 

Microturbines (Basrsali et 

al., 1999, L. Capehart, 2016, 

Strachan and Farrell, 2006, 

Adefarati and Bansal, 2019) 

0.06-1 25%-30% 1.35 4-14 

Fuel Cells (EIA, 2020) 1-10 54%-90% N/A 0.5  

 

Many open-source models have been developed to study the changing role of gas and 

electricity in a rapidly changing energy system (Table 4.2). One of the most used energy 

systems models is the TIMES model. The MARKEL/TIMES family of energy systems 

models considers coarse temporal resolutions and is widely used for planning (Loulou et 

al., 2005). Although works referenced in (Seljom and Tomasgard, 2017, Kannan and 

Turton, 2012, Blanco et al., 2018, Pina et al., 2013) have used the TIMES model with 

288-time resolutions, this model continues to be used primarily for planning rather than 

detailed optimization models. Long-term energy systems modeling, and planning 

approach have been used in MESSAGE and OSeMOSYS (Schrattenholzer, 1981, 

Messner et al., 1996, Huppmann et al., 2019). These long-term energy systems models 

present complimentary benefits. MESSAGE presents a versatile framework that may be 

used to analyze whole systems and applications that focus on a single energy sector. 

However, some studies have shown that it is impossible to fully comprehend demand 

dynamics and the variability of renewable energy sources (Manzoor and Aryanpur, 

2017). 

 

On the other hand, OSeMOSYS, primarily developed as an open-source modeling 

system to examine the impact of incorporating flexibility requirements into long-term 

energy systems models, lacks focused studies on the unit commitment approach 

(Howells et al., 2011). PRIMES (Franco, 2016) and PERSEUS (Franco, 2016) are 

energy systems models with adaptive representations of diverse energy sectors. 

However, there was no evidence of their use at a high temporal or geographical 

resolution of stochastic inputs. Instead, they have been soft linked with operational 

models (Rosen, 2008, Balke, 2014, Collins et al., 2017). SMART (Powell et al., 2012), 

an energy systems model based on approximate dynamic programming, captures the 



 

65 
 

uncertainties in multi-energy systems modeling wind power, demand prices and rainfall 

(Lamont, 1994) and can model dispatch, storage, and long-term investments in new 

technologies at different spatial resolutions. However, SMART cannot resolve 

operational issues, such as unit commitments, despite long-term energy systems model 

capabilities. 

 

Calliope (Pfenninger and Keirstead, 2015) is an open-source power system modeling 

framework explicitly designed to use VRE resource data with high spatial and temporal 

resolution. In the literature, the Calliope framework has been used to simulate the British 

power system, ignoring other power carriers and focusing only on electricity. The Python 

package FINE (Integrated Energy System Evaluation Framework) represents another 

framework for modeling, optimizing, and evaluating energy systems (Welder et al., 

2018). This method is used in system models, such as Balmorel (Ravn et al., 2001, 

Wiese et al., 2018), REMix (Scholz, 2012), and SCOPE (Gerhardt et al., 2015), which 

focus on the power system but also take into account the heating sector. The regional 

energy deployment system deterministic (ReEDS) optimization model (Short et al., 2011) 

also analyzes the power sector and establishes links with the thermal energy and 

transportation sectors by considering the thermal energy storage in buildings and electric 

plug-in hybrid vehicles. However, these models have minimal adaptability to new 

industries, and the model is inflexible to the addition of units. 

 

Backbone is a highly adaptable energy systems modeling framework that uses Mixed - 

Integer Programming to solve optimization problems in GAMS. It considers unit 

commitment decisions for power plants and other energy conversion facilities and a data-

driven approach that enables it to solve small-scale and large-scale systems in a single 

model. The model's adaptability is realized by defining the model based on parameter 

settings and input data rather than hard-coded (inflexible) structures (Helistö et al., 

2019). The adaptability of the backbone model lies in the units defined in the backbone’s 

model, which can be changed with a single input parameter if the data resolution is 

maintained. The complexity of the model lies in the details provided in the input data. 

The backbone model comprises energy networks and components defined as grids, 

nodes, lines, and units. It follows a copper plate system, a one-node system where the 

energy balance is calculated, and the transmission system is not included in the 

optimization. The backbone model expands on existing models by catering to the need 

for an integrated energy systems model to include unit commitment challenges and a 
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high temporal and spatial resolution. This novel approach to modeling energy systems 

has been validated against the IEEE Reliability test system and showed a maximum 

error of 0.15%, which is within the tolerance level (Helistö et al., 2019). The energy 

systems modeling approach used in the backbone model has been used to assess the 

investment and operational cost decisions for flexible generators in the Irish power 

system for high variable renewable electricity penetrations (O'Dwyer and Flynn, 2019). 

 

The Backbone has been used in 2 studies using a nordic power systems model. Rasku 

et al. (2018) compared the potential benefits of flexibility and energy efficiency of 

including Power to Heat (P2H) systems in the Nordic power system and an isolated 

Finnish power system (Rasku and Kiviluoma, 2018) forecasted for the year 2030. The 

study looks at wind and solar multipliers between 0.5-2.5 for the Nordic power system 

and 1-5 for the Finnish power system. These hypothetical wind and solar penetration 

scenarios and 5 P2H scenarios looking at efficiency refurbishment measures in detached 

homes in Finland with progressively increasing amounts of thermal storage are 

compared. The study exploits the potential of the Backbone to model multiple energy 

sectors (power grid and a heating grid) and the flexibility and adaptability of the model in 

its ability to compare the Nordic model to the isolated Finnish model.  

 

Another study by Rasku et al. (2020) investigates the effect of 348h instead of 36h energy 

forecast for hydro-thermal scheduling of a future Nordic power system. The results 

showed a reduction in total operating cost of 0.18%-0.41% when a 348h demand 

forecast was used. Additionally, a reduction in hydro and wind power curtailment 

between 0.42%-0.47% and 0.05%-0.07%, respectively, was observed (Rasku et al., 

2020). The four studies (Helistö et al., 2019, O'Dwyer and Flynn, 2019, Rasku and 

Kiviluoma, 2018, Rasku et al., 2020) that used Backbone detail the different benefits of 

the Backbone (Table 4.2). Hence Backbone is considered suitable for the approach of 

the study carried out in this paper. 

 

Another study analyzing the operational model with a distributed energy system, with 

higher levels of VRE generation, which values flexibility (Zhang et al., 2017), enabled 

higher fuel efficiencies and higher utilization of flexible generators. Wu et al. (2020) 

studied the least operational cost optimization, in a similar way to that of the backbone 

model, showing a seasonal variation of cost-saving with VRE generation. Flexible 

generation in the summer times is more cost-effective than in winter when the system 
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demand is high. Wu et al. (2021) also concluded that though RE’s marginally reduce the 

cycling costs for CCGT, RE’s increased overall systems cost due to their higher VOM 

costs. At the same time, the Internal Combustion Engines (ICE’s) played a significant 

role in reducing the number of start-ups and shutdowns in scheduling operations for 

CCGT’s and their higher efficiency reduced systems operational cost.  

Table 4.2: Comparing present open-source energy systems models based on 4 distinguishing 

criteria 

Energy 

systems model 

Modeling 

multi-energy 

sectors 

Flexibility/adaptability 

High temporal 

and spatial 

resolutions 

Detailed 

definition of the 

unit efficiency 

curve 

TIMES     

MESSAGE     

OSeMOSYS     

PRIMES     

PERSEUS     

SMART     

Calliope     

Balmorel     

REMix     

SCOPE     

ReEDS     

Backbone     

 

The primary concern while modeling renewable electricity integration is an economic 

one. The varying nature of wind and solar power generation leads to higher ramping up 

and down gas generators to maintain system stability (Devlin et al., 2017). Intermittent 

operation of the gas generators at low-capacity factors is a disincentive for investors, as 

it would mean a low return on investment. Replacing large generators (such as 

centralized gas units) with smaller distributed generators that mirror the power 

generation capacity (e.g., One 100 MW centralized gas unit could be replaced by a 

hundred 1 MW reciprocating engines) could be a solution. Different scenarios of large 

and medium-sized power generation units are considered to identify the optimal route 

for the electricity system to lower operational costs in a high renewable electricity system. 

The study aims to answer the following research question; Can replacing large coal 

generators with small gas generators lower operational costs due to potentially higher 
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operational capacity factors? To answer this question, the addition of small, medium and 

large gas generators to the backbone model was considered (Helistö et al., 2019).  

 

This paper investigates replacing the 915 MW Moneypoint power plant in Ireland with 

large-sized and small-sized gas-powered generators with different levels of capacity, 

f lexibility, and ramping abilities. Despite smaller generators' higher €/MW cost (Darrow 

et al., 2015, Theodoropoulos et al., 2018), they could operate at higher capacity factors. 

Thus, this study aims to understand the least cost route for an increasingly integrated 

and renewable power system. This study answers the question of the role of small gas 

generators in a centralized power system model. While most energy systems models 

analyze the role of gas generators in isolated and distributed generation grids, this model 

tackles the problem from a centralized power system model approach.  

 

4.2 Modeling methodology 

The modeling of Ireland’s electricity grid was carried out in the Backbone  model. For this 

study, Backbone is structured in a copper plate / one node system, where the energy 

balance for the system demand and system generation occurs in a single node, i.e., the 

All-Ireland node. Additional power generation units, defined as units, are then connected 

to this single node. An optimization for the least operational cost is carried out in the 

backbone model to investigate hypothetical low-carbon power generation and analyze 

the potential value of small f lexible gas generators. The 2020 and 2030 scenarios are 

considered, with 30% and 50% penetration of renewable electricity. In the 2020 case, 

Moneypoint, the largest coal steam generation unit, is progressively replaced with 

smaller gas generators. The system already has 66 power generation units (Table 4.3 

consists of the breakup of the number and type of units), and 2, 4, and 40 additional units 

are added to the All-Ireland node in cases 1, 2, and 3, respectively (Table 4.4). 

 

The base case 2030 scenario in the Backbone consists of 64 units connected to the All-

Ireland node. The model assumes that coal generators have been phased out and 

replaced with increasing penetration of wind and solar, and a combination of 6 

combustion turbines and 1 gas turbine with a total capacity of 412 MW. These new gas 

generators are replaced with large and small ones, comprising 1, 2, and 20 additional 

units for cases 1, 2, and 3. The total systems operation cost is obtained in each case for 

2030 (Table 4.4). Additional analysis on the capacity factors of the new gas generators 



 

69 
 

for power generation and reserve regulation is analyzed to understand the type of gas 

generation preferred in the backbone model (Table 4.3), with a renewable electricity 

(wind, solar, and hydropower) penetration of 35%. Finally, the objective function is 

defined to minimize all eligible operating costs (equation 4.1). 

vobj = ∑ pf,t
probability

  x (vf,t
vomCost + vf,t

fuelCost+ vf,t
startupCost

+ vf,t
shutdownCost+ vf,t

rampCost
+  {f,t}∈FT

vf,t
penalties

) + vf,t
fomCost + 

vf,t
stateValue                                                                                                                                                  (4.1)     

 

Where,  𝑣 𝑜𝑏𝑗   is the objective function value in euros,  𝑝𝑓,𝑡
𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦

is the weight of the 

interval (hours)  is the 𝑣𝑓,𝑡
𝑣𝑜𝑚𝐶𝑜𝑠𝑡 is the variable operation and maintenance costs in euros, 

𝑣𝑓,𝑡
𝑓𝑢𝑒𝑙𝐶𝑜𝑠𝑡

is the fuel and emissions cost in euros, 𝑣𝑓,𝑡
𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝐶𝑜𝑠𝑡  is the start-up cost in euros, 

𝑣𝑓,𝑡
𝑠ℎ𝑢𝑡𝑑𝑜𝑤𝑛𝐶𝑜𝑠𝑡  is the shutdown cost in euros  𝑣𝑓,𝑡

𝑟𝑎𝑚𝑝𝐶𝑜𝑠𝑡
 is the ramping cost in euros, 

𝑣𝑓,𝑡
𝑝𝑒𝑛𝑎𝑙𝑡𝑖𝑒𝑠

 is the cost of any penalty generation (additional generation if energy balance 

is not satisfied at a time step)  𝑣𝑓,𝑡
𝑠𝑡𝑎𝑡𝑒𝑉𝑎𝑙𝑢𝑒  value of a state change, and 𝑣𝑓,𝑡

𝑓𝑜𝑚𝐶𝑜𝑠𝑡
 is the 

fixed operation and maintenance cost. 

 

The inputs for the model are obtained from SEM-O Plexos (John, 2020), from which the 

technical data for the different electricity, gas generators in the Irish system were 

obtained (Appendix B, Table B.1, and Table B.2) and used in the backbone model. The 

number of generators used in the 2020 scenario and the 2030 scenario were 

summarized in Table 4.3. Also, to understand the variety in the capacity of the various 

generator types, a range of the capacities of each type of generator was summarized in 

Figure 4.2). In addition, the system demand data for Ireland was obtained from EirGrid, 

and the forecast for solar and wind generation was obtained from MERRA (Woollen et 

al., 2011). The demand data for 2030 is forecasted as a 40% increase in demand from 

the 2016 system demand. Other inputs to the model include cost inputs and are defined 

from the PLEXOS model; a carbon tax of 30 €/tonne of CO2, and fuel costs of 11.88 

€/MWh, 28.08 €/MWh, 43.92 €/MWh, 3.6 €/MWh, and 7.92 €/MWh for natural gas, fuel 

oil, gasoil, waste, and coal respectively were used(John, 2020). The GB and France 

interconnector assumes no ramp cost or additional associated VOM cost. Hence, to 

prevent power generation to completely rely on GB or France interconnector, the model 

sets minimum load requirements for the gas generators in Ireland. This presents a more 

realistic scenario of the power generation in the Irish electrical system. 
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Table 4.3: Number and type of generation units defined in the 2020 and 2030 scenarios (Base 

case, Backbone), along with the VOM costs 

 

 

 

Figure 4.2: Types and range of capacity used in the backbone model 

 

 

 

 

 

 

 

 

Type of generator 2020 2030 VOM costs (€/MWh)  

Steam generator (STEAM) 13 5 3.65  

 Combustion turbine (CT) 8 10 1.33  

 Combined cycle gas turbine  12 13 2.12  

 Combined heat and power generator 

(CHP) 
4 4 3.34  

 Wind power generator (Wind) 1 1 0  

 Solar power generator (PV) 1 1 0  

 Gas turbine (GT) 7 10 0.53  

 Pumped storage (PS) 4 4 5.3  

 Hydropower 15 15 5.3  

Great Britain interconnector 1 1   

France interconnector 0 1   
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Table 4.4: Case studies considered for 2020 and 2030 scenarios present generators with large 

and small generators. 

 

The total power generation for the least operation cost is then generated in the backbone 

model. The results of total system generation are analyzed to understand the criterion 

used by the model to select gas generation. Additionally, the total power generation 

values by each generator type (MW), the total capacity factor, and the total operating 

costs were obtained. 

4.3 Results and discussions 

The results for the electricity produced by the gas, coal, peat, gasoline, and renewable 

generators in the backbone model are obtained. The total wind generation is 

approximately 27% and 38% of the total generation for 2020 and 2030 scenarios, 

respectively, and solar-PV generation is 0.5% and 1% for 2020 and 2030 scenarios 

(Table 4.5). The average capacity factors of all generators are tabulated (Table 4.6). 

 

 

 
Gas 

generator 

Capacity 

of 

generator 

(MW) 

Number of 

generators 

VOM 

cost 

(€/MWh) 

(Lacal 

Arantegui et 

al., 

2014),(Moss) 

Ramp rate 

(MW/min) 

(Lacal 

Arantegui et al., 

2014),(Moss, 

2020) 

Efficiency 

(%) 

   2020 2030    

Case 1 

(Theodoropoulos 

et al., 2018) 

CCGT 457 2 1 1.53 65 60 

Case 2  

(James and 

Rajagopalan, 

2014) 

IGT 237 4 2 3.7 25 58 

Case 3 

(Adefarati and 

Bansal, 2019) 

RE 21 40 20 4.7 100 45 
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Table 4.5: Electricity generation obtained f rom the backbone model for the base case, case 1, 

case 2, and case 3 for 2020, and 2030 

Table 4.6: Total capacity factors of the generators in the backbone model 2020 and 2030 

scenarios 

 Total generation (TWh) 

 Base Case Case 1 Case 2 Case 3 

 2020 2030 2020 2030 2020 2030 2020 2030 

wind 13.81 26.99 13.82 27.00 13.83 27.00 13.62 27.00 

PV 0.24 0.64 0.24 0.64 0.24 0.64 0.24 0.64 

STEAM 7.89 0.70 0.78 0.70 0.76 0.70 0.89 0.70 

CT 0.05 1.00 0.02 0.03 0.01 0.02 0.00 0.01 

CCGT 15.86 14.33 20.37 15.94 18.37 14.37 20.33 14.67 

CHP 0.19 0.3 0.27 0.25 0.34 0.26 0.52 0.28 

GT 0.01 0.09 0.01 0.06 0.00 0.06 0.00 0.06 

PS 0.19 0.33 0.19 0.32 0.16 0.30 0.27 0.39 

IGT 0.00 0.00 0.00 0.00 2.13 0.53 0.00 0.00 

RE 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.24 

GB 

interconnector 
12.11 8.12 14.72 7.93 14.49 8.19 14.3 8.29 

France 

interconnector 
 0.44  0.42  0.41  0.49 

 Total capacity factor (%) 

 Base Case Case 1 Case 2 Case 3 

 2020 2030 2020 2030 2020 2030 2020 2030 

wind 28.60 27.94 28.63 27.95 28.64 27.95 28.63 27.95 

PV 10.89 10.44 10.90 10.48 10.90 10.48 10.90 10.38 

STEAM 42.72 37.43 7.12 37.43 6.93 37.35 8.12 37.41 

CT 0.98 18.13 0.33 1.06 0.17 0.89 0.04 0.60 

CCGT 45.16 36.97 47.43 37.36 52.32 37.07 57.90 37.87 

CHP 8.92 14.05 12.22 11.37 15.78 12.00 24.05 13.05 

GT 0.30 1.81 0.21 1.31 0.05 1.38 0.04 1.51 

PS 3.80 6.51 3.63 6.17 3.08 5.88 5.25 7.64 

IGT - - - - 25.68 12.83 -  

RE - - - - - - 12.49 6.45 

GB 

interconnector 
70.61 69.71 85.86 68.13 84.52 71.35 83.43 70.89 

France 

Interconnector 
 64.29  62.76  64.82  65.62 
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The results for the 2020 scenario show that CCGT generation contributes the highest 

share of generation in all 4 cases (~32%-40% of the overall generation). Additionally, 

when Moneypoint is replaced by small capacity generators in cases 1, 2, and 3, the 

percentage of CCGT generation progressively increases (Figure 4.3). Since backbone 

optimizes for the lowest systems cost, it is apparent that the high efficiency and 

comparably low VOM cost of CCGT generators is preferable when Moneypoint is 

replaced by smaller (more expensive VOM) generators. In the 2020 scenarios (Case 1, 

2, and 3), the CCGT generator is preferred due to its higher operation efficiency,  hence 

reducing the overall system cost. Compared to costs such as VOM, start-up, and Fixed 

Operation and Maintenance (FOM), fuel costs contribute to 90% of the systems 

operational cost (Figure 4.5). Since fuel costs dominate the overall realized cost (Table 

4.7), the generator's efficiency plays a more critical role in lowering systems cost than 

the flexibility parameter of ramp rate. A similar energy systems model developed by the 

National Renewable Energy Laboratory in the USA studied the cost-benefit analysis of 

including flexible coal generation and providing 100% instantaneous penetration of VRE 

(Palchak and Denholm, 2014). In this study, the value of adding flexible generation to 

the system was calculated as generator revenue and concluded that increasing 

instantaneous penetration of VRE in the energy system along with flexible generation 

does lower systems costs. Compared to the results obtained in the backbone model, 

though an instantaneous penetration of 100% by VRE is allowed in the optimization, 

flexibility is provided only by gas and pumped storage generators. 

 

The backbone model also shows that when switching from coal to natural gas, the fuel 

cost of natural gas plays a more significant role than variable costs or start-up costs in 

increasing total system costs. A similar observation is made in a study conducted by 

Ramirez-Meyers et al. (2021). In addition, CCGT generators are preferred in extreme 

weather conditions due to their ability to maintain system inertia. A comparison of this 

study with the findings in the backbone model suggests that the optimization model 

considered for this study should have additional dimensionality to capture alternative 

scenarios that explore the need for system security, f lexibility, and inertia in a future 

power system with high VRE. 

 

Wind, CCGT and electricity imports from GB interconnector are the three major 

contributors to electricity generation and operate at the high-capacity factor for the base 

case in 2020. On the contrary, in cases 1, 2, and 3, when gas generators replace 
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moneypoint, the capacity factor of steam generation goes down. A similar trend is 

observed in the 2030 scenarios where, Steam, CCGT, GB, and France interconnectors 

show the highest capacity factors (Table 4.5 & 4.6). 

 

The hourly generation results of the different generators over 2020 and 2030 show that 

CT and GT generation is roughly a constant generation profile and is potentially playing 

the role of a baseload generator, even though the amount of generation is <0.1% of the 

total generation in 2020 and 2030 scenarios (Refer Appendix; Figure C.1, Figure C.2). 

The generation and capacity factors of CT, and GT are minimal compared to that of 

CCGT (Figure 4.3), GB, France, or PS generators, all of which are used for midlevel 

generation (Appendix, Figure C5-C7). When smaller gas generators progressively 

replace moneypoint, there is a decrease in the number of generators used for baseload 

generation, and an increase in peak generation (Figure 4.4). As a result, there is an 

increase of ~4% in the capacity factor of CCGT generation in 2020 cases 1, 2, and 3 

compared to the base case (Table 4.6). The higher efficiency and high ramp rate make 

it suitable for flexible midlevel operation. In the 2020 and 2030 scenarios, baseload 

generation in CT, and GT generation decreases when multiple small gas generators 

replace capacity, and mid-level and peak generation increases. Other studies using a 

unit commitment approach to include additional CCGT units showed that the flexible 

operation of CCGT aids in reducing total wind electricity curtailment (Jiang et al., 2021). 
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Figure 4.3: Hourly electricity generation profile for CCGT generators for 2020 and 2030 scenarios  
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Figure 4.4: Hourly electricity generation profile for IGT and RE generators for 2020 and 2030 scenarios   
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In the 2030 scenario, wind generation and imports through the GB and France 

interconnectors contribute to the highest generation share. The generation pattern in 

2030 is similar to the results from 2020; in that, when small generators replace capacity, 

i.e., case 2 and case 3 (for 2030), there is a decrease in CT and GT generation and an 

increase in CCGT generation and imports from GB and France interconnectors which 

are responsible for a midlevel generation. In addition, the total systems cost for the 2030 

scenario is almost three times that of the 2020 case. The increase in costs can be 

attributed to increased system demand and a shift from coal to natural gas. 

An introspective analysis into the total systems cost for 2030 depicts the lowest 

operational cost for case 1, where 6 small CT generators and 1 small GT generator are 

replaced with a 447 MW CCGT generator. The fuel costs for all cases are similar and 

range between €2105-€2125, i.e., a maximum difference of 0.7%. Compared to the 2020 

case, where the maximum difference in fuel costs is ~6.5% between the 4 cases, the 

fuel costs in 2030, while high, do not significantly contribute to lowering the total 

operational costs. On the other hand, the VOM costs in the 2030 scenarios have a 

maximum difference of ~23% between the 4 cases, observed as a higher system 

operational cost in the base case, case 2 and case 3 (Figure 4.6). A similar study by Wu 

et al. (2021) investigated the least cost optimization of operational costs of a power 

system when flexible generators were added to the system. In addition to defining the 6 

dimensions of flexibility (i.e., the operational range of a generator, start-up and shutdown 

time, hot start-up and shut-down times, upward and downward reserve regulation, 

operational time of a generational unit and ramp and reserve constraints)  to the unit 

scheduling constraints of their power system model, the model also calculated a flexibility 

index associated with each of the 6 dimensions in the least cost optimization model. The 

study results were similar to that obtained in the backbone model in that RE’s did not 

lower systems operational cost. 

 

When natural gas is the only fuel used for electricity generation, it is observed that the 

VOM costs play a role in lowering systems costs for the 2030 scenarios. Although case 

3 (using RE generators in the 2030 scenario) has the lowest start-up cost, a 0.3% higher 

fuel cost, the higher VOM and fuel cost lead to the higher total system operating cost. 

Additionally, the fixed O&M costs (arising from fixed land and labor costs of the wind and 

solar generators) are negligible. 
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Table 4.7: Total realized systems operation cost for 2020 and 2030 

Figure 4.5: Total operating costs in the different cases in 2020 

 

Fuel and 

emissions 

cost (M€) 

Total startup 

cost (M€) 

Total VOM 

cost (M€) 

Total FOM 

cost (M€) 

total realized 

cost (M€) 

 2020 2030 2020 2030 2020 2030 2020 2030 2020 2030 

Base 

case 
698.2 2119.2 7.2 16.61 65.9 42.4 

1.7 x 

10-8 

3.4 x 

10-8 
771.3 2178.2 

Case 

1 
734.2 2105.8 6.2 17.10 47.2 54.9 

1.7 x 

10-8 

3.4 x 

10-8 
787.6 2177.8 

Case 

2 
735.6 2114.6 4.9 16.13 52.9 53.7 

1.7 x 

10-8 

3.4 x 

10-8 
793.3 2184.5 

Case 

3 
746.6 2125.2 5.6 13.33 51.9 49.1 

1.7 x 

10-8 

3.4 x 

10-8 
804.0 2187.6 
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Figure 4.6: Total operating costs in the different cases in 2030 

The 2020 and 2030 scenarios results indicate that the addition of smaller generators 

increases the system's cost due to increased fuel cost, lower operational efficiencies and 

higher VOM costs than CCGT’s. In the 2020 scenario, the fuel costs play a fundamental 

role in the choice of gas generators, while in the 2030 case, the higher VOM costs play 

a more prominent role. The addition of small generators in case 2 and case 3 (for both 

2020 and 2030 scenarios) while not lowering systems costs adds to the system's 

frequency response. The time points between 396 h and 406 hours in the 2020 scenario 

were analyzed to understand how small gas generators provide flexibility when a change 

in wind generation >100% was observed (Figure 4.7). Additionally, time points 399 h, 

716 h, 2652 h, 3176 h, 5288 seconds, 6025 h, 6164 h, 7164 h, 7504 h, and 7876 h were 

identif ied in all cases for 2020 and 2030 where the wind generation changes by ≥100%. 

The change in the fuel generation when small generators are not available, i.e., Base 

case and Case 1 (2020 and 2030), an initial ramp-down of CCGT generators is observed. 

However, in Case 2, and Case 3 (2020 and 2030), an initial ramp down of IGT and RE, 

respectively, was observed. 
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The analysis of individual timepoints can be correlated to the nature of reserve 

regulation. A detailed analysis of the reserve generation (Figures 4.8 and 4.9) shows that 

the total IGT and RE generation in 2020 and 2030 occurs as a primary, secondary, or 

tertiary reserve. In 2020 44% of the IGT's generation met reserve requirements and 33% 

for RE. In 2030 the IGT was a reserve generator for 88% of its total generation and 39% 

for RE. Though the CCGT and PS generators primarily contributed to reserve generation, 

it should be noted that the capacity of IGT and RE generators are primarily used for 

reserve regulation. This is consistent with the result that small generators are primarily 

used for peak generation and reserve regulation to meet system demand during peak 

loads. Though small generators provide fast frequency response to an electricity system 

with high VRE, they do not add to system resiliency, inertial response, or helpful in 

extreme scenarios (storms, extreme weather conditions). However, their ability to 

provide a quick response may be valuable in cases where a fast frequency response 

generator could reduce the need for demand-side response and frequency regulation in 

a future electricity system with high VRE (Teng et al., 2015). The flexibility provided by 

the small generators is not prioritized in the Backbone model while optimizing for 

lowering system costs. However, as the electricity system is transitioning to a high VRE 

system, other parameters such as system flexibility for the security of supply (centralized 

or decentralized) could play a role (Ramirez-Meyers et al., 2021). 
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Figure 4.7: A contemplation of timesteps 396 to 406 analyzed to understand the role of small gas generators in the flexibility of an electricity system 

dominated by VRE 
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Figure 4.8: Comparison of the total reserve generation in 2020 scenario 
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Figure 4.9: Comparison of the total reserve generation in 2030 scenario 
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The 2020 and 2030 scenario results unanimously conclude that a shift in fuel use from 

coal to natural gas would increase total operating costs. Though a shift in fuel from 

gasoline and diesel generators would decrease the total operation cost, the contribution 

of gasoil generators in the model of the Irish energy system is far lesser than the 

contribution of coal. Additionally, though small, f lexible generators do not lower system 

costs, they increase the power system's flexibility and frequency response. Future 

studies looking at location-specific applications of small generators would provide a more 

nuanced understanding of their application in a low carbon energy system. Furthermore, 

the recent energy crisis in Europe, where natural gas prices are rising steeply (O'Sullivan, 

2021), it has brought to light the need for increased energy storage and reserves that 

would be crucial in a high renewable electricity system. In a future energy system, when 

coal, gasoline, and diesel generators are phased out, the increase in natural gas prices 

would not affect the optimization of the model (2030 scenario). Instead, it would lead to 

higher total system operating costs. Using small generators would, therefore, still not be 

cost-effective. The backbone model was also used in a different study by O'Dwyer and 

Flynn (2019), where flexible generators such as the OCGT and Electro-voltaic (EV) 

battery generators were considered in an investment model with increasing reserve 

requirements. The results indicated a mixed portfolio with a significantly lower 

operational cost when a higher reserve share for flexible generators was provided. In 

addition, up to a 7% reduction in CO2 emissions was observed compared to the base 

case with no operating reserve. 

In conclusion, while this study explores one aspect of flexibility, i.e., its role in lowering 

system operational costs, an investigation of  other aspects of flexibility is needed to gain 

a wholesome understanding of the role of flexible gas generators in a future power 

system. 

It should be noted here that 9 timesteps in the 2030 scenario showed a dummy 

generation of ~ 440 MW in the main power systems grid. This implies that the energy 

balance at the All-Ireland node was not satisfied and has been excluded from this study's 

results. Though this does not affect the study's conclusions, further investigation of the 

energy balance at these nodes needs to be carried out to understand its implication. 

4.4 Conclusions and future work 

Based on the results obtained in this work, it can be concluded that small f lexible 

generators do not lower systems costs. Instead, they lead to higher fuel costs and higher 
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total operation costs. CCGT generators, owing to their higher efficiencies, are the most 

used generators in all 4 cases with a high % overall generation and capacity factors. 

Although IGT’s and RE’s did not lower systems costs in the 2020 and 2030 scenarios, 

they are used for peak generation and reserve regulation. The backbone model only 

explores a single aspect of the role of flexibility in a power system dominated by VRE, 

i.e., the system operational cost. Compared to other models, the value of flexibility in 

integrating more VRE, reducing CO2 emissions, and security of supply could be 

incorporated to form a definitive understanding of the role of flexibility in a future power 

system with high VRE generation. Future studies combining the operations model with 

investment models would provide more insight into the cost implications of adding small 

generators to the whole energy system. 

 

Though the results do not show a preference for smaller gas generators such as IGT’s 

and RE’s to lower systems operational cost, they still aid in maintaining flexibility to the 

system. Therefore, the study concludes that to continue using gas for power generation 

in power systems with high VRE, either the cost of natural gas needs to be lower, or 

other low-cost fuels (e.g., nuclear) could be used as baseload generation. However, 

natural gas generation could play a pivotal role in midlevel and peak load management 

and demand response strategies. 

 

In conclusion, this study provides valuable insight to power systems operators on the 

potential low-cost operation of a future high VRE renewable electricity system. 

Additionally, it provides a novel insight and groundwork into understanding the potential 

role of small generators in a low carbon energy system. 

 

LIST OF ABBREVIATIONS 

CCGT  Combined cycle gas turbine 

CCU  Combined cycle unit 

CHP  Combined heat and power 

CT  Combustion turbine 

EV  Electro-voltaic 

GB  Great Britain 

GT  Gas turbine 

IGT  Industrial gas turbine 

OCGT  Open cycle gas turbine 
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P2H  Power to heat 

PS  Pumped storage 

PV  Photo voltaic 

RE  Reciprocating engine 

ReEDS  Regional energy deployment system 

VRE  Variable renewable electricity 

 

LIST OF SYMBOLS 

vobj    Objective function value in euros, 

pf,t
probability

   Weight of the interval (hours)   

vf,t
vomCost   Variable operation and maintenance costs in euros 

vf,t
fuelCost   Fuel and emissions cost in euros 

vf,t
startupCost

   Start-up cost in euros 

vf,t
shutdownCost  Shutdown cost in euros 

vf,t
rampCost

   Ramping cost in euros 

v
f,t
penalties

 Cost of any penalty generation (additional generation if energy 

balance is not satisfied at a time step) 

vf,t
stateValue  Value of a state change 

vf,t
fomCost  Fixed operation and maintenance cost. 
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Chapter 5: Conclusions and future work 

5.1 Conclusions 

The thesis provides a well-scoped and detailed understanding of the role of gas in energy 

storage, heating, and power generation sectors in a future decarbonized energy system. 

The studies conducted in the first part of the thesis provided a unique perspective on 

maximizing gas use in the energy system's energy storage. It concluded that the 

operating temperature of the electrolyzer and the nature of the current input have a 

significant impact on maximizing hydrogen production. The operating method of the 

electrolyzer (continuous/dynamic) affects the overall hydrogen production for a given 

electrical input. The difference in the flowrates in the various operational modes was 

7.7% for a LTE, while it was 65.7% for a HTE. This is because the difference in thermal 

response time between Low-Temperature Electrolyzers (LTE) and High-Temperature 

Electrolyzers (HTE) results in a non-linear increase/decrease of hydrogen flow rate. 

 

Although the continuous operation of the LTE and HTE showed the highest hydrogen 

production, with an overall exoergic efficiency of 72% and 95% respectively, the low 

thermal neutral voltage in HTE allows HTE to be more efficient. The model results show 

that LTE is better suited for variable renewable energy. At the same time, HTE is more 

efficient in continuous operation. However, choosing to invest in one electrolyzer over 

another can be more complicated. The transition to a hydrogen economy is a potential 

path to a zero/decarbonized future, but continuous research and development are 

required to achieve the transition as soon as possible. 

 

Another major transition is taking place in the heating sector, where the energy efficiency 

of buildings is consistently rising. Additionally, electrification of heat using heat pumps is 

one of the energy efficiency pathways towards decarbonization. The reduction in gas 

consumption due to thermal retrofits, even when combined with the carbon emissions of 

natural gas, shows that if all residential and commercial building in Ireland is retrofitted 

to A-rated homes it would passive reduce carbon emissions by 17%. Though thermal 

retrofits to improve building energy efficiency are incentivized by the Irish government to 

accelerate the shift towards electrif ication of heat, the electrical grid is not 100% 

decarbonized. Natural gas and hydrogen could play a vital role in reducing the carbon 

emissions in the heating sector during the transition to a low carbon energy system. 
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A step-by-step thermal retrofit analysis showed that in a single building, external wall 

insulation alone fostered upto 13% decrease in gas consumption. Realistically, not all 

residential and commercial buildings in Ireland will be able to achieve passive home 

standards. External wall insulation would cost between €11,000 - €30,000 (Insulation 

Costs, 2022) depending on the material used for insulation and the size of the house. 

Combined with government grants, this costs about 1/5 th of the total proposed costs for 

passive home and leads to upto 13% reduction in gas consumption. Such measures 

could foster transfer to a more energy efficient homes and aid in reducing carbon 

emissions during the transition to a low carbon energy system.  

 

For the high heating demands, such as the industrial sector, shifting from carbon-

intensive fuels to natural gas/hydrogen reduces carbon emissions. At present, subsidies, 

and policy incentives to shift toward a more efficient and low-carbon energy system need 

to be implemented to increase the adoption of low-carbon technologies in the end-use 

heating sector. In conclusion, a case study analysis of the impact of using different end-

use technologies on the overall gas demand is provided and the pathways towards 

lowering the carbon emissions is identif ied. Though the role of natural gas/hydrogen in 

a low-carbon energy system is unknown, it will play a crucial role in lowering carbon 

emissions in the heating sector during this transition. 

 

Gas for power generation is perceived as one of the primary uses of natural gas and 

hydrogen in a low carbon/carbon-neutral energy system. Smaller generators are being 

researched for flexible operation and quick response times to provide grid balancing 

services at high variable renewable electricity (VRE) penetrations. Preliminary results 

from the backbone model show that though small f lexible generators are used as peaking 

generators, they do not reduce system costs but instead lead to higher fuel costs and 

higher total operating costs (0.42%-4.24%). Shifting to 100% natural gas for power 

generation will lead to higher fuel costs compared to the present electricity generation 

mix (which also consist of carbon intensive fuels like coal, and peat). While the model 

only looks at optimizing least systems cost in a one-node system, the value of small 

generators in a low carbon energy system will need to include the value of flexibility and 

movement of energy through nodes to fully understand the role that small gas generators 

could play in a low carbon multi renewable electricity power system. 
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In conclusion each of the studies carried out in this thesis answers a crucial question that 

would aid in moving a step closer to a more efficient low carbon future. The questions 

posed aid in tackling the first step towards a low carbon future, i.e., enabling maximum 

utilization of our available energy resources. The first part of the study enables investors 

in electrolysis gain maximum hydrogen production based on operational modes of the 

electrolyzer. In the heating sector, the modeling framework aids homeowners/building 

owners understand the pathways towards decarbonization, and its impact on building 

energy consumption. Additionally, the frameworks set groundwork for an energy system 

model that can combine many building models to form a community of buildings. The 

third part of the study concludes that small gas generators do not lower a power systems’ 

operation cost. However, it does lead to more flexible operation of generators. In a multi-

VRE power grid, f lexibility could be an important factor to ensure grid balancing and 

security of supply to the end users. 

5.2 Future work 

One of the guaranteed ways to decarbonize the energy system is by looking at the 

increased use of renewable electricity. This forms the basis of the research questions 

answered in this thesis, i.e., the effect of increasing VRE on the role of gas for 1) energy 

storage, 2) heating, and 3) power generation sectors. In the future, these individual 

models can be combined to form an energy systems model to understand the role of low 

carbon technologies in a low carbon future. The first part of the study looks at maximizing 

hydrogen production in low and high-temperature electrolyzers using wind curtailed 

profiles to assess operational modes to maximize hydrogen production. While this looks 

at the technology aspect, a broader study on the system components such as batteries 

rectif iers that may be needed to maintain operational modes would provide a holistic 

perspective on the practicality of this study. Additionally, lowering the cost of green 

hydrogen production to $1/kg of hydrogen has become prominent in recent days. 

Combining this study with detailed techno-economic analysis, system balance of plant 

study and operation, and an in-depth operation and maintenance understanding of 

electrolyzers would enable investors electrical and gas utilities to gain a more holistic 

understanding of the operation of electrolyzers in a low carbon energy system. 

 

The second part of the study looks at a system-wide understanding of natural gas and 

hydrogen for heating. It uses Ireland as a case study and projected results of levels of 

decarbonization that can be achieved using the present infrastructure. However, the 
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building models used in this are not representative of the actual buildings in Ireland. 

Using building-specific data for smaller communities would enable an understanding of 

diversity in buildings in a community and how they could contribute to decarbonization. 

Additionally, the model only looks at the carbon reductions and increase in gas flow that 

can be achieved using natural gas or hydrogen for heating. However, the cost of 

retrofitting end-use technologies such as boilers has not been considered. Finally, the 

model considers a centralized approach to hydrogen production and availability ; 

however, during the transition, it is likely that the building communities consuming 

hydrogen will likely be close to the hydrogen source. Hence a more detailed analysis of 

hydrogen stations and hydrogen sources would add to an understanding of the costs, 

need, and availability of hydrogen for heating. 

 

The third part of the study looks at a centralized one-node energy systems approach to 

understanding the role of gas generators for power generation. However, a one-node 

energy system has a flaw in that it does not consider the movement of energy through 

smaller nodes in a power grid. Hence adding location-specific nodes and movement of 

energy through the power system would enable a more realistic understanding of the 

use of small gas generators to lower the system's cost by valuing the need for system 

resiliency, grid balancing, and flexibility. 

 

Finally, since this study looks at all three aspects of an interconnected energy system, 

combining the models to develop an energy systems model would aid in gaining a whole  

energy systems perspective on the role of natural gas and hydrogen as an energy carrier 

in a low carbon energy system. Additionally, combining it with an economic model is 

needed to gain a value chain understanding for green hydrogen and understanding areas 

where the cost of green hydrogen production needs to be studied to lower the cost. 
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Appendix A 

Energy consumption in the industrial sector in Ireland as of 2016 

 

The values for gas consumption in the industrial sector were obtained from SEAI data. As a result, the top 8 industrial secto rs with an 

annual energy consumption of > 50 KTOE were obtained (Table A.1).  

 

Table A.1: Fuel consumption in KTOE in the industry in 2016 

 

Industry- 

food, 

beverages 

and tobacco 

Industry- 

wood and 

wood 

products 

Industry- 

chemicals 

and man-

made fibers 

Industry- 

non-metallic 

mineral 

products 

Industry- 

basic 

metals and 

fabricated 

metal 

products 

Industry- 

electrical 

and optical 

equipment 

Industry- 

other 

manufacturi

ng 

Industry-

construction 

Bituminous 

coal 
21 0 0 86 0 0 0 0 

Milled peat 1 0 0 0 0 0 0 0 

Kerosene 2 0 1 1 0 1 1 1 

Fuel oil 20 0 5 3 1 0 4 0 

LPG 26 0 2 2 2 2 5 
0 
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Industry- 

food, 

beverages 

and tobacco 

Industry- 

wood and 

wood 

products 

Industry- 

chemicals 

and man-

made fibers 

Industry- 

non-metallic 

mineral 

products 

Industry- 

basic 

metals and 

fabricated 

metal 

products 

Industry- 

electrical 

and optical 

equipment 

Industry- 

other 

manufacturi

ng 

Industry-

construction 

Petroleum 

coke 
0 0 10 124 0 0 0 0 

Natural gas 241 2 115 17 368 15 32 17 

Renewable 

waste 
0 0 0 38 0 0 0 0 

Biomass 19 113 0 1 0 0 0 0 

Biogas 2 0 0 0 0 0 0 0 

Electricity 133 20 97 50 43 76 62 20 

Non 

renewable 

waste 

0 0 0 42 0 0 0 0 

Total 482 138 234 396 413 95 107 76 
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Appendix B 

A detailed breakdown of the fuel generators used in the backbone 

model 

Table B.1: Detailed list of all the gas generators used in the Backbone model for the 2020 scenario 

GRID NODE UNIT 
Capacity 

(MW) 

VOM 

Costs 

(€/MWh) 

Ramp up 

rate (per 

unit/minute) 

Ramp down 

rate (per 

unit/min) 

FOM 

Costs 

(€/MWh) 

elec All_Ireland AA_HY_GROUP 86 5.3 0.0200 0.0204  

elec All_Ireland AA1_HY 21 5.3 0.0200 0.0200  

elec All_Ireland AA2_HY 22 5.3 0.0214 0.0214  

elec All_Ireland AA3_HY 19 5.3 0.0174 0.0174  

elec All_Ireland AA4_HY 24 5.3 0.0229 0.0229  

elec All_Ireland ADC_CCGT_NATGAS 440 2.12 0.0201 0.028136364  

elec All_Ireland All_Ireland_SOLAR 251 0   0.000001 

elec All_Ireland All_Ireland_WIND 5510.6 0   0.000003 

elec All_Ireland AT1_CT_NATGAS 90 1.33 0.0556 0.0556  

elec All_Ireland AT2_CT_NATGAS 90 1.33 0.0556 0.0556  

elec All_Ireland AT4_CT_NATGAS 90 1.33 0.0556 0.0556  
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GRID NODE UNIT 
Capacity 

(MW) 

VOM 

Costs 

(€/MWh) 

Ramp up 

rate (per 

unit/minute) 

Ramp down 

rate (per 

unit/min) 

FOM 

Costs 

(€/MWh) 

elec All_Ireland B31_CCGT_NATGAS 247 2.12 0.0445 0.0445  

elec All_Ireland B32_CCGT_NATGAS 247 2.12 0.0445 0.0445  
 

elec All_Ireland BGT1_CT_GASOIL 58 1.33 0.1724 0.3103  

elec All_Ireland BGT2_CT_GASOIL 58 1.33 0.1724 0.3103  

elec All_Ireland CGT8_CT_GASOIL 53 1.33 0.9434 0.9434  

elec All_Ireland Contour_STEAM_NATGAS 12.084 3.65 0.3337 0.3337  

elec All_Ireland CPS_CCGT_NATGAS 404 2.12 0.0371 0.0371  

elec All_Ireland Dublin_STEAM_WASTE 68.2 3.65 0.0132 0.0132  

elec All_Ireland ED3_STEAM_GASOIL 58 3.65 0.0862 0.0862  

elec All_Ireland ED5_STEAM_GASOIL 58 3.65 0.0862 0.0862  

elec All_Ireland ER_HY_GROUP 65 5.3 0.4615 1.0000  

elec All_Ireland ER1_HY 10 5.3 0.5000 1.0000  

elec All_Ireland ER2_HY 10 5.3 0.5000 1.0000  

elec All_Ireland ER3_HY 22.5 5.3 0.44444 1.0000  

elec All_Ireland ER4_HY 22.5 5.3 0.4444 1.0000  
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GRID NODE UNIT 
Capacity 

(MW) 

VOM 

Costs 

(€/MWh) 

Ramp up 

rate (per 

unit/minute) 

Ramp down 

rate (per 

unit/min) 

FOM 

Costs 

(€/MWh) 

elec All_Ireland GI_CCGT_NATGAS 464 2.12 0.0370 0.0399  

elec All_Ireland HN2_CCGT_NATGAS 404 2.12 0.0495 0.0495  

elec All_Ireland HNC_CCGT_NATGAS 343 2.12 0.0204 0.0204  

elec All_Ireland iPower_AGU_CHP_GASOIL 64 2.43 0.1250 0.1250  

elec All_Ireland IW1_STEAM_WASTE 17 3.65 0.0212 0.0382  

elec All_Ireland K1_Coal_220_STEAM_FUELOIL_COAL 255.26 3.65 0.0227 0.0227  

elec All_Ireland K2_Coal_220_STEAM_FUELOIL_COAL 257.92 3.65 0.0224 0.0224  

elec All_Ireland KGT1_GT_GASOIL 29 0.53 0.2069 0.2069  

elec All_Ireland KGT2_GT_GASOIL 29 0.53 0.2069 0.2069  

elec All_Ireland KGT3_GT_GASOIL 42 0.53 0.2381 0.2381  

elec All_Ireland KGT4_GT_GASOIL 42 0.53 0.2381 0.2381  

elec All_Ireland LE_HY_GROUP 27 5.3 0.1667 1.0000  

elec All_Ireland LE1_HY 15 5.3 0.1600 1.0000  

elec All_Ireland LE2_HY 4 5.3 0.1500 1.0000  

elec All_Ireland LE3_HY 8 5.3 0.1875 1.0000  

elec All_Ireland LI_HY_GROUP 38 5.3 0.3166 0.6316  



 

F 
 

GRID NODE UNIT 
Capacity 

(MW) 

VOM 

Costs 

(€/MWh) 

Ramp up 

rate (per 

unit/minute) 

Ramp down 

rate (per 

unit/min) 

FOM 

Costs 

(€/MWh) 

elec All_Ireland LI1_HY 15 5.3 0.3333 0.6667  

elec All_Ireland LI2_HY 15 5.3 0.3333 0.6667  

elec All_Ireland LI4_HY 4 5.3 0.5000 0.5000  

elec All_Ireland LI5_HY 4 5.3 0.0075 0.0250  

elec All_Ireland Lisahally_CHP_WASTE 17.6 3.34 0.0023 0.0023  

elec All_Ireland MP_STEAM_COAL_GROUP 855 3.65    

elec All_Ireland MP1_STEAM_COAL_GASOIL 285 3.65 0.0057 0.0047  

elec All_Ireland MP2_STEAM_COAL_GASOIL 285 3.65 0.0057 0.0047  

elec All_Ireland MP3_STEAM_COAL_GASOIL 285 3.65 0.0057 0.0047  

elec All_Ireland NW5_GT_NATGAS 109 0.53 0.0734 0.0534  

elec All_Ireland PBA_CCGT_NATGAS 255 2.12 0.01961 0.01961  

elec All_Ireland PBB_CCGT_NATGAS 255 2.12 0.0196 0.0196  

elec All_Ireland RH1_GT_GASOIL 52 0.53 0.1923 0.1923  

elec All_Ireland RH2_GT_GASOIL 52 0.53 0.1923 0.1923  

elec All_Ireland SK3_CHP_NATGAS 83 2.43 0.0723 0.0723  

elec All_Ireland SK4_CHP_NATGAS 83 2.43 0.0723 0.0723  
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GRID NODE UNIT 
Capacity 

(MW) 

VOM 

Costs 

(€/MWh) 

Ramp up 

rate (per 

unit/minute) 

Ramp down 

rate (per 

unit/min) 

FOM 

Costs 

(€/MWh) 

elec All_Ireland TB2_STEAM_FUELOIL_GASOIL 54 3.65 0.0185 0.0185  

elec All_Ireland TB3_STEAM_FUELOIL_GASOIL 243 3.65 0.0082 0.0091  

elec All_Ireland TB4_STEAM_FUELOIL_GASOIL 243 3.65 0.0082 0.0091  

pumped upper_res TH1_gen_PS 70 0    

elec All_Ireland TH1_pump_PS 70 5.3    

pumped upper_res TH2_gen_PS 70 0    

elec All_Ireland TH2_pump_PS 70 5.3    

pumped upper_res TH3_gen_PS 70 0    

elec All_Ireland TH3_pump_PS 70 5.3    

pumped upper_res TH4_gen_PS 70 0    

elec All_Ireland TH4_pump_PS 70 5.3    

elec All_Ireland TP1_CT_GASOIL 52 1.33 0.1923 0.1923  

elec All_Ireland TP3_CT_GASOIL 52 1.33 0.1923 0.1923  

elec All_Ireland TY_CCGT_NATGAS 404 2.12 0.0371 0.0309  

elec All_Ireland WG_CCGT_NATGAS 445 2.12 0.0463 0.0602  
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Table B.2: Detailed list of all the gas generators used in the Backbone model for the 2030 scenario 

GRID NODE UNIT 
Capacity 

(MW) 

VOM 

Costs 

(€/MWh) 

Ramp up 

rate (per 

unit/minute) 

Ramp down 

rate (per 

unit/min) 

FOM 

Costs 

(€/MWh) 

elec All_Ireland AA_HY_GROUP 86 5.3 0.0200 0.0204  

elec All_Ireland AA1_HY 21 5.3 0.0200 0.0200  

elec All_Ireland AA2_HY 22 5.3 0.0214 0.0214  

elec All_Ireland AA3_HY 19 5.3 0.0174 0.0174  

elec All_Ireland AA4_HY 24 5.3 0.0229 0.0229  

elec All_Ireland ADC_CCGT_NATGAS 440 2.12 0.0201 0.028136364  

elec All_Ireland All_Ireland_SOLAR 699.22 0   0.000001 

elec All_Ireland All_Ireland_WIND 11027.37 0   0.000003 

elec All_Ireland AT2_CT_NATGAS 90 1.33 0.0556 0.0556  

elec All_Ireland AT4_CT_NATGAS 90 1.33 0.0556 0.0556  

elec All_Ireland B10_CCGT_NATGAS 101 2.12 0.0105 0.0394  

elec All_Ireland B31_CCGT_NATGAS 247 2.12 0.0445 0.0445  

elec All_Ireland B32_CCGT_NATGAS 247 2.12 0.0445 0.0445  

elec All_Ireland BGT1_GT_GASOIL 58 1.33 0.1724 0.3103  

elec All_Ireland BGT2_GT_GASOIL 58 1.33 0.1724 0.3103  

elec All_Ireland CGT8_OCGT_GASOIL 53 1.33 0.9434 0.9434  

elec All_Ireland Contour_STEAM_NATGAS 12.084 3.65 0.3337 0.3337  

elec All_Ireland CPS_CCGT_NATGAS 404 2.12 0.0371 0.0371  

elec All_Ireland DB1_CCGT_NATGAS 415 2.12 0.0241 0.0108  

elec All_Ireland Dublin_STEAM_WASTE 68.2 3.65 0.0132 0.0132  
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GRID NODE UNIT 
Capacity 

(MW) 

VOM 

Costs 

(€/MWh) 

Ramp up 

rate (per 

unit/minute) 

Ramp down 

rate (per 

unit/min) 

FOM 

Costs 

(€/MWh) 

elec All_Ireland ED5_STEAM_GASOIL 58 3.65 0.0862 0.0862  

elec All_Ireland ER_HY_GROUP 65 5.3 0.4615 1.0000  

elec All_Ireland ER1_HY 10 5.3 0.5000 1.0000  

elec All_Ireland ER2_HY 10 5.3 0.5000 1.0000  

elec All_Ireland ER3_HY 22.5 5.3 0.44444 1.0000  

elec All_Ireland ER4_HY 22.5 5.3 0.4444 1.0000  

elec All_Ireland GI_CCGT_NATGAS 464 2.12 0.0370 0.0399  

elec All_Ireland HN2_CCGT_NATGAS 404 2.12 0.0495 0.0495  

elec All_Ireland HNC_CCGT_NATGAS 343 2.12 0.0204 0.0204  

elec All_Ireland iPower_AGU_CHP_GASOIL 64 2.43 0.1250 0.1250  

elec All_Ireland IW1_STEAM_WASTE 17 3.65 0.0212 0.0382  

elec All_Ireland KGT1_GT_GASOIL 29 0.53 0.2069 0.2069  

elec All_Ireland KGT2_GT_GASOIL 29 0.53 0.2069 0.2069  

elec All_Ireland KGT3_GT_GASOIL 42 0.53 0.2381 0.2381  

elec All_Ireland KGT4_GT_GASOIL 42 0.53 0.2381 0.2381  

elec All_Ireland LE_HY_GROUP 27 5.3 0.1667 1.0000  

elec All_Ireland LE1_HY 15 5.3 0.1600 1.0000  

elec All_Ireland LE2_HY 4 5.3 0.1500 1.0000  

elec All_Ireland LE3_HY 8 5.3 0.1875 1.0000  

elec All_Ireland LI_HY_GROUP 38 5.3 0.3166 0.6316  

elec All_Ireland LI1_HY 15 5.3 0.3333 0.6667  
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GRID NODE UNIT 
Capacity 

(MW) 

VOM 

Costs 

(€/MWh) 

Ramp up 

rate (per 

unit/minute) 

Ramp down 

rate (per 

unit/min) 

FOM 

Costs 

(€/MWh) 

elec All_Ireland LI4_HY 4 5.3 0.5000 0.5000  

elec All_Ireland LI5_HY 4 5.3 0.0075 0.0250  

elec All_Ireland Lisahally_CHP_WASTE 17.6 3.34 0.0023 0.0023  

elec All_Ireland NW5_GT_NATGAS 118 0.53 0.0734 0.0534  

elec All_Ireland PBA_CCGT_NATGAS 255 2.12 0.01961 0.01961  

elec All_Ireland PBB_CCGT_NATGAS 255 2.12 0.0196 0.0196  

elec All_Ireland RH1_GT_GASOIL 52 0.53 0.1923 0.1923  

elec All_Ireland RH2_GT_GASOIL 52 0.53 0.1923 0.1923  

elec All_Ireland SK3_CHP_NATGAS 83 2.43 0.0723 0.0723  

elec All_Ireland SK4_CHP_NATGAS 83 2.43 0.0723 0.0723  

pumped upper_res TH1_gen_PS 70 0    

elec All_Ireland TH1_pump_PS 70 5.3    

pumped upper_res TH2_gen_PS 70 0    

elec All_Ireland TH2_pump_PS 70 5.3    

pumped upper_res TH3_gen_PS 70 0    

elec All_Ireland TH3_pump_PS 70 5.3    

pumped upper_res TH4_gen_PS 70 0    

elec All_Ireland TH4_pump_PS 70 5.3    

elec All_Ireland TP1_CT_GASOIL 52 1.33 0.1923 0.1923  



 

K 
 

GRID NODE UNIT 
Capacity 

(MW) 

VOM 

Costs 

(€/MWh) 

Ramp up 

rate (per 

unit/minute) 

Ramp down 

rate (per 

unit/min) 

FOM 

Costs 

(€/MWh) 

elec All_Ireland TY_CCGT_NATGAS 404 2.12 0.0371 0.0309  

elec All_Ireland WG_CCGT_NATGAS 445 2.12 0.0463 0.0602  

elec All_Ireland NW4_GT_NATGAS 118 0.53 0.2542 0.2542  

elec All_Ireland n_PB_NATGAS 70 0.53 0.01961 0.01961  

elec All_Ireland n_RNS_NATGAS 70 0.53 0.0196 0.0196  

elec All_Ireland NEW1_CT_NATGAS 19 1.33 0.1923 0.1923  

elec All_Ireland NEW2_CT_NATGAS 30 1.33 0.1923 0.1923  

elec All_Ireland NEW3_CT_NATGAS 75 1.33 0.1923 0.1923  

elec All_Ireland NEW4_CT_NATGAS 30 1.33 0.1923 0.1923  

elec GB GB_GAS 2987     

elec FRANCE FRANCE_GAS 1442     

 

 

 

 

 



 

L 
 

Appendix C 

Generation profiles

  

Figure C.1: Hourly electricity generation profile for CT generators for 2020, and 2030 scenarios 
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Figure C.2: Hourly electricity generation profile for GT generators for 2020, and 2030 scenarios 
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Figure C.3: Hourly electricity generation profile for wind generators for 2020, and 2030 scenarios 
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Figure C.4: Hourly electricity generation profile for PV generators for 2020, and 2030 scenarios 
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Figure C.5: Hourly electricity generation profile for France interconnector for 2020, and 2030 scenarios  

 

 



 

Q 
 

 

Figure C.6: Hourly electricity generation profile for GB interconnector for 2020, and 2030 scenarios 
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Figure C.7: Hourly electricity generation profile for PS generator for 2020, and 2030 scenarios 

 


