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Summary 

With the decarbonisation of the European energy system, the question about the future role of gas 

and its infrastructure in a renewable energy system arises. With significant investments made into 

the European gas system, there is a high value in utilising this infrastructure in the future. 

Renewable gases, particularly biomethane, can utilise the gas infrastructure to offer a green 

alternative to natural gas-consuming sectors and contribute to their decarbonisation.  

Regulatory frameworks and policy instruments can have a deciding influence on the value chain of 

renewable gases. They will determine which sectors will consume renewable gases, and which 

renewable gas technologies will thrive in the future. On top of that, like with every other 

commodity, competitive markets will enable renewable gases to be consumed where they have the 

highest value for the customer at the most efficient prices. 

This thesis explores the potential role of gas in an integrated energy system by using two examples 

of technologies that connect the electricity grid with the gas system directly and indirectly. Power 

to Gas (P2G) plants demonstrate how the electricity system integrates with the gas infrastructure, 

and Gas Electric Hybrid Heat Pumps (GEHHPs) demonstrate the competition between gas and 

electricity markets in the individual heating sector. The feasibility of these technologies is evaluated 

and compared with their possible substitutes. The thesis investigates the economic implications of 

replacing natural gas with renewable gases and how regulatory frameworks affect the operation and 

feasibility of these two technologies. Another objective of this thesis is to study the current situation 

of renewable gas markets and develop a methodology to evaluate the performance of these markets. 

It suggests which measures are critical to improving the competitiveness and transparency of 

renewable gas markets. 

The main contributions of this thesis are divided into three key outcomes that can offer 

policymakers insight over the regulatory and market issues renewable gases face in the transition 

period towards a decarbonised energy system. These outcomes are as following: 

1. In the individual heating sector, the gas system adds value during the transition period to a 

renewable energy system, by covering the heat demand during peak hours of the electricity 

market. In general, the GEHHP utilises the heat pump component as a heating source for 

88% of its lifetime. Higher shares of wind energy in the last years, leading to less extreme 

peaks will strengthen this result. 

 

2. Electricity grid tariffs have been identified as the primary regulatory cost factor inhibiting 

P2G plants from making profits in Denmark. Since these tariffs are system costs required 

for maintaining and operating the electricity grid, the thesis suggests re-thinking tariff 

structures, especially for sector coupling technologies that are not real end-consumers but 

offer storage capacities to the energy system. 

 

3. If renewable gases are to compete with their fossil fuel substitutes, they will not be able to 

participate in the market since they currently have higher production costs than natural 

gas. Unless their production cost decreases or the CO2 price increases significantly, 

renewable gases rely on support instruments to be able to compete with fossil fuels, based 
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on their green value and their contribution to fulfilling renewable energy targets. The 

registration and auditing of the green value chain of renewable gases through certification 

enables them to be transferred and traded as a green fuel, with a higher value than identical 

energy carriers with lower sustainability standards. 
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Resumé (Danish) 

Med dekarboniseringen af det europæiske energisystem opstår spørgsmålet om hvilken rolle gas og 

dets infrastruktur vil have i et energisystem baseret på vedvarende energi. Med betydelige historiske 

investeringer i det europæiske gassystem, er der en høj værdi i at udnytte gasinfrastrukturen 

fremover. Vedvarende gasser, især biometan, kan udnytte den nuværende gasinfrastruktur til at 

tilbyde et grønt alternativ til naturgasforbrugende sektorer og bidrage til deres dekarbonisering. 

Regulering og politiske instrumenter kan have en afgørende indflydelse på hvornår vedvarende 

gasser kan blive profitable. De kan sætte rammen for hvilke sektorer der vil bruge vedvarende 

gasser, og hvilke vedvarende gas teknologier der bliver fremmet. Dertil kommer, at velfungerede 

markeder vil fremme brug af vedvarende gasser, hvor de har den højeste værdi for forbrugeren til 

de mest effektive priser. 

Denne afhandling undersøger potentialet for vedvarende gas i et integreret energisystem ved at 

bruge to teknologieksempler, der forbinder el- og gassystemet. Power to Gas (P2G) anlæg 

demonstrerer hvordan elsystemet integreres med gasinfrastrukturen, og gaselektriske 

hybridvarmepumper (GEHHP) demonstrerer konkurrencen mellem gas- og 

elektricitetsmarkederne i opvarmning af individuelle husholdninger. Disse teknologier evalueres 

og sammenlignes med andre mulige konkurrerende teknologier. Afhandlingen undersøger de 

økonomiske konsekvenser af at erstatte naturgas med vedvarende gas, og hvordan regulering 

påvirker driften og implementeringsmulighederne for disse to teknologier. Et andet formål med 

denne afhandling er at undersøge den aktuelle situation på markedet for vedvarende gas, og at 

udvikle en metode til evaluering af disse markeders effektivitet. Der bliver givet forslag til hvordan 

konkurrenceevnen og transparensen af markederne for vedvarende gas kan blive forbedret. De 

vigtigste bidrag i denne afhandling er opdelt i tre hovedpunkter, der kan give beslutningstagere 

indsigt i de lovgivnings- og markedsmæssige spørgsmål, som vedvarende gasser står overfor i 

overgangsperioden mod et integreret VE-baseret energisystem. Disse er: 

1) I den individuelle opvarmning, opvarmning af husholdninger, tilføjer gassystemet værdi i 

overgangsperioden til et vedvarende energisystem ved at dække varmebehovet i 

spidsbelastningstimer på elmarkedet. Generelt anvender GEHHP imidlertid 

varmepumpekomponenten som opvarmningskilde i 88% af deres levetid. Højere andele af 

vindenergi i elsystemet vil styrke dette resultat. 

2) De vigtigste lovgivningsmæssige hindringer i forhold til at udnytte potentialet for 

vedvarende gas i et integreret energisystem er elnettariffer. Elnettets tariffer er blevet 

identificeret som den primære omkostningsfaktor, der forhindrer etableringen af rentable 

P2G-anlæg i Danmark. Da disse tariffer er systemomkostninger, der kræves til 

vedligeholdelse og betjening af elnettet, foreslår afhandlingen at gentænke tarifstrukturer, 

især for sektorkoblingsteknologier, der ikke er reelle slutforbrugere, men tilbyder flexibilitet 

til energisystemet. 

3) Vedvarende gas kan på nuværende tidspunkt ikke konkurrere med naturgas på gældende 

markedsvilkår, da der i øjeblikket er højere produktionsomkostninger forbundet med 

vedvarende gas end naturgas. Medmindre produktionsomkostningerne falder eller CO2 

prisen stiger markant, er vedvarende gas afhængigt af støtteinstrumenter, for at være i stand 
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til at konkurrere med fossilt brændstof. Disse støtteinstrumenter skal tilgodese deres 

grønne værdi og  bidrag til at opfylde mål for vedvarende energi. Registrering af den grønne 

værdi af vedvarende gasser gennem certificering gør det muligtat handle dem som et grønt 

brændstof med en højere værdi end identiske energikilder med en lavere 

bæredygtighedsstandard. 
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1. Introduction 

1.1 Scope 

Climate change was initially discussed on a global scale in 1979 at the first World Climate 

Conference in Geneva and has stayed on the international policy agenda since then (Gupta, 2010). 

However, it was after the Paris agreement in 2016, where the discussion was shifted from 

negotiations about legally binding climate targets, to voluntary pledges towards climate ambition. 

From this point on, financial assistance and political leadership became the main currencies of 

international climate politics (Falkner, 2016). 

Climate models developed by the Intergovernmental Panel on Climate Change (IPCC) show that 

an increase in the global temperature more than 1.5°C compared to pre-industrial levels would have 

substantial implications on the global ecosystem. These implications could be, for example, hot and 

cold weather extremes, increasing mean temperature in land and oceans, heavy rains, and more 

(IPCC, 2018). The maximum increase in the global temperature is influenced by cumulative net CO2 

emissions and non-CO2 emissions such as methane, nitrous oxide, aerosols. Thus, to limit global 

warming to 1.5°C compared to pre-industrial levels, these emissions need to be mitigated, by 

replacing fossil fuels with CO2 -neutral and -negative energy sources and reducing energy and 

resource intensity (IPCC, 2018). Therefore, the Paris agreement has set the target to “increase in the 

global average temperature to well below 2°C above pre-industrial levels and to pursue efforts to 

limit the temperature increase to 1.5°C above pre-industrial levels” [Article 2, Paris Agreement] 

(United Nations, 2015).  

 

 

Figure 1: 2030 Emission gaps (UNEP, 2018) 
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As Figure 1 shows, continuing on the current trajectory of global GHG mitigation policies will lead 

to higher emissions than presumed and failing the Paris Agreement’s target. Therefore, rethinking 

climate policy and increasing global efforts for CO2 reduction is necessary to avoid the 

consequences of an increase in the global temperature above the 2°C  threshold. 

The fluctuating nature of wind and solar energy can lead to times of excess electricity production 

(Robinius et al., 2017). Electricity by itself so not storable to the same extent as molecular fuel 

carriers. Thus, there is a need for flexible electricity consumption and storage after conversion to 

other energy carriers. According to Münster et al. (2020) sector coupling is the conversion of 

electricity into a form of energy that can be either stored “for successive re-conversion to electricity, 

shift in time and some cases also in space (when being transported as molecules)”[Münster et al., 

2020, p. 44], or for consumption as a substitute to other energy sources.  

This Thesis defines an integrated energy system as a 100% renewable energy system where the 

electricity, gas, transport, heating, and industrial sectors are interconnected using sector coupling 

technologies. Utilising the gas grid for sector coupling may offer a cost-efficient means to an 

integrated energy system in Denmark. This way, the gas infrastructure can offer long term and high 

capacity storage to an extent, which no other currently available storage system can provide 

(Peieper and Rubel, 2012).  

Today, natural gas is the primary energy carrier flowing through the European gas grid. Natural gas 

is a fossil fuel and emits CO2 when burnt. However, its CO2 emissions are significantly below other 

fossil fuels. Long-term projections show that following the track of a future renewable energy 

system, natural gas consumption is decreasing by 2050 (Petrov et al., 2018). The question arising is 

whether there will be a need for the gas system in the future where wind, solar and bioenergy will 

fulfil the energy demand in various sectors (IEA, 2018).  

Renewable gases1 have, in many cases, net-zero CO2 emissions2, and they do not cause the negative 

externalities that natural gas poses to society. Therefore, it is in society’s interest to replace fossil 

gas with renewable gas. Out of the renewable gases known today, only biomethane3 can be injected 

into the grid without a limit, since it has similar chemical characteristics as natural gas. Hydrogen 

can be blended into the natural gas grid up to a limited percentage. There are projects in motion 

that are studying the conversion of the natural gas grid into a hydrogen grid in the future 

(Noordelijke Innovation Board, 2017; Kiwa Technology B.V., 2018). Renewable gases can potentially 

replace natural gas and enable sector coupling between the different energy sources and 

applications shown in Figure 2.  

 

                                                      
1 Biomethane, biogas, green hydrogen, Synthetic gas resulting from thermal gasification 
2 There might be renewable gas technologies that have net emmissions above zero, for example due to 

methane leackage from pipelines, or biogas production from thermal gasification. 
3 Biomethane is the term used for upgraded biogas 
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Figure 2: Gas as a medium for sector coupling 

Besides being a renewable gas source, compliant with the natural gas infrastructure, biomethane 

offers benefits to the society by improving resource efficiency and contributing to local circular 

economies. In the scenarios of the latest World Energy Outlook, biomethane is the most supplied 

renewable gas, depending on the geographical location and feedstock availability (IEA, 2020b). 

The production of renewable gases is costly and far more expensive than natural gas. However, 

projections show that the cost gap between biomethane and natural gas is decreasing due to the 

improvement of the cost efficiency of biomethane production technologies, and higher carbon 

pricing in some countries (IEA, 2020b; Nature Energy, 2020). Many nations have implemented 

policies and regulatory frameworks4 to accelerate the cost decrease and diffusion of renewable gas 

production technologies. 

In the European Union (EU), the recast Renewable Energy Directive (2018/2001/EU, from here on 

referred to as EU RED II) sets an initial policy framework for how renewable gases can contribute 

towards the EU's renewable energy and GHG-mitigation target in all sectors (European 

Commission, 2018a). Each EU Member State then has to present a national renewable energy and 

climate plan to the Europen Commission, where they introduce the key policies and measures they 

implement to reach their national renewable energy and GHG-mitigation targets. EU Member 

States have until the start of 2021 to include the policy framework of the EU RED II into their federal 

law (European Commission, 2020c). 

Within the last two decades, support mechanisms have been used by several EU Member States to 

facilitate and incentivise the growth of renewable gas technologies. For example, Feed-in-Tariffs 

                                                      
4 A regulatory framework is the set of rules, classifications, and policies that a technology or system is 
subject to. 
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(FIT) and Feed-in-Premiums (FIP) for biogas5 and biomethane in Germany, Italy, and Denmark, 

have caused increasing biogas and biomethane production in these countries (Lambert, 2017). The 

next step is to facilitate the trade of biomethane and to harmonise the renewable gas markets across 

the EU so that Biomethane potentials in the EU can be fully realised and optimised. 

1.2 Research Question 

Given the potential role, renewable gases can play in a renewable energy system; This thesis answers 

the following research questions: 

1. What is the role of the gas sector in a renewable energy system? 

This research question focuses on technologies, that enable the gas system to fulfil a purpose in an 

integrated energy system. For this purpose, two technologies, which demonstrate the interaction 

of the gas and electricity markets, are studied. The thesis sets a particular focus on the increasing 

share of renewable energy and higher electricity price variations in future. In Paper A, the 

competition between the electricity and gas market in gas-electric hybrid heat pumps (GEHHPs) is 

demonstrated. Paper B shows how Power to Gas (P2G) couples the electricity system with the gas 

grid and other sectors in the most cost-efficient manner.  

2. What regulation is needed for the gas system so that it can fulfil its role in a renewable energy 

system? 

Following the research question 1, we examine how the regulatory framework should look like for 

renewable gas to contribute towards the decarbonisation of the energy system. Paper A and B, 

analyse GEHHPs and P2G plants with a particular focus on the regulatory frameworks they are 

under; and evaluate the effect of regulatory costs6 and instruments on their performance. 

Additionally, Paper C expands the geographical scope of this thesis and compares the regulatory 

framework for Power to Biomethane in Denmark and Germany. 

3. How can renewable gases be organised into a wholesale market? 

For renewable gases to compete with fossil fuels, their production cost needs to decrease. From the 

economic point of view, competitive markets are the most efficient way to organise the supply and 

demand of a commodity and reduce its production cost. Paper D examines how renewable gas 

trades can be organised into a transparent wholesale market and how the European Union’s policy 

framework is contributing to this goal. Additionally, Paper B mentions an implication the lack of 

such market has on the operation of P2G plants. 

1.3 Research Contribution 

The thesis is divided into four research articles, which, as mentioned in section 1.2, address the 

research questions of this thesis. 

 

                                                      
5 The gas resulting from the anaerobic digestion of organic material 
6 Taxes, tariffs, subsidies, system costs and constributions 
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Paper A: “Cost comparison and optimisation of Gas Electric Hybrid Heat Pumps” 

This article answers the research question 1 by investigating how gas will compete with electricity 

for providing the heat for an individual household using a GEHHP. Paper A reveals how much gas 

consumption in this system would be still efficient from a socio- and private-economic perspective, 

and how replacing natural gas with renewable gases influences the operation and fuel consumption 

of the GEHHP. Thus, the article gives an insight into the current and future role of gas in the 

individual heating sector. 

Paper B: “The role of regulatory frameworks in the operation and profitability of power to gas 

plants” 

Focusing on hydrogen as a renewable gas, Paper B studies the operation of a Power to Gas (P2G) 

facility, which uses electricity from the transmission grid and produces hydrogen and excess heat 

as an output. The outcome of the cost and profit calculations shows the value and competitiveness 

of renewable hydrogen as a medium for sector coupling. Additionally, Paper B addresses research 

question 2 by analysing the effect of regulatory cost components and support schemes on the 

profitability of the P2G facility. 

Paper C: “The Role of Regulation in the Market Integration of the Power to Biomethane Process” 

Paper C continues to address research question 2 by focusing on a P2G value chain that includes 

the methanisation of biogas and has biomethane as an output. The article compares the regulatory 

framework in Germany and Denmark and highlights the strength and weaknesses of these 

frameworks regarding sector coupling. This comparison enables an overview of the possible 

developments of P2G in other European countries and expands the geographical scope of this 

thesis. 

Paper D: “A European Journey to a common biomethane market”  

This article addresses research question 3. The Biomethane Target Model introduced in Paper D is 

an approach to organise the biomethane trading activities in the EU into a market by introducing 

several metrics based on market theory. These metrics can measure the performance of a potential 

market for biomethane and other renewable gases. This model is then applied to three EU Member 

States that each has been experiencing significant developments in their respective biomethane 

market. 

2. Decarbonisation in the EU and Denmark 

2.1 GHG mitigation and Renewable Energy in the European Union 

The European Union is responsible for approximately 9% of the global GHG emissions (Burck et 

al., 2020). The European Commission has set a target of a 32% share of renewable energy in the 

EU's gross energy consumption (European Commission, 2018b), 40% cuts in greenhouse gas 

emissions compared to 1990 levels, and at least 32.5% improvement in energy efficiency by the end 

of 2030 (European Commission, 2020a). Projections show that the EU is currently not going to meet 

this target (Burck et al., 2020). 
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The EU divides the GHG emitting sectors into two groups: EU emissions trading system ( ETS) and 

non-ETS sectors. In order to reach the 2030 targets, the ETS sectors would have to cut emissions 

by 43%, and non-ETS sectors would need to cut emissions by 30% compared to 2005 levels 

(European Commission, 2020a). The EU Member States realise the EU-level renewable energy 

target collectively by deciding on national contributions to the target. The national Renewable 

energy targets are included in Annex I of the Renewable Energy Directive and vary from country to 

country. As Figure 3 shows, the ambitiousness of these national targets varies strongly amongst the 

EU Member States, starting from a 10% contribution from Malta to a 49% contribution from 

Sweden (Eurostat, 2020). The process towards fulfilling national renewable energy objectives is 

governed by the Member States and requires them to submit integrated national energy and climate 

progress reports every two years. These reports will show the countries' progress towards the 2030 

climate and energy goals7.  

 

 

Figure 3: National contribution and status of EU Member States (Eurostat, 2020) 

 

                                                      
7 Regulation (EU) 2018/1999 of the European Parliament and of the Council of 11 December 2018 on the 
Governance of the Energy Union and Climate Action, amending Regulations (EC) No 663/2009 and (EC) No 
715/2009 of the European Parliament and of the Council, Directives 94/22/EC, 98/70/EC, 2009/31/EC, 
2009/73/EC, 2010/31/EU, 2012/27/EU and 2013/30/EU of the European Parliament and of the Council, Council 
Directives 2009/119/EC and (EU) 2015/652 and repealing Regulation (EU) No 525/2013 of the European 
Parliament and of the Council.  

https://ec.europa.eu/clima/policies/ets_en
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2.2 Role of the gas system in realising decarbonisation goals 

As of today, gas is a fossil energy carrier used primarily for electricity production, heating, and 

industrial processes. In an integrated energy system, the value of the gas system will lie in storing 

energy over long times and at a very high capacity. Additionally, the gas infrastructure will enable 

renewable gases to replace natural gas in the long run (Trinomics, 2018). 

Renewable gases can provide a renewable energy source, especially for sectors that are currently 

highly dependent on fossil energy carriers, such as industry and transport. Especially the energy 

demand in the transport sector is mainly covered by fossil fuels, and due to the extensive 

investments in vehicles and infrastructure that different substitutes for fossil fuels require, the 

transport sector is the most challenging to decarbonise.  

In light of the EU decarbonisation goals, the EU RED II has obligated fuel suppliers to ensure that 

by 2030; at least 14% of their final energy consumption originates from renewable sources. 

According to article 25 RED II, the share of advanced biofuels and second-generation biogas in final 

energy consumption in the transport sector has to be at least 0.2% in 2022, 1% in 2025 and 3.5% in 

2030 (European Commission, 2018b). Renewable gases will play an essential role in the European 

transport sector, fulfilling these goals. 

The European gas system will still play an essential role in the energy transition. The current 

approved Projects of Common Interest approved by the European Commission consist of 32 gas 

infrastructure-related projects (21%), and 70% renewable electricity and smart grid projects. Even 

though the share of gas-related projects has decreased since two years ago (European Commission, 

2020b), it is still controversial that the EU supports projects related to a fossil energy carrier, since 

the PCI list has to be in line with the EU energy and climate goals (Simon, 2020). 

2.2.1 The Danish gas system- its history and potential role in decarbonisation 

Denmark is one of the European countries, which has been performing well in climate leadership. 

It has already exceeded its renewable energy targets in 2020 (Liobikienė and Butkus, 2017). On the 

national level, the Danish energy agreement from 2018 has set the target share of 55% renewable 

energy in the gross national energy consumption until 2030, and net-zero greenhouse gas (GHG) 

emissions until 2050. In the transport sector, Denmark has a blending demand of 0.9% advanced 

biofuels for inland transport (Danish Energy Agency, 2018). 

With an increasing share of renewable energy, the role of natural gas in the Danish energy supply 

has become less relevant. The increasing share of electric heat pumps in the heating sector has been 

contributing to this development (Energi- Forsynings- og Klimaministeriet, 2018). However, with 

the Danish gas grid being well developed, there is a high value in utilising this infrastructure 

(Nielsen, Amirkhizi and Morthorst, 2017). 

The Danish gas grid has been established in the 1980s to distribute the North Sea gas reserves to 

the countries in the region. As Figure 4 shows, it comprises of transmission and distribution 

pipelines, two gas storage facilities, transit pipelines towards Germany and Sweden, and one biogas 

entry point. The Danish gas system transports approximately 30 TWh of energy to gas consumers 

in Denmark. This infrastructure is an integral part of the European gas infrastructure since it 

operates as a transit country for natural gas moving gas from Germany to the Swedish market and 
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from the North Sea to the European market. In future, the planned Baltic pipeline will connect the 

Nordic and polish gas markets. Energinet owns and operates the transmission grid in Denmark. 

Amongst Energinet’s responsibilities are balancing the volumes flowing through the Danish natural 

gas system, and ensuring the Danish security of supply (Nielsen, Amirkhizi and Morthorst, 2017).  

 

 

Figure 4: The Danish gas system on a transmission level (Energinet, 2019) 

As Figure 5 shows, in Denmark, gas is mostly consumed for heating and industrial purposes. In 

2015, natural gas was fueling gas boilers in 400.000 Danish households, and approximately 18% of 

the boilers and CHP plants in the district heating sector. The consumption of natural gas in the 

transport sector has increased recently. Today CNG is used for public transport in many Danish 

cities such as Aalborg and Horsens.  

So far, Denmark has been making efforts to decarbonise its gas system by increasing the share of 

biomethane in the natural gas grid. In 2019, biomethane covered approximately 11% of the Danish 

gas consumption8. Projections from Nature Energy (2020) show that the combination of decreasing 

costs of biomethane production due to economies of scale, and Danish biogas support, will lead 

biomethane to become cost-competitive with other energy carriers and has a potential cost 

decrease of 21.8%9 by 2030. Less optimistic projections from the IEA (2020b), while also stating a 

                                                      
8 https://evida.dk/gron-gas/gasnettets-rolle/ 
9 In the accelerated growth scenario 
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decrease in the production cost of biomethane and biogas, state that these gases will not be able to 

compete with natural gas, unless positive and negative externalities are priced higher (IEA, 2020b). 

 

Figure 5: Annual Danish gas consumption in TJ by sector 10 

2.2.2 Renewable gas policies 

In Denmark, only biogas and biomethane are eligible for renewable gas support payments. 

Hydrogen does not receive subsidies, even after it has been converted into biomethane using the 

methanation process. There are two aspects of biogas support: substrate input and energy 

production. The Danish support regulation emphasises on the use of manure and waste products 

(second and third generation biomass) in biogas production but supports the biogas output on an 

energetic level at the end of the biogas value chain. In practice, this means that biogas plant 

operators need to ensure the availability of manure to receive support on the output level. Biogas 

can be converted into energetic output either by upgrading it into biomethane (for injection into 

the gas grid) or by fueling a CHP plant (for power and heat production) (Skovsgaard and Græsted 

Jensen, 2017). 

In the transport sector, the legislation supports biogas (in the form of CNG) through the biofuel 

quota, where companies importing or producing fuels need to have a defined percentage of their 

                                                      
10 The figure is provided by the Danish Energy Agency, and is based on data from EVIDA  
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fuels to be biofuels. The Danish legislation supports biogas for industrial use, upgrading, heat, and 

power production through a feed-in tariff, which consists of two price elements: the base price 

settlement, the natural gas price supplement. In the case of gas price increases, the natural gas price 

supplement will decrease (Danish Energy Agency, 2020b). Table 1 lists the different support tariffs 

for biogas in 2020. 

Table 1: Danish support rates for biogas in 2020  (Danish Energy Agency, 2020a) 
 Base price 

settlement* 
DKK/GJ 

Natural gas 
price 
supplement** 
DKK/GJ 

Total support  
DKK/GJ 

Upgrading and injection 82.6 43.8 126.4 

Industry 39 48.8 75 

Transport 39 48.8 75 

Heat  48.8 48.8 

 DKK/KWh DKK/KWh DKK/KWh 

Electricity fixed price 0.829 0.408 1.237 

Electricity price 
supplement 

0.45 0.488 0.938 

* Yearly indexed 

**Adjusted to the natural gas price 

Following the Energy Agreement of 29 June 2018, the support scheme for biogas production from 

existing plants will continue until 2032. Plants commissioned after 2020, will not be eligible for the 

former support scheme, and a ceiling will be imposed on their production support, as well as an 

ongoing assessment of whether these plants are overcompensated (Danish Energy Agency, 2018). 

Biomethane transferred along the biogas value chain receives certification from the Danish TSO 

Energinet. The Energinet certificate proves that an energetic unit injected by the biomethane 

producer and transported in the gas grid is sustainable. The certificate can then be traded and 

exported. Upon export, the green value still counts towards the Danish renewable target 

achievement (Energi- Forsynings- og Klimaministeriet, 2018).  

2.3 The FutureGas project 

To answer the questions regarding the role of the Danish gas system in the Danish energy 

transition, stakeholders from the Danish energy industry, regulators, and academic institutions 

started the FutureGas project. The project, funded by the Danish innovation fund, covers the full 

supply chain of natural gas and renewable gases, from conditioning and grid injection to the 

consumption in different sectors.  

As Figure 6 illustrates, Input from researchers and stakeholders across the value chain of renewable 

gases and natural gas provides the input information for Work Package 4, which consist of an 

integrated energy system model, to study the future demand and value of the gas system in relation 

with developments in the electricity, district heating, and transport sector.  
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Figure 6: FutureGas project-work packages 

This Thesis is a part of Work Package 6 of the FutureGas project. This work package focuses on 

markets and regulation for renewable gases. Amongst the outputs of this work package are the 

investigation of the most efficient regulatory and market frameworks that enable the optimal use 

of renewable and natural gas.  

3. Theoretical background 

3.1 Profit maximisation and industry supply 

This section elaborates on the principles of producer theory, and how they are applied in Paper B. 

The producer theory studies how firms combine inputs to produce outputs and supply the market 

at appropriate prices given technological and market-based constraints (Ishaq Nadiri, 1982). The 

theoretical concepts explained in this section are derived from Nechyba (2011, chaps 13–14). 

It is often convenient to view profit-maximising firms as cost minimisers. Firms use the information 

on output prices to determine a production plan at which the difference between revenues and 

costs (profit) is the greatest. The average cost (AC) is the total cost, divided by the number of output 

units produced by the firm. The marginal cost (MC) is the increase in the firm’s total costs due to 

the production of one additional unit of output. A price-taking firm’s supply curve is always the 

part of its MC curve that lies above its AC curve. Thus, as shown in graph (b) of Figure 7, the firm 

supplies the output and price levels corresponding to the orange part of the MC curve to the market.  

In the short-run, the firm is bound to its capital costs. Capital costs are sunk costs and are not 

included in the firm’s short-run AC curve. In the long-run, the firm’s AC curve includes capital 

costs. Therefore, the short-run AC curve of a firm lies below its long term AC curve, and the short-

run supply curve extends below the long-run average cost curve, as evident from the graph (b) of 

Figure 7. The firm shuts down when the price is below its short-run average costs and exits the 

industry if the price is below its long-run average costs. Equation 1 is the condition for firms to 

continue production in the short-run and to stay in the market in the long-run. 

 𝑝 ≥ 𝐴𝐶  

Equation 1 
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𝑝 ≥ 𝑀𝐶  

Equation 2 

For the producer to maximise profits, the marginal revenue (MR) needs to be higher or equal to the 

MC. The marginal revenue is the additional revenue the firm earns from selling an additional unit 

of output. When assuming competitive markets, price-taking firms will charge the same price for 

their output, independent of the amount of output supplied. Therefore, in competitive markets, 

the marginal revenue equals the price (p) of output, and Equation 2 is fulfilled.  

In Paper B, the assumption is that the firm made the initial decision to invest. The firm has to decide 

to stay in the market, re-invest, or exit the industry in the long-run. With the capital fixed in the 

short-run, the firm makes decisions on a short run decision frontier that has output solely changing 

with the number of input. The short term costs of the firm in Paper B are the cost of electricity 

consumption. 

Each scenario In Paper B has a different long- and short-run average cost curve associated with it. 

In graph (a) of Figure 7, all of these AC curves have their minimum at output level x for simplicity 

reasons. When the market price of the output is p, it is above or equal the minimum point of AC 

and AC’. At this price, the scenario leading to AC makes profits, whereas the scenario with AC’ is 

the marginal producer and enters the market at the output price p. All scenarios with AC curves 

above that, do not enter the market. For a higher output price, for example, in the case that the 

hydrogen produced from the P2G plant is sold as a green transport fuel, all scenarios can enter the 

market. The scenario with AC’’’ is then equivalent to the marginal producer. 

The firm decides, based on whether the output price is above or below its long-run average costs, 

to enter or exit the market. In the short-run, it decides to produce where the price is above its 

marginal costs. It supplies to the market as long as its marginal cost curve is above its average cost 

curve.

 

Figure 7: Theoretical principles used in Paper C 
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3.2 Adverse selection and renewable gas markets 

When market participants have different information regarding the products in the market, we 

have the case of asymmetric information, which leads to an inefficient market equilibrium by 

causing Moral hazard and adverse selection. Moral hazard refers to the case when the asymmetric 

information causes market participants to change their behaviour. Adverse selection is when the 

buyer and seller do not have information about each other’s costs and preferences, so the correct 

market equilibrium is not found (Nechyba, 2011, pp. 495–502). 

Buyers in renewable gas markets buy units of sustainable energy carriers. If renewable gas were to 

be traded based on its energetic value, we would have a case of adverse selection, since the 

sustainability characteristics of this energy unit are not visible to market participants, unless they 

are documented and registered. Otherwise, producers have more information about their 

sustainability and costs than the buyers do. Green gas producers have higher costs than natural gas 

producers. Therefore they need to sell their product at a higher price than the competitive 

equilibrium of a market that only trades based on the energetic value of commodities. Thus, 

biomethane can only be competitive if its sustainability characteristics are acknowledged by buyers 

in the market. 

Certification is a tool to reduce information asymmetries in markets (Wimmer and Chezum, 2003). 

In the case of renewable gas, certificates can give buyers information about the sustainability 

characteristics of the biomethane consignment they are buying. The more elaborate this 

information, the less there is the danger of a pooling equilibrium. At a pooling equilibrium, the 

market equilibrium is at the level of the costs and willingness to pay for an average product. At such 

an equilibrium, producers with a more sustainable product and higher costs to leave the market. 

This leads to a decrease in the overall green value of the products available in the market. For 

example, the EU RED mass balance certificate according to Article 26 of the EU RED II, is a more 

thorough and costly certification procedure, compared to the Guarantee of origin scheme. 

Therefore producers will have to determine if the profit they would gain under the EU RED mass 

balance certification, would make up for their costs, and whether, they would economically be 

better off by supplying the market with a less sustainable product. 

The adverse selection in renewable gas markets can be particularly a challenge for hydrogen 

because hydrogen resulting from fossil fuel combined with CCS (blue hydrogen) is currently 

competing in the same markets as hydrogen resulting from renewable electricity (green hydrogen). 

Green hydrogen is argued to be a more sustainable product in the long-run since additionally to 

being entirely sourced from wind or solar; it offers services to the electricity grid and overall energy 

system. Even though the carbon capture technology causes the hydrogen to be carbon neutral, it 

does not contribute to a 100% renewable energy system since it is keeping fossil fuel plants in the 

energy system. 

3.3 Environmental regulation and externalities 

Externalities are unpriced effects of the production and consumption of a product that a third party 

has to bear due to unclear ownership structures or high transaction costs. These side effects can be 

positive or negative (Salvatore, 2012, pp. 547–551). Some industries consume raw material and 

energy to produce output, and by doing this, they create environmental pollution. When producers 
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mitigate their pollution, they bear costs without directly benefiting from the decrease in pollution. 

Thus, a profit-maximising producer would not voluntarily decrease her pollution to the socially 

optimal level (Hanley, Shogren and White, 1997, p. 58).   

Unpriced negative externalities lead to market failure. A failing market is not able to produce the 

best outcome for society and requires governmental regulation (Turner, Pearce and Bateman, 1993, 

pp. 239–243). Climate change is one of the most significant market failures of our time (Van Den 

Bergh and Botzen, 2014). Policymakers aim to limit the negative externality to the extent that the 

marginal social benefit of abatement equals its marginal social cost (Salvatore, 2012, pp. 547–551). 

For this purpose, governments use regulatory tools to change behaviour by imposing a cost on the 

pollution factor, and thereby, internalising the externality using command and control, or 

economic incentive mechanisms. 

3.3.1 Command and Control regulation 

Command and control regulation describes the governments imposing restrictions on all the firms 

in an industry. These restrictions can address the allowed pollution level, use of raw material, or 

production of output (Tang, Qiu and Zhou, 2020). The NOx quota in the maritime sector and the 

prohibition of asbestos in constructions are examples of command and control regulation. 

Command and control regulation tends to be less efficient than market incentives unless pollution 

needs to be entirely removed or regulators have full knowledge of necessary actions. Command and 

control regulation does not consider the different abatement costs that different producers may 

have. Both firms with high and low abatement costs have to withhold the same restrictions. 

Therefore, the overall result for society might not be optimal. Additionally, firms do not have an 

incentive to reduce their pollution below the given threshold under command and control 

regulation. 

3.3.2 Economic incentive mechanisms 

Conventional energy sources cause CO2 emissions as negative externalities, whereas renewable 

energy sources such as wind, solar, and biogas do not. Additionally, Renewable energy sources have 

positive externalities such as knowledge spillover and manure treatment in the case of biogas. 

However, they face market barriers due to the lack of market and investment signals resulting from 

imperfect markets.  

Economic incentive mechanisms tend to be more efficient than command and control regulation. 

They enable producers to reveal their cost-optimal abatement solution (Turner, Pearce and 

Bateman, 1993). According to the “polluter-pays-principle”, negative externalities are best 

internalised by increasing the cost of pollution factors. Pollution taxes are based on this principle. 

However, this approach might not always be preferred by policymakers due to uncertainty about 

the correct tax level and public acceptance issues that come with taxes (Kitzing, Sneum and 

Bramstoft, 2016).  

Within the last decades, support mechanisms for renewable energy production technologies have 

been widely deployed in the EU (Kitzing, Mitchell and Morthorst, 2012). Policymakers use support 

instruments to incentivise private investors and market actors to invest in those options that are 

socially and politically desired (Kitzing, Sneum and Bramstoft, 2016). 
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The instruments that Economic incentive mechanisms use can be divided into price or quantity, 

voluntary or regulatory, generation or capacity based instruments (Haas et al., 2011). When 

comparing price-, to quantity instruments under perfect competition, with certainty, and in the 

absence of asymmetric information, the invisible hand of the market allocates the resources in the 

market in the most optimal manner (Weitzman, 1974). In this case, it does not matter whether this 

allocation is realised through quantity or price regulation. Both instruments will lead to the same 

result. However, in reality, due to asymmetric information and the non-perfect competition in real 

markets, there is no perfect market (Kitzing, Islam and Fitch-Roy, 2016). Thus, how efficient price 

or quantity instruments are, depends on their specific design criteria and technologies to be 

supported (Haas et al., 2011).  

Throughout this thesis, the effect of a number of economic incentive instruments on the operation 

and uptake of renewable gas technologies has been studied. The thesis does not include several 

economic incentive instruments such as auction schemes, indirect strategies11, investment support, 

and other tools since they are not within the scope of the analyses in Paper A-D. The incentives 

used in this thesis and their classification are listed in Table 2. Sub-sections 3.3.2.1 to 3.3.2.3, 

elaborate on each one of these instruments.  

Table 2: Economic incentives used in Paper A to D  

Incentive instrument Price or quantity 
based? 

Voluntary or 
regulatory? 

Relevant paper 

FIT and FIP Price Instruments Regulatory B, C 

Environmental taxes Price Instruments Regulatory A,B,C 

Guarantees of origin Price Instruments Voluntary D 

Certificates with quota 
obligation 

Quantity 
instruments 

Regulatory D 

 

3.3.2.1 Feed-in Tariffs and Feed-in Premiums 

Feed-in-tariffs (FIT) subsidise renewable energy producers by offering them a fixed-price guarantee 

for their output over a specified period. Several countries of the European Union have been using 

FITs since 1990 (Haas et al., 2011). FITs have been contributing to an accelerated decrease in the 

cost of renewable electricity technologies.  

Under Feed-in Premiums (FIPs), the state pays a subsidy on top of the market price of a produced 

unit of renewable energy. This way, the producer has a reason to adjust her production level to 

market prices. The producers know the demand for their output and supply the market accordingly.  

There is a problem of adverse selection and moral hazard since the regulators have to determine a 

FIT or FIP level for the output of renewable energy producers. The FIT and FIP payments are usually 

calculated based on the marginal cost of the producer and thus, include much uncertainty since 

under imperfect market conditions, the marginal cost curves of producers are not known to the 

regulator (Kitzing, Islam and Fitch-Roy, 2016). Thus, both regulators and producers do not know 

the market equilibrium and the most efficient support rate they should pay or receive per unit of 

                                                      
11 For example, CO2 permits and quotas 
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renewable energy production. If the FIT or FIP is higher than the actual cost of producers, producers 

do not have the incentive to be transparent about their production costs.  

3.3.2.2 Environmental taxes 

In theory, environmental taxes internalise the cost of pollution caused by producers. Producers can 

choose between polluting and paying the tax, and not polluting, depending on their marginal cost 

of abatement. The tax burden is divided between end-consumers and producers, depending on the 

elasticity of demand for the product. 

Environmental taxes are often used in combination with RES promotion schemes. For example, the 

regulator can incentivise renewable energy technologies by exempting them from environmental 

taxes (Cansino et al., 2010). The most relevant environmental taxes in light of the Paris Agreement 

and the EU's GHG mitigation goals are CO2 taxes, followed by taxes on other Greenhouse Gases 

such as methane, NOx, and SOx (PwC, 2018). 

3.3.2.3 Certificate schemes 

Certificate schemes represent a market-based approach to incentivise pollution control and 

renewable energy production. There are three main variations of certificate schemes: Cap and trade, 

quota obligations, and voluntary certificates.  

In cap and trade schemes, a governmental body sets a limit on the firm’s allowed emission level. If 

firms produce emissions above this limit, they are required to buy emission allowances from an 

allowance market. Firms that have emissions below the allowed level and sell their excess 

allowances to supply this market. In some cases, the government initially grandfathers emission 

allowances to the industry. The EU ETS system is the most famous cap and trade system. 

Quota obligations are used as a renewable energy support instrument. The Swedish-Norwegian 

certificate market is an example of certificate schemes with quota obligations. With quota 

obligations, the government defines a mandatory quota for renewable energy in the energy that 

wholesale companies in a sector sell, or that consumers consume. The firms affected by this quota 

can choose to between investing in developing their own renewable production or purchasing 

certificates from a certificate market. Renewable energy producers receive a certificate for each unit 

of their output production and supply this market. Those firms that can produce the renewable 

energy unit most efficiently sell the certificates of their produced energy to those companies that 

have to fulfil this quota. 

There are also voluntary certification schemes, where a green certificate is issued to each unit of 

renewable energy production and can be traded separately from the fuel and sold to customers that 

are interested in adding a green component to their non-green product. Paper D elaborates further 

on the difference between voluntary and quota obligated certificates in the European Union using 

the example of the RED mass balancing certificate and Guarantees of Origin. 

3.4 Efficient commodity markets and market structure 

The oxford dictionary defines a commodity as “A raw material or primary agricultural product that 

can be bought and sold” (Oxford Dictionairies, 2018). Thus, Tradability is one of the main 
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characteristics of a commodity (Kosoy and Corbera, 2010). Markets are the platforms to trade 

Commodities. 

Well-performing markets lead to the most efficient allocation of resources. A well-performing 

market has limited revenue margins and high product variety (Tirole, 1986, p1). The market 

performance is determined by the market structure, meaning the number of sellers and buyers in 

the market, and the degree of product differentiation12.  

Bain (1986) builds the hypothesis of the relationship between market structure and performance 

on two pillars: First, he states that a high seller concentration leads to high profits since firms in 

highly concentrated markets have more market power. However, these profits are above the 

amount needed to cover the average costs and are referred to as excess profit. In the absence of 

market entry barriers, excess profits attract new market entrants. Thus, if firms have market power, 

they will set the price in a way to gain the highest possible excess profits without attracting 

competitors. However, the objective of a competitive market is not to maximise profits for few 

individual producers, but to allocate the resources most efficiently. Thus, economic policy aims to 

achieve high competition in markets. Since full and perfect competition only exists in theory, 

Mason (1949) uses the term of workable competition. Workable competition limits the firm's 

market position and scope of actions and happens within a market structure where buyers and 

sellers have many options to buy and sell their products. 

Tirole (1986) also names the degree of product differentiation amongst the determinants of market 

structure. First, he defines product differentiation as the principle of firms not wanting to locate 

their product in the same product space as their competitors because if the firm places its product 

next to the competitor’s product, this sets it in direct price competition with that firm. By 

differentiating the product, the firm creates a market niche, which gives the firm higher profits 

compared to the case of direct competition (Tirole, 1986, p. 295). On the other hand, when one firm 

supplies a product to several markets, it faces less risk than if each of these markets is supplied by 

different firms (Tirole, 1986, p. 20).  

We use the theory mentioned above to organise and find a structure for the biomethane market in 

Paper D. The article builds on the statement that market structure, meaning the number of sellers 

and buyers in the market and the degree of product differentiation, is influencing the market 

performance. A well-performing market is efficient, has limited revenue margins and high product 

variety (Tirole, 1986, p1). 

4. Research Methods 

There are several aspects both on the society’s and consumer’s level determining the regulatory 

framework most suitable for renewable gases in the future energy system. A mono-disciplinary 

research approach is not sufficient to tackle questions of this nature. Thus, this thesis requires a 

                                                      
12 The opinions about the relationship between market structure and performance are not unanimous in 
economic theory. While the classical school of economics, also known as Harvard school, studies the link 
between market structure and market performance, the Chicago school refuses to develop general models 
and causation theories for market performance (Bain, 1986). 
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multidisciplinary approach to answer the research questions in section 1.2, using principles and 

methods from the field of economics and engineering sciences.  

4.1 Quantitative methods 

4.1.1 Optimisation model: Unit commitment 

In Paper A, we have developed a small-scale unit-commitment model. The GEHHP is modelled as 

a system that provides the water and space heating of a Danish household. The gas boiler and the 

air-to-water heat pump each can fulfil this goal individually but compete with each other based on 

the power or gas price. The model is formulated as a mixed-integer program and has the objective 

to optimise costs. It determines the hourly gas and electricity consumption that will satisfy the 

household’s heat demand at the lowest costs. Equation 3 shows the model’s objective function. 

min 𝑍 =  ∑ 𝑝𝑡
𝑒𝑙

𝑡∈𝑇 (𝑊𝑡
𝐻𝑃 ∗ 𝑢𝑡

𝐻𝑃 + 𝑐𝐻𝑃 ∗ 𝑣𝑡
𝐻𝑃) + 𝑝𝑡

𝑔𝑎𝑠(𝑊𝑡
𝐺𝐵 ∗ 𝑢𝑡

𝐺𝐵 + 𝑐𝐺𝐵 ∗ 𝑣𝑡
𝐺𝐵)  

Equation 3 

𝑝𝑡
𝑒𝑙  and 𝑝𝑡

𝑔𝑎𝑠
are the hourly electricity and gas prices, derived from the Nordpool electricity, and 

Gaspoint Nordic (now PEGAS) gas markets, with the scenario-specific addition of regulatory cost 

factors. 𝑊𝑡
𝐻𝑃and 𝑊𝑡

𝐺𝐵 are the variables for hourly power and gas consumption, depending on the 

efficiency of the heat pump and gas boiler, and their nominal capacities. 𝑢𝑡
𝐻𝑃and 𝑢𝑡

𝐺𝐵 show the 

online status, and 𝑣𝑡
𝐻𝑃 and 𝑣𝑡

𝐺𝐵the start-up status of the heat pump and the gas boiler element of 

the GEHHP. Both units can be active simultaneously. 𝑐𝐻𝑃and 𝑐𝐺𝐵 show the level of additional 

consumption of the heat pump and the gas boiler due to the start-up condition. Paper A further 

elaborates on the mathematical model. 

4.1.2 Levelised cost of output production 

Levelised cost calculations are widely used in the electricity sector, for comparing the costs of 

different electricity generation technologies. In Paper A and B, this approach determines the cost 

for each unit of a technology’s energy output, under different regulatory frameworks. In Paper A, 

this output is heat, and in Paper B, it is hydrogen and excess heat. 

The Levelised cost of energy (LCOE) is equivalent to the long term average cost of energy 

production from a plant. As mentioned in section 3.1, the marginal revenue a technology needs to 

acquire needs to be higher than its average costs. Only then, the plant can cover its production 

costs over its lifetime (U.S. Energy Information Administration, 2020). There are many different 

methodologies to calculate Levelised cost of energy. In Papers A and B, the discounted sum of costs 

and output, as shown in Equation 4, is applied. 

𝐿𝐶𝑂𝐸 =
∑

𝑇𝐶

(1+𝑟)𝑡
𝑛
𝑡=0

∑
𝑞𝑡

(1+𝑟)𝑡
𝑛
𝑡=0

  

Equation 4 

The total costs (TC) are the sum of all costs a plant faces throughout its lifetime, for example, the 

cost of capital, energy consumption, operation and maintenance, and more. The system produces 

the energetic output 𝑞𝑡, and the LCOE calculation uses the discount factor r. The discount factor 
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used in this thesis is at 4% for socio-economic calculations (Danish Energy Agency, 2017), and 8% 

for private-economic calculations (Kelly, Fu and Clinch, 2016). 

4.2 Scenario Analysis 

Scenario analysis is a tool that has been used since the 1970s to learn how to deal with uncertainties 

and risks that face organisations (Postma and Liebl, 2005). The base scenario can be defined as a 

reference point deliberately, and policy scenarios are variations of the base scenario with one or few 

changes in policy frameworks. Stakeholders can first decide on the most relevant scenarios and 

prioritise the policies they aim to analyse. The critique of this method is that it neglects some 

fundamental uncertainties that might skew the outcome of the analysis (van Vuuren et al., 2012). 

Paper A and B entail several policy scenarios. Additionally, both studies consider one socio- and 

one private-economic scenario, and a comparison of different business models and supplementary 

technologies. 

4.2.1 Socio-economic versus private-economic scenarios 

Both Paper A and B compare the socio- and private-economic cost of two examples of sector 

coupling technologies. The difference between the socio- and private-economic costs of a project 

is that the socio-economic analysis evaluates a particular project from the society’s point of view. 

The private-economic analysis considers the project or technology from a private investor’s point 

of view, and its profitability for the respective individual. The objective of socio-economic 

investment analysis is to maximise social welfare, whereas the objective of private-economic 

investment analysis is to maximise investor profits. 

Taxes and subsidies are not relevant in a socio-economic analysis since they will be compensated 

at another place in society. Grid tariffs, on the other hand, are the costs of maintaining and 

improving the power and gas grid and are therefore a cost for society. Since grid companies in 

Denmark are not allowed to gain profits from their operation, the level of grid tariffs is the same in 

both socio- and private-economic scenarios.  

4.2.2 Policy scenarios 

The policy scenarios in this thesis consider four types of regulatory cost factors: System costs, taxes, 

system contributions, and support. System costs are payments for grid operation, maintenance, and 

investments. Grid tariffs are an example of system costs. System contributions are payments by 

consumers that serve the energy sector and the innovations made within it. Public Service 

Obligations (PSO) that used to be payments for incentivising innovations in the renewable energy 

sector in Denmark are an example of system contributions. Taxes are fiscal payments and can be 

fuel, revenue, or pollution-related.  

The level of each one of these cost factors depends on the national energy legislation and policy 

framework. The scenario analyses in paper A and B reveal the effect of changing some of these cost 

factors in the business case of their respective sector coupling technology. Paper C compares these 

cost factors in Germany and Denmark. 
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4.2.3 Non-regulatory scenarios 

Even though the focus of this thesis is primarily on policy and regulation, some scenarios include 

technological alternatives and business models. In paper A, two of the scenarios use supplementary 

technologies to gas-electric hybrid heat pumps in the individual heating sector: Electric heat pumps 

and gas boilers.  

In Addition to the regulatory scenarios, Paper B examines the feasibility of the P2G plant if excess 

heat sales are not possible. This could be the case if the location of the plant is not close to a district 

heating grid, or as it was up to the latest regulatory update, the excess heat taxes are too high. 

4.2.4 Sensitivity analyses 

Sensitivity analyses show the impact of specific input parameters on the result of an analysis and 

are a means to evaluate the robustness of a study’s results. Sensitivity analyses are possible for all 

kinds of relevant input parameters. However, it usually is most beneficial to conduct a sensitivity 

analysis of those parameters that are the most uncertain (Balaman, 2019). 

Paper A, includes a sensitivity analysis for the parameters of efficiency, both for the gas boiler, and 

heat pump component of the GEHHP. Section 5.2 also includes a sensitivity analysis regarding the 

level of support rates for the green hydrogen output of the P2G plant in Paper B. 

4.3 Biomethane target model 

According to ACER “a wholesale gas market is defined as the sum of gas trading activities (including 

spot, prompt and forward) with delivery agreed at one specific point and concluded using a 

transparent trading venue (i.e. exchange, broker platforms) ” [ACER, 2015b, p. 21]. To ensure the 

security of energy supply in the European Union, in 2011, EU regulators developed the European 

Gas Target Model. The vision of the model is “a competitive European gas market as a combination 

of entry-exit zones with virtual hubs, where market integration is served by appropriate levels of 

infrastructure, which is utilised efficiently and enables gas to move freely between market areas to 

the locations where it is most highly valued by market participants”[ACER, 2015b, p. 4]. 

To assess how well the natural gas wholesale markets in the EU Member States are functioning, the 

ACER gas target model defines two sets of metrics: 1) Market participant’s needs, and 2) The overall 

market health. The metric set “market participant’s needs” ensures that a certain level of market 

liquidity and product availability is given, so that market participants can efficiently manage the 

market risks. The “market health” metrics address the competitiveness, resilience and security of 

supply of the wholesale market (ACER, 2015b). Measuring these metrics on the national gas market 

platforms enables regulators and market participants to evaluate the risk and efficiency of national 

and continental gas market hubs, and the need to implement market reforms (ACER, 2015a). The 

metric sets of the ACER Gas Target Model are listed in Table 3. 

The oldest natural gas market hub in the EU ages back to 199713 (Heather, 2015). The Gas Target 

Model has the purpose of evaluating the gas wholesale market, which is by far more extensive, 

mature and transparent than the market for biomethane and renewable gases. Nevertheless, many 

national wholesale markets still do not fulfil all the thresholds for the model’s metrics. For example, 

                                                      
13 The British NBP hub 
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the Danish-Swedish gas market does not fulfil the criteria of market participant’s needs, to be 

qualified as a well-functioning wholesale gas market within the framework of the model (Danish 

Energy Agency and Swedish Energy markets Inspectorate, 2017). A well-developed infrastructure, 

the removal of bottlenecks, political and societal determination can improve the ACER Gas Target 

Model metrics (Heather, 2015). 

Compared to the gas market hubs, the biomethane market is still far away from ACER’s definition 

of a wholesale gas market. Primarily due to the absence of a trading venue and market transparency. 

Paper D addresses this issue by defining several metrics for the biomethane market, as listed in the 

right column of Table 3. These metrics are measurable and reveal the development of the EU 

Member States towards a transparent trading venue for biomethane.  

Table 3: Gas target model and biomethane target model metrics 

Gas Target Model metrics Preliminary biomethane market model metrics 

Metric Threshold Metric Threshold 

Market Participant need metrics 

Order book volumes Percentage of biomethane in the gas system 

Bid-offer spread 

Order book price sensitivity 

Number of trades 

Market health metrics 

Herfindahl-Hirschmann Index Number of registered traders 

Number of supply sources 

Residual Supply Index 

Market concentration for bid % offer activities 

Market concentration for trading activities 

Product differentiation 

(-) Number of support schemes 

Degree of sustainability 

Scope of registry information 

5. Main Results, and Discussion 

The findings and discussions in this section are complementary to Paper A-D. They re-evaluate the 

findings of these papers with a focus on the research questions of this thesis. 

5.1 GEHHPs in the individual heating sector  

Paper A studies the operation and costs of a GEHHP, comprised of an existing gas boiler and an 

electric heat pump, in a Danish household. The results of Paper A show that the significant share 

of heat is provided by the electric heat pump component of the GEHHP. In the socio-economic 

calculations of this article, the GEHHP’s Levelised cost of heat is the lowest compared to the other 

solutions. In the private-economic calculations, the Levelised costs of the GEHHP are at the same 

level as electric heat pumps. 

Another study, comparable to the analysis in paper A, is the project “Smart-hybridvarmevirksomhed 

til bygningsopvarmning”, executed by the Danish Gas Technology Center (DGC) and partners from 

the Danish gas and power industry. The project report states that the gas boiler is the cheapest 
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option both from the socio- and private-economic perspective.  One main reason for this in the 

private-economic analysis is that electric heat pumps used in Danish municipal buildings do not 

benefit from reduced electricity tax rates, as households do. Otherwise, the GEHHP would be the 

cheapest solution. However, In the socio-economic calculations of the project, approximately 95% 

of the GEHHP’s heat is provided by electricity (Frederiksen, 2020). Thus, in both the “Smart-

hybridvarmevirksomhed til bygningsopvarmning” project and Paper A, electricity is the primary heat 

source for the GEHHP. 

5.1.1 Cost comparison with supplementary individual heating technologies 

As mentioned earlier, the GEHHP in Paper A consists of an existing gas boiler and an air-to-water 

heat pump. Table 4 shows that this system has the lowest Levelised cost of heat compared to other 

individual heating plants14, almost at the same level as electric heat pumps. Investing in a new gas 

boiler element for the GEHHP would still lead to Levelised costs similar to the other technologies. 

However, in this case, the heat pump would be the cheapest solution, with a difference of 0.06 

cents/kWh.  

Table 4: Cost comparison between GEHHPs and other individual heating plants (Paper A) 

  
Investment 

cost* 
Operation and 
Maintenance** 

Energy cost LCOH 

Unit € /unit €/year €/lifetime*** cent/kWh 

GEHHP 4560 268 6078 5.43 

GEHHP- new GB 5173 268 6078 5.66 

GB 3200 235 9896 5.90 

HP 5274 188 7029 5.60 
*The costs for the private-economic scenarios include the annual inflation rate 
**The lifetime of the gas boiler is 20 years, and the lifetime of the heat pumps is 15 years. We subtracted the scrap value of 
the additional years of the gas boiler’s lifetime from its costs.  

5.1.2 Socio- and private-economically optimal operation Schedule of GEHHPs 

Figure 8 shows the operation schedule of a GEHHP. The optimisation model in Paper A determines 

how much heat is provided by the gas boiler and the electric heat pump component of the GEHHP 

at each hour. The system uses the gas boiler only during hours when the heat pump is less efficient 

and more costly, due to lower ambient temperatures and peak electricity prices. As Figure 8 shows, 

electricity price peaks are not as extreme after 2012 as they were before that15. Thus, the system 

switches less often to gas and uses the heat pump for heat provision for 88% of its lifetime16. 

                                                      
14 biomass-, oil-, and lignite- heating  not included 
15 Figure 8 shows the cost of heat, which is the fuel price divided by the efficiency. For the cost of heat from 
the heat pump, the peaks in the curve indicate electricity price peaks, but include the COP effect 
16 15 years 
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Figure 8: Operation schedule of a GEHHP 

The operation schedule in Figure 8 uses socio-economic costs. When including taxes, and using 

nominal prices, the GEHHP has a similar operation profile, but with 12% more gas consumption 

(see Figure 9). The heat pump component is still the primary heat provider. 

When replacing the fixed tariff rates with Time-of-Use (ToU) -tariffs, as they are currently used by 

the Electricity DSO Radius A/S in Denmark, the operation schedule and the amount of gas and 

electricity consumption do not change significantly (only 2%). During peak hours, the electricity 

price is already high enough to cause the system to switch to the gas boiler. Whether this peak price 

becomes higher due to ToU-tariffs does not play a role anymore since the system would switch 

either way. Another explanation can be that the tariff scheme used by Radius A/S is not causing 

high enough price differences between peak- and base-load hours. 

 

Figure 9: Comparison of the heat provision from the gas boiler and heat pump  
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Work Package 4 of the FutureGas project investigates the role of aggregated GEHHPS in the Danish 

energy system, using the energy system optimisation model Balmorel17. The preliminary results of 

the Work Package 4 analysis show that the model invests increasingly in GEHHPs until 2030, but 

decreases the investments in this technology towards 2050.  

5.1.3 GEHHP operation using renewable gases 

In light of the decarbonisation of the Danish energy system, this section examines the operation of 

the GEHHP using renewable gases as a fuel for the gas boiler component. For this purpose, the 

biomethane price is derived from the gas input price, including a price add-on representing the 

additional costs of biomethane production (see Paper A). For hydrogen, we considered the market 

price from the Steam Methane Reforming (SMR) hydrogen according to Van Gerwen, Eijgelaar and 

Bosma (2019), since currently, the price of SMR hydrogen is the benchmark price for hydrogen used 

in the industrial sector. We used the price profile of natural gas, to represent variations in the 

hydrogen price since the price development of SMR hydrogen follows the natural gas price.  

The reason we did not consider green hydrogen in this analysis, is that the price of green hydrogen 

is following the electricity price since, with the exemption of decentral production, green hydrogen 

is a result of the electrolysis process, which uses electricity from the grid as an input. However, this 

assumption is only correct if there is no seasonal hydrogen storage in the energy system. Since there 

is no information available over the benchmark hydrogen price in an energy system with green 

hydrogen production and storage, we cannot consider it in this study. 

Figure 10 shows that using hydrogen as an input for the gas boiler, already increases the cost of heat 

from the gas boiler significantly, such that there is only a neglectable percentage of the heat 

provided by the gas boiler component. Also, biomethane at its current production cost is too 

expensive for individual heating purposes. With both renewable gas options, the GEHHP uses the 

electric heat pump at almost always throughout its lifetime. 

 

Figure 10: Comparison of GEHHP power and gas consumption with different gas inputs 

                                                      
17 http://www.balmorel.com/ 
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This analysis proves that in general, with the current cost of renewable gases, electric heat pumps 

are a better solution for the individual heating sector. However, the cost difference between the 

individual heating plants in Paper A is not high and can change based on technical assumptions. 

Additionally, Paper A only looks at individual heating on a single household level. A connection of 

the household to the district heating grid is not within the scope of this study. The possibility of 

such connection and its cost depends on the location of the household. 

Only when renewable gases are at the same price level as natural gas, gas boilers in a hybrid heat 

pump setting would be worth considering in a decarbonised energy system. This price competition 

could be achieved through a higher CO2 price and a decrease in the cost of renewable gas 

production. However, GEHHPs do add value during the transition period. They enable a gradual 

decrease of gas consumption in the individual heating sector, and its electrification by offering load-

shifting possibilities, and thus flexibility to the overall energy system.  

5.1.4 Shortcomings of Paper A 

The system set-up in paper A is not realistic. Typically, the capacity of the heat pump element is 

lower than the capacity used in this study. Add-on heat pumps to GEHHPs are usually dimensioned 

to cover at least 50% of the heating demand since, in this case, the household benefits from a tax 

discount (Vinter Pedersen and Frederiksen, 2017). However, since Paper A aims to analyse the 

competition between gas and electricity markets in the individual heating sector, we chose a larger 

add-on heat pump that could potentially provide the heat of the household independently. 

Additionally, the operation and maintenance cost in the calculations of Paper A is derived from an 

analysis conducted by Energinet (2018a) and is lower than the operation and Maintenance cost 

estimated in the Danish technology catalogue (Danish Energy Agency and Energinet, 2016). 

The results of Paper A do not speak for all kinds of GEHHPs. There are different methods of realising 

a GEHHP system. One GEHHP system that has entered the market in the last years is the combined 

GEHHP module. In the long term, The running costs of combined modules of GEHHPs in private 

households, are lower than GEHHPs consisting of separate gas boilers and electric heat pumps18. 

Also combining the gas boiler with an air-to-air heat pump is an option that might offer more 

favourable economic outcomes. These alternatives are outside the scope of Paper A. 

The study in this chapter is limited to individual heating systems. Especially in Denmark, district 

heating is an alternative to individual heating systems, which can offer benefits to the energy system 

transition on a larger scale, depending on the heating source. We did not consider district heating 

as an alternative in this study since Paper A analysed the optimal operation of individual heating 

plants. District heating analyses can be more beneficial on an energy system level. 

Other shortcomings of the study, concern the COP of the electric heat pump. The COP is affecting 

water and space heating systems differently. The COP levels in this study are above the 

conventional standard, since we have used the same COP for water and space heating whereas, in 

reality, the COP for water and space heating can be different based on the outlet temperature. The 

                                                      
18 According to calculations from Evida A/S 
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sensitivity analysis in Paper A shows how a different COP would affect the results of the 

optimisation model. 

There are also several costs and possible support instruments for electric heat pumps that we did 

not include in the analysis in Paper A. The installation costs, investment support, and the cost of 

decommissioning the connection to the gas grid for heat pump only system, are examples of these 

payments. Additionally, substantial changes in the gas and electricity consumption of a geographic 

area require additional investments and adjustments in the energy infrastructure. For example, 

replacing the current gas boilers in Denmark with electric heat pumps may entail electricity grid 

expansions, or replacing natural gas with hydrogen as analysed in section 5.1.3, requires adjustments 

in the gas infrastructure. 

5.2 Feasibility of hydrogen production under different regulatory frameworks  

Power to X (P2X) describes the technologies that store and convert excess electricity. The product 

of this conversion can be, for example, time-shifted electricity (fuel cells), auxiliary services, heat, 

hydrogen, biomethane, or other fuels (methanol). P2G is a subcategory of P2X and can refer to 

either hydrogen or biomethane as the conversion output. In this thesis, I use the term Power to Gas 

(P2G) for when the output is hydrogen, and power to Biomethane (P2BM) when it is biomethane. 

Denmark is one of the countries with the most favourable conditions for P2G. It has one of EUs 

highest renewable energy shares in its electricity mix, and taxes the electricity used by P2G plants 

the EU minimum tax rate for industrial processes. Additionally, Denmark is a pioneer in the district 

heating sector, which is beneficial for alkaline electrolysers, since they use an exothermic process 

and can sell their process heat to the district heating grid.  

Today, the industrial sector drives the global demand for hydrogen. Nevertheless, there is a high 

potential for hydrogen in the transport sector, where the decarbonisation alternatives, especially in 

heavy-weight and marine transport, are limited (IEA, 2019; IRENA, 2019). 

In paper B, the marginal cost of hydrogen production from a P2G facility is calculated. Assuming 

that the hydrogen producer is a price taker in both electricity and hydrogen markets, she will 

produce, when the marginal revenue is higher or equal to the marginal cost of production. In this 

study, the marginal production cost is equivalent to the hourly electricity price in the Nordpool 

market. The maximum marginal cost of electricity, at which the plant can produce hydrogen at a 

specific price, in the short run, is referred to as the trigger price. A statistical model developed by 

Frits Møller Andersen19 determines the number of hours with an electricity price lower than the 

trigger price, and the average electricity price of these hours. Afterwards, we calculate the output 

level and price under these market conditions. 

5.2.1 Producer surplus in different markets 

The higher value of hydrogen in the transport sector becomes evident from comparing the market 

prices for industrial hydrogen with sustainable transport fuels (for example, biodiesel). When using 

                                                      
19 Danmarks Tekniske Universitet, Produktionstorvet Bygning 424, rum 108, 2800 Kgs. Lyngby, 
fman@dtu.dk 
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the biodiesel price as a benchmark value for hydrogen, the P2G facility breaks even and earns 

profits, despite current tariff and tax schemes.  

Hydrogen from P2G is as green, as the electricity it originates from is. With the current Danish 

electricity mix, on average, only 60.5% of the electricity production is renewable (Danish Energy 

Agency, 2019a). Thus, it would be incorrect to have 100% of the hydrogen produced from this 

electricity mix to compete as a green fuel. The hydrogen is only green if there is a proof that it is 

produced from green electricity, for example by the electrolyser being connected directly to a wind 

park. In this case, the P2G plant does not offer electricity storage to the overall energy system 

anymore whereas many studies see the value of the P2G plant in its function as a long term high 

capacity storage for a renewable energy system (Energinet, 2018b). 

As Figure 11 shows, when using the cost of hydrogen production from the SMR process as a 

benchmark, the producer makes losses under the current regulatory framework (Base scenario). 

Only with revenues from excess heat sales and by removing electricity grid tariffs, the P2G plant 

reaches its break-even point (No regulation scenario).  

 

Figure 11: Profitability of hydrogen as an industrial input for different scenarios 

Thus, electricity grid tariffs may cause a barrier to the profitability of P2G plants. The conventional 

paradigm of tariff design regulates costs and benefit using a top-down approach from the 

Transmission System Operator (TSO) and the Distribution System operator (DSO) to the end-

consumer. This approach is not sufficient with the increasing complexity of power systems. With 

increasing shares of wind and solar energy in the energy system, demand response structures 

become more relevant (Ruester et al., 2014). Thus, there is room for tariff design to become more 

efficient and consider electricity consumption for sector coupling as a separate category from pure 

end-consumers. 

The revenues from excess heat sales are highly dependent on excess heat tax rates. In the past, high 

excess heat taxes were hindering industry owners from selling their excess heat to district heating 

grids. The new legislation, introduced in 2020, reduces these taxes significantly (Skatteministeriet, 
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2020). This tax reduction makes it plausible to consider excess heat revenues in the analysis in Paper 

B.  

5.2.2 Levelised cost of energy and plant operation  

Figure 12 shows that the Levelised cost of energy decreases rapidly with an increase in plant 

operation hours from 1000 to 2000, despite increasing electricity prices. However, at approximately 

5000 operation hours, the Levelised costs of energy reach their minimum and start to increase with 

more operation hours. After this point, Levelised costs are determined by the average price of the 

electricity consumed. This development is in line with the findings of similar studies (IEA, 2019). 

 

 

Figure 12: Sensitivity of the P2G analysis to the price of hydrogen 

5.2.3 Subsidy payments for hydrogen 

This section presents a sensitivity analysis regarding the level of a FIP, which a plant would receive 

for its green hydrogen production. Since only 60.5% of the Danish electricity is renewable, we 

allocate the subsidy payments to 60.5% of the hydrogen output. The trigger price, and the 

producer’s cost function reflect this subsidy payment. 
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Figure 13: Producer surplus under different support payments 

For this sensitivity analysis, a support payment in the form of a FIP is calculated as a percentage of 

the FIT payment from Paper B. As Figure 13 shows, for the producer to cover her production cost 

and start to earn profits, the subsidy level needs to be around 75% of the FIT payment, added to the 

market price of hydrogen. This subsidy level is equivalent to a FIP rate around 39 €/MWh.  

5.2.4 Shortcomings of Paper B 

For this study, we did not have access to wind-data from a stand-alone wind park. Thus, it was not 

possible to calculate the business case with 100% green hydrogen production. Additionally, the 

analysis does not represent the future electricity market, since, for Paper B, we used hourly price 

profiles from the Nordpool electricity market from 2012-2018. The reason we used the price profile 

for these years, is that looking at available electricity price data from 2003-2018, the years 2012-2018 

had overall lower electricity prices that stem from an electricity system with higher shares of 

renewable energy compared to the earlier years. Thus, these years are more indicative of the 

electricity market in the upcoming years. 

The efficiency of the P2G plant is an essential factor in calculating the trigger rice for the analysis. 

We derived the efficiency used in Paper B from the data in the Danish technology catalogue (Danish 

Energy Agency, 2019b). This efficiency is lower than the values reported in other studies (IRENA, 

2019). Additionally, there are operation and maintenance costs that accompany P2G plants, for 

example, labour costs, and the cost of corrosion of the electrolyser plates. Calculating these costs 

would extend the scope of Paper B. 

The other electrolysis technologies not considered for this study are the PEM and SOEC electrolysis. 

These technologies are proven to be more efficient. Even though AEL has the lowest investment 

costs currently, PEM electrolysis is emerging and will be competitive with AEL within the upcoming 

years. SOEC electrolysers are currently in their development phase (Skov and Mathiesen, 2017). The 
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excess heat production in this study is only limited to alkaline electrolysis. Alternative electrolysis 

technologies do not produce excess heat in the same manner.  

5.3 Regulatory frameworks for sector coupling using P2BM in comparison  

National gas regulators and grid operators allow specific percentages of hydrogen to be blended in 

their natural gas grid. This percentage varies from country to country. While some countries such 

as Germany allow up to 10% hydrogen in the natural gas mix, Belgium does not permit any hydrogen 

blending at all (IEA, 2020a). Using the natural gas infrastructure for transporting high percentages 

of hydrogen, requires technical adjustments, especially regarding gas using end-applications such 

as gas boilers and gas vehicles (Sterner and Stadler, 2014). Therefore, Using hydrogen from P2G to 

upgrade biogas and produce biomethane, is the most promising path for P2G in Denmark, until the 

grid adjustments for hydrogen are made. Biomethane can be injected into the natural gas grid 

without any concerns since chemically it is nearly identical to natural gas. Thus, the scope of Paper 

C is considering the P2BM value chain, as illustrated in Figure 14. Paper C addresses the differences 

in regulatory costs between Denmark and Germany. The nature of these regulatory costs is 

explained in section 4.2.2. 

 

Figure 14: The scope of paper B and C 

 

5.3.1 Comparison of the regulatory framework for P2G in Denmark and Germany 

There are two points of energy conversion within the P2BM process: electrolysis and methanation. 

The electrolysis process converts electricity and water to hydrogen and oxygen using a chemical 

redox reaction. The methanation stage upgrades the biogas to biomethane, using the Sabatier 

process20. This process enables the CO2 in raw biogas to react with hydrogen, and produce 

methane. Initially, biogas consists of 65% of methane. With the additional methane produced as a 

result of the Sabatier process, the outcome of this process can be injected into the natural gas grid 

as biomethane.  

                                                      
20 A combination of a reversed endothermal water-gas shift and an exothermal CO methanation 
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The German legislation perceives electrolysers as end-consumers, meaning that they have to pay 

System costs, system contributions and taxes accordingly. Only in the case that the hydrogen or 

biomethane resulting from electrolysis is used to produce electricity (on-site), P2G and P2BM is 

perceived as energy storage and receives the same regulatory treatment as hydropower plants. 

Electricity consumption with the purpose of energy storage is exempt from the German PSO-tariff 

(“EEG-Umlage”), electricity grid tariffs, and electricity taxes. 

The Danish tax system perceives electrolysis as an industrial process. Thus, the minimum EU tax 

rate applies to the electricity consumed in this process. In 2017, the country imposed high excess 

heat taxes to the re-utilisation of process heat. This excess heat tax rate has been updated since. 

Unlike Germany, Denmark has out-phased the PSO-tariff since 2020. Thus, Danish PSO-tariffs are 

not considered in the analysis in Paper C. 

Biogas entry capacity tariffs and biogas support are amongst the regulatory payments and benefits 

for biogas upgrading. In Germany, according to the Energy Industry Act 

(“Energiewirtschaftsgesetz”), biomethane and hydrogen originating from renewable sources are 

classified as biogas and are exempt from paying entry capacity grid tariffs. Biogas injection in 

Germany also benefits from being prioritised for grid connection, biogas balancing, the network 

expansion obligation of the network operator, and a refund of avoided grid costs. However, the 

condition for these benefits is that the CO2 and hydrogen used in the process originate from 

renewable sources. For the CO2 source this can be proven through the mass balancing of biogas, 

whereas for hydrogen, only a direct connection of the P2G plant to a renewable electricity source 

would be sufficient proof. In Denmark, biomethane does not benefit from indirect support 

instruments such as entry-capacity grid tariff exemptions, like in Germany. Once injected into the 

natural gas grid, biomethane is treated as natural gas, and its green value is separated and registered 

in a certificate issued by Energinet. 

In Germany, biomethane is supported at the point of conversion. For example, when biogas is 

converted into electricity using a CHP plant, the electricity receives subsidies according to the 

renewable energy act (Erneuerbare Energien Gesetz). Thus, Biomethane injected into the gas grid 

is not receiving any support payments in Germany. In Denmark, a FIT is paid to biomethane 

producers at the point of grid injection. However, the FIT is only paid to the initial share of 

biomethane in biogas (65%) and not the biomethane resulting from the Sabatier process. The 

Danish government does not support hydrogen, no matter if it has been converted to biomethane 

or not. 

Figure 15 shows the net costs (with support payments deducted from the regulatory costs) of the 

P2BM process in Denmark and Germany. The comparison shows, that even though the German 

regulatory framework foresees cost exemptions for the P2BM process, it still has very high 

regulatory costs for P2BM due to the categorisation for these plants as end-consumers and thus, 

the PSO-tariff they have to pay. Additionally, the support paid to biomethane injected into the gas 

grid in Denmark decreases the net regulatory costs of this process substantially, even though it is 

only paid to the non-electrolysis-based biomethane output. 
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Figure 15: Net regulatory costs of P2BM in Germany and Denmark (Paper C)  

5.3.2 Shortcomings of Paper C 

At the time we conducted this analysis, there were many uncertainties regarding the cost 

exemptions and the regulatory situation of P2BM facilities, especially in Germany. For example, the 

tax exemption and the exemption of electricity grid tariffs in Germany were in discussion and 

decided on a case-by-case basis. The information and rates in Paper C are from the year 2017 and 

have been updated since. Especially the necessity of proving the green origin of hydrogen and 

biogas used for the B2BM process, for it to receive the exemptions that P2BM in Germany benefits 

from became evident from consequent studies and analyses in this field (Lietz, 2017). However, the 

updated information will not have substantial implications on the results of this study, which is 

that currently, P2BM has more favourable framework conditions in Denmark than in Germany, due 

to the PSO tariff in Germany and the biomethane support in Denmark. 

One essential shortcoming of this study is that it limits the scope of the analysis to the point of 

biomethane injection into the gas grid. Expanding this scope would change the result by including 

the German biogas subsidies in the calculations. German subsidies are paid within an auction 

scheme, for electricity produced from biogas and biomethane by a CHP plant. However, the support 

rate in Germany was, on average, 5.12 cents/kWh in December 2019. This rate is lower than the 

support rate for biomethane in Denmark. Additionally, biomethane in Germany competes directly 

with raw biogas. CHP plants that use raw biogas as input receive the majority share of the subsidy 

payments since they have in general lower costs. 

From the issues mentioned above, we conclude that studying national regulation and policies for 

sector coupling technologies is an ongoing process, and policymakers are continuously adjusting 

their national regulation to the changing energy systems. 

5.4 Renewable Gas markets in the EU  

In paper D, we discuss the emergence of a market venue for biomethane in the European Union. 

The recast of the renewable energy directive (EU RED II) published in December 2018 for the first 

time includes a definition of biogas as “gaseous fuels produced from biomass”, and expands the 

Guarantee of Origin scheme to gaseous fuels (European Commission, 2018a). These updates 
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indicate the increasing importance of the gas system in the EU in achieving its decarbonisation 

agenda.  

5.4.1 Sustainable gases and the conditions for them to count toward RE targets 

Sustainability in the EU RED context has two angles: GHG mitigation and land-use. The 

methodology to calculate GHG mitigation is in line with the life cycle assessment methodology and 

is described in the Annex V and VI of the EU RED II. For “biofuels, bioliquids and biomass fuels 

produced from waste and residues, other than agricultural, aquaculture, fisheries and forestry 

residues” [Article 26 EU RED II] fulfilling the GHG mitigation criteria is sufficient to be counted 

towards renewable energy targets and state support. For other biomass sources, the land-use 

criteria set the requirements for the land that the biomass is grown in. These criteria are explained 

in Article 26 of the RED II (Council of the European Union, 2018). 

The EU RED II offers the minimum sustainability standards for biomethane to be counted towards 

the national renewable energy targets of EU Member States. The EU RED Mass Balance System (EU 

RED MBS) is necessary for biomethane to be counted towards the achievement of the sectoral 

renewable energy objectives in heating and cooling (Art. 23 specifies the indicative yearly target of 

1.3 percentage points), and in transport (where Art. 25 sets the target of at least 14% share of 

renewable energy within the final consumption of energy) by 2030. Moreover, the EU RED MBS is 

a condition for biofuels, bioliquids and biomass fuels to contribute towards the EU’s 32% renewable 

energy target. Financial support is only paid to biomethane complying with sustainability criteria 

and the EU RED MBS (Art. 29(1) a,b,c). Following the EU RED II, the sustainability threshold for 

renewable gas and the EU RED MBS will apply to all sectors, and not only to the transport sector 

as it was the case in the Renewable Energy Directive from 2009 (EU RED I). 

Another chain of custody21 for renewable gas according to the EU RED II, is the Guarantee of Origin 

(GO) scheme. A GO does not qualify an energy unit for counting towards national Renewable 

Energy targets, since according to Article 19 of the EU RED II “Member States may arrange for 

guarantees of origin to be issued for energy from non- renewable sources “ [Article 19 EU RED II]. 

Thus, there are currently uncertainties on what the requirements for sustainable gas should be to 

receive a GO. These uncertainties have led to different interpretations on the sustainability level 

and new emerging gases aiming to enter the market. For example, some stakeholders advocate for 

blue hydrogen to receive guarantees of origin, similarly to other renewable gases that have no fossil 

fuels involved in their production process. Blue hydrogen, while being CO2-neutral, raises the risk 

of carbon leakage and polluting aquifers. The acceptance of blue hydrogen as a renewable gas, 

similarly to biomethane, delays investment in renewable energy technologies and keeps fossil fuels 

longer in the market (Hardisty, Sivapalan and Brooks, 2011; Torvanger, 2019). Thus, having a 

framework that requires and enables thorough identification and administration of different 

products with different values is vital to remove unclear sustainability characteristics and increase 

the customer’s trust in the EU renewable gas market.  

                                                      
21 A chain of custody “ensures that the fuel supplier is able to demonstrate that the biofuel they supply was made from 
feedstock at the other end of the chain that complies with the RED sustainability criteria.”[van de Staaij et al., 2012] 
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5.4.2 Current situation of EU renewable gas trading and transfer 

There has been a market for green gas certificates in the EU Member States for some years (Myken, 

2018). With the EU RED II expanding the GO scheme to renewable gases, this market will grow 

further. The high level of biomethane support in Denmark has caused Danish green gas certificates 

to thrive in the European Union, to a level, that they are partly replacing German green gas 

certificates in the Swiss market22 (DENA, 2019). The GO and green gas certificate market in the EU 

is not transparent, and market participants cannot gain information about the total volumes 

supplied and demanded, and the prices at which these volumes are traded. The presence of a 

trading venue would solve this problem.  

EU RED MBS certificates represent higher production costs since they require more thorough 

auditing and registration. Therefore, the value of these certificates is in general higher than the 

value of GOs. The value of EU RED MBS certificates is primarily connected to the support that 

renewable gas receives upon different applications. Therefore, in the Biomethane Target model in 

section 5.4.3, we use the different support schemes for biomethane as an indicator of the different 

values that are currently present in the market. 

5.4.3 Biomethane Target Model metrics 

Inspired by the ACER gas target model and the economic theory lined out in section 3.4 and Figure 

16, we developed an approach to organise biomethane trading activities and evaluate the state of 

national biomethane markets towards the establishment of a transparent market venue. For this 

purpose, we define several measurable metrics, as listed in Figure 16. We refer to this methodology 

as the Biomethane target model. 

 

 

Figure 16: Biomethane Target Model 

As mentioned earlier, the sustainability characteristics of biomethane can vary strongly, depending 

on its feedstock. Setting a high sustainability standard would limit the number of market 

                                                      
22 Together with GOs from Netherland 
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participants and increase the price of biomethane. On the other hand, low sustainability standards 

would lead to a pooling equilibrium, and producers would not have an incentive to produce a highly 

sustainable product since they could only be able to sell it at the price of a product with average 

sustainability and costs. Therefore, we need a market that can facilitate differently valued products. 

The tool that enables the tracking and documentation of biomethane’s green value is the thorough 

registration of biomethane sustainability characteristics along its chain of custody. Thus, the 

sustainability characteristics and the scope of the biomethane registry are two metrics that facilitate 

the differentiation of the products in the biomethane market. The other metrics of the Biomethane 

Target Model, and how they affect the market structure, are elaborated in Paper D and section 3.4. 

5.4.4 Cross border trade of biomethane on an EU level 

The ability to trade biomethane and other renewable gases across European borders will benefit 

the overall biomethane market since it increases the market size and liquidity and leads to more 

efficient market results. In an efficient market, commodities are consumed, where they have the 

highest value. Currently, only GOs can be traded across European borders. For Biomethane with 

EU RED MBS certification, the GHG mitigation value stays in the producing country upon trade. 

The EU RED I and II mention three mechanisms for transferring the renewable energy share 

between member states: statistical transfer, joint projects and joint support schemes (European 

Commission, 2018b). Biomethane exported or imported via the European gas network can count 

towards the target fulfilment in other countries only if for example, an agreement on statistical 

transfers between the member countries has been made. 

Since the traded biomethane counts towards the renewable energy targets of the producing 

country, countries such as Germany and Sweden, who support biomethane at the point of 

consumption, have a risk to support imported biomethane without getting any closer to fulfilling 

their renewable energy targets. If the right to count GHG mitigation were linked to the point of 

consumption, countries such as Denmark who support biomethane production would have the 

same risk. Such a system would eventually force countries to harmonise their support systems.   

5.4.5 Shortcomings of Paper D 

The EU RED II came into place end of 2018, and countries have until the first of January 2021 to 

implement the directive in their national policies. It is currently not known how EU Member States 

will implement the EU RED MBS in all renewable gas-consuming sectors, and whether the scope of 

renewable gases will go beyond biomethane and include hydrogen.  

Another shortcoming of Paper D is the lack of insight over current biomethane GO prices and trade 

volumes. References and studies that indicate the number and liquidity of these trades were not 

available to the authors. In Denmark, there are currently four active players in the market, even 

though the number of registered traders is higher than that. In Germany, the flexibility platform 

offered by GASPOOL23 gives insight over some available volumes, but this information is minimal. 

                                                      
23 https://www.gaspool.de/services/bilanzkreisverantwortliche/biogas/flexibilitaets-plattform/ 
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6. Contributions  

Renewable gas production technologies in Denmark are currently in their diffusion stage, where 

the initial technological innovations have been made. Today, regulatory and policy instruments 

need to ensure the cost decrease and diffusion of these technologies so that they can be competitive 

with natural gas in the future. 

Paper A answers the first research question regarding the role of gas in a renewable energy system 

by analysing the plant-level operation of GEHHPs within the individual heating sector. When 

setting gas and electricity in GEHHPs in competition with each other for heat provision, the system 

uses less and less gas within the years. The decarbonisation of the gas infrastructure by 2050, will 

magnify this effect unless renewable gases experience significant decreases in their production cost.  

Nevertheless, during the transition to a 100% renewable energy system, GEHHPs and their natural 

gas consumption can offer flexibility to the energy system and ease the pathway towards the full 

electrification of the individual heating sector. 

Paper B proves that if hydrogen is used as a renewable fuel in the transport sector, it can generate 

profits for producers. However, the green value of hydrogen needs to be ensured and proven in this 

case. Otherwise, hydrogen competes with SMR hydrogen, in which case producers would have to 

exit the market since they would not be able to break-even, given the current regulatory framework. 

The paper also addresses research question 2 regarding the regulatory framework for P2G. It proves 

that in Denmark, only after removing electricity grid tariffs and adding revenues from selling excess 

heat, P2G plants start to generate profits. Subsidy payments for the renewable share of the hydrogen 

production can shift the business case for P2G if their level is high enough.  

Paper C addresses the second research question for P2BM facilities and shows that P2BM plants 

have higher regulatory net costs in Germany than Denmark. The Danish government has phased 

out the PSO tariff after 2020, causing the cost of electricity for P2BM plants to decrease significantly. 

Together with the biomethane support payment, this is the reason why the regulatory framework 

for P2BM is more favourable in Denmark than in Germany, even though the German Energy 

Industry law foresees numerous exemptions from system costs for P2BM plants. The categorisation 

of P2BM as energy storage could enable policymakers to adjust the regulatory framework, such that 

they could function as a sector coupling technology without the regulatory barriers they are 

currently facing.  

Paper D addresses the third research question regarding the organisation of renewable gas trading 

activities within a competitive and transparent market, by developing the Biomethane Target 

Model, which can be applied to other renewable gases as well. Using the model to measure the 

biomethane markets in Germany, France, and Denmark shows that none of these countries has a 

transparent biomethane market, that enables cost competition and the emergence of a market 

venue comparable to natural gas market hubs.  

Fulfilling the metrics for the Biomethane Target Model will offer a starting point for implementing 

a transparent renewable gas market, which includes products with various values and sustainability 

characteristics. Being aware of the danger of adverse selection, the registration and chain of custody 

for renewable gases is a crucial factor for the development of such a market.  
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A well-functioning market would lead to renewable gas producers to decrease their costs through 

competition and prepares them for replacing natural gas in the future. One main difference a 

renewable gas market would have with the typical gas market hub would be that renewable gases 

have diverse sustainability characteristics. Acknowledging these different standards has a high 

priority since the success of a renewable gas market depends on the trust in the green value of the 

product. 

7. Conclusion  

With decreasing gas consumption, the role of the gas system will change in the future. Its function 

will shift from fossil gas transport to providing an infrastructure for sector coupling and renewable 

gases. The research conducted in this thesis evaluates the feasibility and regulatory framework for 

two examples of sector coupling technologies: P2G and GEHHPs. These two technologies are 

demonstrating how the electricity and gas sector interact with each other on a plant level.  

One finding of this thesis is that electricity grid tariffs are currently imposing high costs to P2G 

plant operation. If policymakers aim to facilitate and improve the regulatory framework for P2G, 

they need to rethink the electricity grid tariff structure and efficiency. Defining P2G plants as energy 

storage technologies and developing a specific regulatory framework for them would be an 

approach to address this issue. The lack of this categorisation has proven to be a primary barrier for 

P2G plants, especially in Germany. 

When gas and electricity compete with each other for heat provision in a GEHHP, it is socio- and 

private-economically optimal for the system to use electricity most of the time. During the 

transition towards a 100% renewable energy system, GEHHPs can offer benefits to the individual 

heating sector, by enabling load-shifting during peak hours. Fully electrifying the individual heating 

sector in Denmark would possibly require power grid investments and GEHHPs could decrease the 

need for these investments in the short-term. However, in a fully decarbonised gas system, Electric 

heat pumps will play a more critical role in the individual heating sector, unless the price gap 

between renewable and natural gas narrows significantly.  

Another finding of this thesis is that for renewable gases to thrive in their respective markets, it is 

crucial to prove, track, and value their sustainability characteristics and origin. P2X technologies 

would also benefit from being able to prove the consumption of renewable electricity to be able to 

sell their output as green hydrogen at appropriate prices. Biomethane registries have been so far 

offering a framework for this purpose. Until today, hydrogen has not been using any registries, since 

its sustainability criteria and auditing process is different from biomethane. 

By being able to register the sustainability characteristics of renewable gases, and also facilitating 

all the chains of custody renewable gases use, buyers will have access to information about the 

commodity they are buying, and sellers will know the customer’s willingness to pay for different 

sustainability levels.  

8. Outlook  

There is currently a need for a market model that enables the competition of different renewable 

gases with each other, based on the value they add to the end-customer, and society. One 
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methodology to use for this purpose is the value stacking approach as introduced in (New York 

State Department of Public Service, 2016) and (Skovsgaard, 2018). The value stacking approach 

associates a price add-on with each additional positive externality, which in the case of renewable 

gases could be, for example, manure treatment. 

As a first step towards a common biomethane market, EU Member States are in the process of 

harmonising their biomethane registries through the ERGAR24 initiative. ERGAR has applied at the 

European Commission, for its European Biomethane registry to be accepted as a voluntary scheme 

for Mass balancing according to the EU RED II. A joint European biomethane registry will enable a 

transparent, reliable, and independent way to trace biomethane within the EU (ERGAR, 2019).  

In Paper A of this thesis, we studied the operation and cost of GEHHPs on a single household level. 

However, there is additional value in considering the savings in grid investments that result from 

implementing GEHHPs instead of Electric-only heat pumps, or the effect that a large amount of 

aggregated GEHHPs will have on the overall energy system. These questions are part of the ongoing 

work in the FutureGas project. 

Since electricity grid tariffs are currently causing a barrier to the profitability of P2G plants, further 

research that aims to enable to facilitate the function of P2G for electricity storage needs to focus 

on improving tariff structures. Tariff structures could generally be updated and adjusted to an 

energy system with increasing demand response possibilities and flexibility requirements. There 

have been studies on this issue by Farrell  (2018) and Fausto et al. (2019). Otherwise, the result from 

Paper B suggests that using a direct connection to wind- and solar parks would be more feasible, 

since this enables the proof of sustainability, and exempts the producers from paying electricity 

grid tariffs. 

All sector coupling technologies need to be also analysed on an energy system level since it is there 

where they will fulfil their role in the energy transition. This work is an ongoing process due to 

these technologies and renewable energy technologies becoming mature, and new technologies 

entering the market. 

  

                                                      
24 European Renewable Gas Registry- www.ergar.org 
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Abstract 

The residential heating sector can offer significant load-shifting possibilities to the energy system. 

Currently 400,000 households in Denmark are heated by natural gas boilers. The power 

consumption corresponding to these boilers can offer high value to the stabilisation of the wind 

intensive Danish energy system. Gas Electric Hybrid Heat Pumps (GEHHPs) are individual heat 

pumps consisting of an electric heat pump and a gas boiler. They provide a fully flexible operation 

of electric heat pumps by supplementing electricity with gas when necessary. In this paper, we 

construct a cost optimisation model of a GEHHP and compare the levelised cost of heat of this 

system with other individual heating systems. We investigate the changes in the operation schedule 

of the GEHHP, both from a socio- and a private-economic perspective, and analyse how certain 
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economic and technological framework conditions influence their operation schedule. Our article 

shows that the end-consumer’s optimal operation schedule uses the gas boiler component of the 

GEHHP 24% of the time. Additionally, comparing the Levelised cost of heat of the GEHHP with 

other heating alternatives proves that the GEHHP setup is the most cost efficient individual heating 

alternative. 

Graphical/Visual Abstract and Caption 

Caption: The optimal operation of Gas Electric Hybrid Heat Pumps (GEHHPs)  

Introduction 

The Danish state aims to be fully independent from fossil fuels by 2050 (Danish Energy Agency, 

2015). A renewable based energy system consists of many volatile power resources such as wind and 

solar energy that present new challenges for the energy system (Brown, Zhou and Ahmadi, 2018). 

The emergence of flexible energy loads and producers is thus crucial to reach this objective by 2050 

(Tuohy, Kaun and Entriken, 2014; Söder et al., 2018). The residential heating sector, generating 

around 80% of Europe’s final residential energy use (Heinen, Burke and O’Malley, 2016), offers a 

large potential for providing flexible energy consumers to the power system (Hedegaard and 

Münster, 2013).  

We refer to a system consisting of a natural gas boiler and an add-on electric air-to-water heat 

pump as a gas electric hybrid heat pump (GEHHP). GEHHPs have a flexible power consumption 

pattern. They can switch between a gas boiler and an electric heat pump at any time. It is common 

to optimise the overall cost- and heating- efficiency of the heating system using GEHHPs by 

utilising the electric heat pump when it is more cost-efficient than the gas boiler and the gas boiler 
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during times when the heat pump is less efficient and more expensive (low temperatures and high 

electricity prices). Converting existing gas boilers to GEHHP systems reduces the gas consumption 

of households significantly. With such a decrease, households can realistically cover their gas 

demand from green gas (Energinet, 2018).  

As far as we know, there have not been any publications optimising the operation costs of GEHHPs 

on a household level, considering taxes and grid tariffs. Our optimisation is based on market 

arbitrage, using both private, and socio economic costs and prices, while taking the hourly variable 

efficiency of the heat pump component into account. This enables an analysis that visualises the 

cost competition between the gas boiler and the heat pump, for fulfilling a Danish household’s 

heating demand over the lifetime of the heating system. 

Our study is twofold. First, we investigate the optimal operational schedule of the gas boiler and 

the heat pump components of the GEHHP, thenwe compare the optimal costs of the GEHHP 

system with other heating alternatives, namely, heat pump-only and gas boiler-only systems. We 

subject the GEHHP system to three scenarios: 1) The private-economic scenario, meaning the 

inclusion of taxes and nominal prices, 2) Time of Use (ToU) electricity grid tariffs, and 3) Replacing 

natural gas with biomethane as an input to the gas boiler component of the system. The focus of 

the first part will be the operation schedule, while the focus of the second part is the optimal costs 

of the system over its lifetime.  

Literature Review 

A number of studies show that the residential heating sector can contribute to the stabilisation of 

the energy system by increasing the power demand during certain hours, and offering load-shifting 

possibilities (Lund et al., 2015). According to Fischer and Madani (2017), heat pumps have the 

potential to ease the transition of the energy system to one with a higher share of renewable energy 

resources and prosumers, given they can be controlled appropriately. Especially when operated 

according to the electricity market, heat pumps can offer load shifting capacities to the energy 

system, while leading to cost savings up to 18% for the household owning the heat pump, compared 

to an operation scheme that does not consider electricity prices (Biegel et al., 2013). This argues for 

increasing the flexibility of electric heat pumps, by introducing an additional heating source, or 

extended heat storage to the heating system of individual households. 

Additionally, there are high costs connected to the installation and grid integration of electric heat 

pumps on a large scale (Meibom et al., 2007; Guminski et al., 2018). Combining electric heat pumps 

with gas boilers can reduce these costs and enables the gas grid to offer flexibility to the power 

system (Schweitzer et al., 2014; Energinet.dk, 2018).  

Hybrid heating systems are generally accepted by households, especially when they consist of a 

supplementary heating source added to a main heating source (Ruokamo, 2016).However, there are 

a number of challenges facing consumer load management. One of these challenges can be the 

consumer price, which is calculated based on an average power price and hence, does not 

incentivise the consumers to offer their load flexibility to the grid (Brown, Zhou and Ahmadi, 2018). 

Bergaentzlé et al. (2019) studied the effect of alternative tariff schemes, such as ToU electricity 

tariffs on the flexibility and cost optimisation of district heating plants and showed that ToU tariffs 
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incentivise flexible power consumption in the district heating sector and reduce the overall heating 

costs. 

The literature has evaluated the benefits of GEHHPs considering economic and strategic indicators 

in the past. Klein, Huchtemann, and Müller (2014) have developed a model of GEHHPs on a 

benchmark household in Germany and reached energy savings of 12-24% compared to conventional 

gas boilers. In their study, mid-range sized heat pumps have reached the best performance factors 

in the combined system. Bagarella, Lazzarin and Noro (2016) have evaluated hybrid heating systems 

in a dynamic model in a cold-humid, and mild-dry climate. They have concluded lower annual gas 

and electricity consumption for both climates using GEHHPs compared to a heat pump only 

system. Park et al. (2014) model a GEHHP that is only used for water heating purposes and 

investigate the effect of both water, and air temperature on the system performance. Their 

economic feasibility analysis of the system for an average Korean apartment results in 4% annual 

cost savings compared to a gas-fired water heater. They conclude that the power price and the 

operation strategy of the system have a strong effect on its feasibility. Li, Zheng and Tian (2013) also 

highlight the importance of the operation strategy of hybrid heating systems, where the comparison 

between a hybrid heat pump system and a coal-fired boiler resulted in a 45.2% reduction in energy 

consumption and 13.5% reduction in operational costs. Di Perna et al. (2015) model a hybrid heat 

pump system in a single household optimising the size of the heat pump. Their study shows that 

the hybrid heat pump system results in higher efficiency values compared to a heat pump system 

with electrical integration. Hohne, Kusakana and Numbi (2018) developed a model of a hybrid 

heating system consisting of a solar water heating system and an electric water heater under a ToU 

tariff scheme. Their analysis shows that this heating concept enables load shifting without 

compromising the heat demand. 

In Denmark, the “Danish Gas Technology Centre (DGC)” investigated GEHHPs in 2013 in a pilot 

project. The results of the project emphasised that GEHHPs increase the efficiency of a building’s 

heating source (Frederiksen, 2014). A project facilitated by the Danish Transmission system 

operator (TSO) Energinet concluded that GEHHPs can decrease the pressure on the power grid 

during peak hours in a future, when the Danish heating sector is electrified, since they can reduce 

electricity consumption on days where the electricity demand is high (Energinet, 2018). Analyses in 

other countries, such as the freedom project in the United Kingdom, have shown that GEHHPs can 

utilise the increasing shares of renewable electricity and green gas in the energy system for a fully 

decarbonised heating sector (Freedom Project, 2018). 

The model of a GEHHP and the framework conditions 

In order to compare the optimal costs of the different systems and scenarios, we use the Levelised 

Cost of Heat (LCOH) approach as used in (Sneum and Sandberg, 2018). Our base analysis consists 

of socio-economic prices and costs and represents the costs and optimal operation of the GEHHP 

from the society’s point of view. For the socio-economic analysis, we follow the guidelines from the 

Danish energy agency (Danish Energy Agency, 2017). All prices are in real terms. The private-

economic analysis as conducted in the GEHHP-private scenario represents the optimal operation 

schedule and the costs from the end-consumer’s point of view. The private-economic prices include 

energy taxes and are in nominal terms. 
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In this study, we model a simplified version of the GEHHP heating system as illustrated in figure 1. 

We follow the system set-up introduced in the Freedom Project (2018), where a small heat pump 

(5kW capacity) is retrofitted to an existing gas boiler. According to the results of this project, this 

system set-up has proven to be functional and realistic. We assume that the lifetime of the 

combined GEHHP system equals the lifetime of the heat pump (15 years). Considering the lower 

gas boiler utilisation resulting from the presence of another heating source, and the age of the 

existing gas boiler, this assumption is possible. Thus, the only investment made in the hybrid 

system is the investment for the add-on heat pump. 

In the GEHHP model used in this article, the heat provided by the gas boiler and the heat pump 

fulfils the space heating demand by entering the heat circulation system directly, and heating water 

in a water storage tank up to 55 degrees Celsius. The only heating storage option in the simplified 

model is the water tank used for fulfilling the water heating demand. The objective of the model is 

the minimisation of operational costs resulting from gas and electricity consumption. The 

mathematical model is further explained in the section “supplementary information”, together with 

the technical and economical framework conditions used for the calculations applied in this article 

 

 

Figure 17: A simplified model of a GEHHP heating system 

 

The power and gas consumption are the main variables the model adjusts to minimise the costs. 

According to the operation schedule of the GEHHP, the gas boiler and the heat pump cover the 

heat demand at all times. The amount of power and gas consumption depends on the efficiency of 

the gas boiler and heat pump and the cost of gas and power input. The parameter describing the 

efficiency of a heat pump is its Coefficient of Performance (COP). The value of this parameter 

depends on the individual heat pump characteristics and the ambient air temperature. 

The COP values in this study should be interpreted with caution. In general the COP is lower for 

water heating than for space heating and the COP value of heat pumps varies strongly depending 

on the heat distribution system (Klein, Huchtemann and Müller, 2014). A thorough investigation 

of these matters would go beyond the scope of this study. However, a sensitivity analysis regarding 

the heat pump’s COP is provided in the Supplementary Information section of this article. 
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Power and gas prices are important parameters in the GEHHP optimisation model. They are 

influencing the cost of heat provision from each of the GEHHP components. The combination of 

the power price with the COP of the heat pump, and the gas price with the gas boiler efficiency, are 

determining whether the GEHHP chooses the gas boiler or the heat pump for fulfilling the heat 

demand.  

Figure 2 shows the socio- and private-economic power and gas price composition in the greater 

Copenhagen area. Grid operators usually calculate grid tariffs for end-users based on the 

consumption capacity and the customer sector. For the purpose of this study, we acknowledge that 

power and gas grids are operated as natural monopolies, where grid operators are not allowed to 

gain profit from operating the grid. The difference between the grid tariffs for different consumer 

sections, as commonly calculated by power and gas grid operators is neglected in this study. This 

enables us to conduct a clear analysis without these effects that vary depending on the specific grid 

operator, influencing our results. Therefore, the private-economic power and gas grid tariffs are 

identical to the socio-economic power- and gas grid tariffs. 

 

Figure 18: Socio- and private-economic power and gas price composition 

In general, end consumers have to pay a higher power and gas price than the socio-economic price, 

because of the addition of taxes. The socio-economic model includes the cost of emission for 

society. We used the average CO2 prices from the EU Emission trading System as a benchmark for 

the cost of CO2 emission. The cost of other emission factors such as NOx, SOx, and particulate 

matter is neglected in this study, since it is very low and will not influence our results. The CO2 

emissions from power production are already included in the spot market price, due to the 

integration of the European Emission Trading System (ETS) in the European power market. 
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Scenarios for cost optimisation 

This section highlights the outcome of the cost optimisation model, and illustrates a number of 

scenarios. These scenarios focus on two aspects: the operation schedule of the GEHHP, and the 

comparison of the LCOH between the GEHHP and other technical alternatives. Table 1 presents 

these scenarios. The base-socio scenario, which is the reference point of this analysis, represents 

the GEHHP under the regulatory framework described in the previous section. The GEHHP-private 

scenario uses a model identical to the base-socio scenario, but with private economic prices 

including taxes, and a private-economic discount factor. The remaining scenarios are explained in 

this section. 

 

Table1: Scenario description 

Scenario name Technology Fuel Socio- or 
Private-
economic 

Electricity grid 
tariffs 

Base-socio GEHHP Natural gas + electricity Socio flat 

GEHHP-private GEHHP Natural gas + electricity private flat 

BM-socio GEHHP Natural gas + electricity Socio flat 

ToU-socio GEHHP Natural gas + electricity Socio ToU 

GB-socio Gas boiler Natural gas Socio flat 

GB-private Gas boiler Natural gas Private flat 

HP-socio Heat pump Electricity Socio flat 

HP-private Heat pump Electricity Private flat 

 

BM-socio scenario 

Part of the Danish energy agenda is to increase the share of biogas in the Danish gas grid (Danish 

Energy Agency, 2015). Danish biogas producers need to upgrade their biogas and inject it into the 

gas grid as biomethane. Therefore, we examine the GEHHPs using biomethane instead of natural 

gas in the BM-socio scenario. For this purpose, we add the increased cost of biomethane to the price 

of gas input in the GEHHP model. We reflect this increased cost using the product of the support 

paid to biogas plants and the net tax factor. Equation 1 shows the increased cost of the gas input in 

the BM-socio scenario.  We assume that the state support given to biogas producers reflects the 

additional costs they have compared to natural gas producers. The support rate is currently at 0.055 

€/kWh (Danish Energy Agency, 2018a). The net tax factor is a factor reflecting the deadweight loss 

for the society resulting from the support provided to biomethane producers and is 1.325 (Danish 

Energy Agency, 2018b). We assume that this added cost is constant. However, in reality the 

additional cost of biogas producers decreases over time due to technology diffusion and learning 

curve effects. 

𝐵𝑖𝑜𝑔𝑎𝑠 𝑐𝑜𝑠𝑡𝑡 = 𝑝𝑡
𝑔𝑎𝑠

+ 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 ∗ 𝑁𝑒𝑡 𝑡𝑎𝑥 𝑓𝑎𝑐𝑡𝑜𝑟, ∀𝑡 ∈ 𝑇                               (Equation 1) 

Biomethane in Denmark is mainly produced from manure. According to (Majer et al., 2016), manure 

based biomethane captures almost the same amount of carbon emissions as it is producing when 

it is incinerated. Therefore, the carbon emissions of biomethane are equal to zero.  
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ToU-socio scenario 

In this scenario, we look at the implementation of Time of Use (ToU) electricity grid tariffs. These 

are tariffs that vary in their level based on the hours during which electricity is consumed (Saraiva 

et al., 2016). During peak-load hours the tariff is high, in order to discourage consumers from using 

electricity. The power distributor Radius A/S defines the hours 00-17 and 20-24 of every day as low-

load hours and the hours 17-20 from October until March as peak-load hours. In order to study how 

strong the effect of ToU tariffs on the optimisation model is, we use the ToU tariffs currently 

implemented by Radius A/S, where tariff is 13.7% lower during low load, and 122% higher during 

peak load hours (Radius A/S, 2018).  

GB-socio, GB private, HP-socio, and HP-private scenarios 

These scenarios each represent an alternative heating technology to the GEHHP. The GB-socio and 

GB-private scenarios consider the use of a gas boiler as the only heating source for the household, 

while the HP-socio and HP-private scenarios consider the use of a heat pump. Since in the two 

latter scenarios the heat pump is supposed to fulfil the heat demand of the household, we use a 

heat pump with the capacity of 10 kW as suggested by (Danish Energy Agency and Energinet.dk, 

2013).  

Results 

Operation Schedule 

As table 2 shows, in our base case, 12.8% of the heat demand is covered by the gas boiler component 

of the GEHHP, during its lifetime. The gas boiler component acts as a back up to the heat pump 

whereas the heat pump is the primary heat source of the household. 

Table 2: Heating shares for all scenarios and heating alternatives 

Scenario Unit Base-socio GEHHP-
private  

BM-socio ToU-socio GB only 
scenarios 

HP only 
scenarios 

  

Percentage of heat 
provided by the gas 
boiler 

% 12.8 24.7 0.1 14.1 
 
 

100 0 

Percentage of heat 
provided by the heat 
pump 

% 87.2 75.3 99.9 85.9 0 100 

 

Base-socio 

Running the model for the base scenario shows that in the base case, the gas boiler is only utilised 

during hours when the electricity price is very high, and temperatures are very low. Figure 3 shows 

the sum of heat provided by the heat pump and gas boiler component of the GEHHP, compared to 

the cost of heat provision by the respective component. This cost of heat consists of the power or 

gas price, divided by the efficiency of the heating source. It is visible in this figure, that the gas 

boiler provided heat to the household mainly during the winter months, especially January.  
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Figure 19: Operation schedule base scenario 

 

GEHHP-private scenario 

The private-economic analysis of the GEHHP system shows that a higher utilisation of the gas boiler 

would be optimal from the end-consumer’s point of view. In this scenario, the gas boiler component 

provides around 24.7% of the household’s heat during its lifetime. This is due to the fact that the 

sum of electricity taxes, including the PSO-tariff is higher than the energy taxes paid for natural gas 

consumption during more hours (see figure 2). This shows that taxes play an important role in the 

optimisation of the GEHHP’s operation schedule. 

BM-socio scenario 

In the BM-socio, where biomethane is used as the input to the gas boiler component, the utilisation 

of the gas boiler is very low, and therefore neglectable. Only 0.1% of the heat within the 15 years 

lifetime of the GEHHP system is covered by the gas boiler. Thus, if the cost of biomethane remains 

at the state of 2018, a hybrid system will not make sense. 

ToU-socio scenario 

Our results show that ToU tariffs influence the operation schedule of the GEHHP slightly. The 

utilisation of the gas boiler has increased by 1.3% in the ToU-socio scenario compared to the base 

case. This increase is happening during peak hours (between October and March). The reason for 

this insignificant increase is that the number of peak hours is relatively low in the Radius A/S ToU 

tariff scheme.  

Other scenarios 

Since each of these scenarios consists of only one heating technology, the focus for the analysis of 

the GB-socio, GB private, HP-socio, and HP-private scenarios is the cost optimisation and how it 

stands compared to the base scenario. The results for these scenario analyses are presented in the 

following section. 
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Cost comparison 

The comparison of the LCOH of the different heating options, as listed in table 3, shows that from 

a socio-economic point of view, the GEHHP offers the heating alternative with the lowest LCOH. 

The private-economic LCOH is on the same level for the heat pump only and the GEHHP system. 

The gas boiler only system proves to be the most expensive alternative. The influence of the energy 

costs for the gas boiler, exceed the influence of the lower investment costs for the gas boiler. The 

heat pump only system has the highest investment costs, since we assumed no new investment in 

the gas boiler component of the GEHHP system.  

Table3: Cost comparison between GEHHPs and other individual heating alternatives 

  Unit Base GEHHP-
private  

GB-socio GB-private HP-socio HP-private 

Investment 
cost* 

€ /unit 4560.0 5912.7 3200.0 4084.0 5274.0 6730.9 

Operation and 
Maintenance** 

€/year 268.0 340.3 235.0 297.9 188.0 238.7 

Energy cost €/lifetime*** 6078.1 17518.9 9896.2 24040.6 7028.9 20548.6 

LCOH cent/kWh 5.4 10.6 5.9 12.1 5.6 11.3 

*The costs for the private-economic scenarios include the annual inflation rate 
**The Lifetime of the gas boiler is 20 years, and the lifetime of the heat pumps is 15 years. We subtracted the 
scrap value of the additional years of the gas boiler’s lifetime from its costs.  

 

Discussion 

Our results show, the GEHHP system utilises the gas boiler only during hours the electricity system 

is under pressure. This is in line with the initial thought behind the implementation of GEHHPs, 

which is that Hybrid heating systems offer flexibility to the electricity grid by enabling it to use 

electric heat pumps as a demand response variable. This can add value to the overall energy system, 

since it can reduce the need for investments in power grid expansion, which would be needed for 

the full electrification of the individual heating sector. This value is not included in this analysis, 

since we only look at the cost optimisation at the household level. 

In the case of the instalment of a large number of electric heat pumps for individual heating, as part 

of retrofitting gas boilers to GEHHP systems, the power grid might require further expansion due 

to the increased aggregated power consumption. This can be a socio-economic cost factor, 

depending on what the base case of the analysis is. Region Hovedstaten (2018) argues that these 

costs need to be evaluated on a case-by-case basis, as the generalised consideration of capacity 

cannot necessarily be transferred to the specific conditions of a project. Additionally, aggregated 

GEHHPs have the possibility of participating in auxiliary service markets and thus the potential to 

obtain additional revenues.  

For this study, we considered historical CO2 emission prices from 2007-2017. During the time-

period of 2003-2007, there was no CO2 quota system in the European Union; hence, there were no 

CO2 costs associated with gas consumption and power production. Thus, we do not include the 

cost of emission for this time-period. This is not realistic in the context of today’s ETS system, where 
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CO2 prices have increased due to the renewal of the ETS system. This will increase the cost of the 

gas boiler only option and would decrease the hours of gas boiler utilisation in the GEHHP system.  

Assuming that biomethane will replace natural gas in the gas grid over time, the analysis of GEHHPs 

using biomethane as an input for the gas boiler is highly relevant. The additional socio-economic 

green value will most likely change in the future, as we have used the support rate of 2018 and this 

rate is likely to decrease due to learning curve effects. There are a number of investment grants and 

support schemes, such as the Danish artisan payment deduction, that we have not considered in 

this study. The consideration of these support schemes might change the operation schedule of a 

GEHHP using biomethane. 

A household’s heat demand is relatively inelastic (Hellmer, 2013). In light of ToU tariffs, which are 

initially a tool to incentivise lower power consumption during peak hours, a GEHHP enables the 

electricity demand for heating to respond to peak and off-peak prices, without compromising the 

fulfilment of the household’s individual heat demand. Even though with the current number of 

peak-load hours, the additional gas boiler utilisation might not be significant, in the case of 

increasing peak load hours and power price volatility in the future, this can add value to the energy 

system. 

The way we dimensioned the heat pump in this study, does not reflect the realistic size of add-on 

heat pumps in hybrid heating systems. We chose a relatively large sized heat pump, in order to 

enable the system to exploit the arbitrage opportunities between the power and gas market.  

The efficiency of the heat pump can have a strong influence on the optimisation results. This is 

demonstrated in the sensitivity analysis in the Supplementary Information section of this article. 

Thus, an analysis using a smaller heat pump, results in a higher utilisation of the gas boiler. This 

better reflects the current real-life GEHHP systems implemented in Denmark (Teknologisk Institut, 

2015). 

Conclusion 

Our analysis shows that GEHHPs offer a cost-efficient individual heating solution, both from 

society’s and the end-consumer’s perspective. In GEHHP systems, the gas boiler provides heat 

during the hours where the electricity prices are peaking and the efficiency of the heat pump is low. 

Both in the socio- and in the private-economic analysis the heat pump covers the main share of the 

heating demand for all scenarios. The gas boiler only system is the most expensive option from both 

a socio-, and private-economic perspective. This is due to the lower overall efficiency of the gas 

boiler, compared to high-performing air-to-water heat pumps.  

Changing the input of the gas boiler from natural gas to biomethane causes the GEHHP system not 

to utilise the gas boiler component. This is due to the currently high cost of biomethane compared 

to natural gas. Thus, with the biomethane cost used in this study, a heat pump only system would 

be more sensible. 

In this study, we investigated GEHHPs on a single household level. The effect of aggregated 

GEHHPs on local power and gas distribution networks is a subject that requires further 

examination. Additionally, we studied the most common set-up of GEHHP, which is the addition 

of a relatively small heat pump to an existing gas boiler. The results of our analysis, especially 
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regarding the LCOH, would be different in case of investing into a new gas boiler component for 

the GEHHP.  

Additionally, an important point is that aggregated GEHHPs have the possibility of participating in 

auxiliary service markets and thus the potential to obtain additional revenues. Scholars should 

investigate this promising area further. 
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Supplementary Information 

Mathematical model 

This section enlightens the reader about the mathematical equations that are used for the 

optimisation of the GEHHP.  

The objective function 

Equation 2 shows the socio-economic objective function of the GEHHP system where the price of 

electricity, 𝑝𝑡
𝑒𝑙, and of gas, 𝑝𝑡

𝑔𝑎𝑠
, are the spot market prices, including the socioeconomic tariff and 

the external costs related to gas utilisation and power production. The variables 𝑊𝑡
𝐻𝑃and 𝑊𝑡

𝐺𝐵 are 

the hourly power and gas consumption. The variables 𝑢𝑡
𝐻𝑃and 𝑢𝑡

𝐺𝐵 show the online status, and 𝑣𝑡
𝐻𝑃 

and 𝑣𝑡
𝐺𝐵the start-up status of the heat pump and the gas boiler, which show whether the heat pump 

or gas boiler component of the GEHHP has been turned on. There is an additional start-up 

consumption associated with turning on the gas boiler or the heat pump component of the GEHHP, 

which the equation includes as 𝑐𝐻𝑃and 𝑐𝐺𝐵 for the heat pump and the gas boiler. 

min 𝑍 =  ∑ 𝑝𝑡
𝑒𝑙

𝑡∈𝑇 (𝑊𝑡
𝐻𝑃 ∗ 𝑢𝑡

𝐻𝑃 + 𝑐𝐻𝑃 ∗ 𝑣𝑡
𝐻𝑃) + 𝑝𝑡

𝑔𝑎𝑠(𝑊𝑡
𝐺𝐵 ∗ 𝑢𝑡

𝐺𝐵 + 𝑐𝐺𝐵 ∗ 𝑣𝑡
𝐺𝐵)(Equation 2) 

The private-economic cost function evaluates the system from the end-consumer’s perspective. The 

function is identical to the socio-economic objective function, but with different variables. The 

private-economic price of electricity includes the electricity tax and the power grid tariff, and the 

private-economic price of gas includes the energy tax, and the end-consumer tariffs for natural gas. 

Start-up and unit commitment 

In order to identify when a start-up of the gas boiler or heat pump component of the GEHHP occurs, 

we use equations 3 and 4 for the respective component. The difference between the online statuses 

of two consecutive hours represents the start-up status. If this difference is above zero, a start-up 

occurs. 

𝑢𝑡
𝐺𝐵 − 𝑢𝑡−1

𝐺𝐵 ≤ 𝑣𝑡
𝐺𝐵, ∀𝑡 ∈ 𝑇                                                                                             (Equation 3) 

𝑢𝑡
𝐻𝑃 − 𝑢𝑡−1

𝐻𝑃 ≤ 𝑣𝑡
𝐻𝑃 , ∀𝑡 ∈ 𝑇                                                                                             (Equation 4) 

Power and gas consumption  

The heat provided by the heat pump(𝑄𝑡
𝐻𝑃) is given in equation 5 and the heat provided by the gas 

boiler (𝑄𝑡
𝐺𝐵) in equation 6, with the efficiency of the gas boiler, 𝜂, being constant. 

𝑄𝑡
𝐻𝑃 = 𝐶𝑂𝑃𝑡 ∗ 𝑊𝑡

𝐻𝑃 , ∀𝑡 ∈ 𝑇                                                                                           (Equation 5) 

𝑄𝑡
𝐺𝐵 = 𝜂 ∗ 𝑊𝑡

𝐺𝐵, ∀𝑡 ∈ 𝑇                                                                                                   (Equation 6) 

Storage 

As figure 1 shows, the model also includes a hot water storage unit, which functions as a buffer for 

fulfilling the water demand. The heat pump and the gas boiler charge the storage tank, after they 

have fulfilled their space heating obligations. We have modeled this using equations 7 and 8. 

𝑊𝑡
𝐻𝑃 ∗ 𝐶𝑂𝑃𝑡 +  𝑊𝑡

𝐺𝐵 ∗ 𝜂 − 𝑠𝑡
𝑖𝑛  = 𝑑𝑡

𝑠𝑝𝑎𝑐𝑒
, ∀𝑡 ∈ 𝑇                                                     (Equation 7) 
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𝑠𝑡
𝑜𝑢𝑡  = 𝑑𝑡

𝑤𝑎𝑡𝑒𝑟, ∀𝑡 ∈ 𝑇                                                                                                      (Equation 8) 

In equations 7 and 8, 𝑠𝑡
𝑖𝑛 is the amount of kWh heat entering the water storage tank and 𝑠𝑡

𝑜𝑢𝑡 is the 

amount of kWh heat leaving the water storage tank. The terms 𝑑𝑡
𝑤𝑎𝑡𝑒𝑟 and 𝑑𝑡

𝑠𝑝𝑎𝑐𝑒
 describe the 

hourly heat demand for water and space heating. Equation 9 shows the heat balance function 

within the storage tank. 

𝑠𝑡 =  𝑠𝑡−1 ∗ (1 − ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠) + 𝑠𝑡
𝑖𝑛 − 𝑠𝑡

𝑜𝑢𝑡, ∀𝑡 ∈ 𝑇                                                     (Equation 9) 

 

Framework conditions of the model 

This article considers energy prices for the period of 2003 to 2017. The chosen years include critical 

points in the history of energy markets such as the economic crisis of 2008 that influenced especially 

the gas market. We use the hourly electricity prices from the Nordpool electricity market for our 

observation period (Energinet, 2018). For the hourly gas prices we refer to Gaspoint Nordic 

(Gaspoint Nordic A/S, 2018) for the time period of 2010-2017 and the German import price for 

natural gas for 2003-2009  (Bundesamt fuer Wirtschaft und Ausfuhrkontrolle, 2019). The socio-

economic prices for power and gas have been turned into real prices using the consumer price index 

according to (Danmarks Statistik, 2018) for the respective years. All prices in the private-economic 

analysis are nominal, and include a Value Added Tax (VAT) of 25%. Further assumptions and data 

sources are listed in table 5.  

Table 5: Input data used for the cost optimisation model 

Data Source Value 

Day-ahead electricity spot 

market prices  

(Energinet, 2018) Variable hourly  

(from -0.2 to 2 €/kWh) 

Hourly gas market prices Gaspoint Nordic (Gaspoint Nordic A/S, 

2018),  Federal office for economic affairs 

and export control (Bundesamt fuer 

Wirtschaft und Ausfuhrkontrolle, 2019) 

Variable daily 

(from 0.006 to 0.078 €/kWh) 

Heat demand to be covered 

by GEHHP 

DGC 

 

2000 kWh/year for water heating 

16000 kWh/year for space heating 

Hourly hot water demand 

profile 

DS/EN 16147:2017 (Danish Standards 

Association, 2017). 

 

Hourly heat loss from the 

storage 

(Bergaentzlé et al., 2019) 0.03% per hour 

Ambient temperature (Iowa State University, 2018) 

 

Variable hourly 

(from -17 to 30.5 degree Celsius ) 

Efficiency of gas boiler (Danish Energy Agency and Energinet, 

2016) 

97% 

Lifetime (Danish Energy Agency and Energinet, 

2016) 

Heat pump only system: 15 years 

Gas boiler only system: 20 years 

Combined system (base):15 years25 

COP of heat pumps Product sheet Austria Email LWP 5 ECO-

and Bosch CS7000i Aw 10 kW  

Temperature dependent 

(from 1.8 to 7) 

                                                      
25 Since we assume a system with an existing gas boiler in place, we deduct 5 years from the gas boiler component’s 

lifetime 
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Historical tariffs and taxes 

for gas 

(Danish Energy Agency, 2019a) Variable monthly 

(average: see figure 2) 

Historical tariffs and taxes 

for electricity 

 

(Forsyningtilsynet, 2019) Variable monthly 

(average: see figure 2) 

Investment cost heat pump 

(10 kW)26 

Bosch CS7000i Aw 10 kW  

(Pricerunner, 2018) 

 

5274 €/unit 

Investment cost hybrid 

system (add-on heat pump) 

 

Bosch CS7000i Aw 5 kW  

(Pricerunner, 2018) 

 

4560 €/unit 

Investment Cost Gas Boiler 

(10 kW) 

Technology catalogue  

(Danish Energy Agency and Energinet, 

2016) 

3200 €/unit 

Operation and Maintenance 

Gas boiler 

(Energinet, 2018) 235 €/year 

Operation and Maintenance 

Heat Pump (10 kW) 

(Energinet, 2018) 188 €/year 

Operation and Maintenance 

GEHHP 

(Energinet, 2018) 268 €/year 

Start-up consumption DGC (gas boiler) 

 

Gas boiler: 1500 Wh 

Heat pump: 50 Wh27 

 

Discount rate (Energistyrelsen, 2007) 

(Kelly, Fu and Clinch, 2016) 

Socio-economic: 4% 

Private-Economic: 8% 

 

 

Sensitivity Analysis 

A number of variables can affect the results of our analysis. These variables can either be of 

economic, environmental, or technologic nature. The economic influence factors are reflected in 

the power and gas prices and we have studied the effect of different kinds of possible price increases 

in the GEHHP-private, ToU-socio, and BM-socio scenarios. The environmental variables are the 

heat demand and the ambient temperature. Changes in ambient temperature are directly 

implemented in the COP equation of the heat pump. However, a significant change in these factors 

over time is not realistic by nature. Thus, these variables do not require a further sensitivity analysis.  

One element that is of technological nature and can influence our analysis is the efficiency of the 

gas boiler and the heat pump component of the GEHHP. Therefore, we have conducted a sensitivity 

analysis on these two variable. The result of this sensitivity analysis is visualised in figure 4. 

According to figure 4, the gas boiler efficiency does not have a significant effect on the overall 

system costs of the GEHHP. The efficiency of the gas boiler is in general much lower than the COP 

of the heat pump. The gas boiler can physically not reach an efficiency factor above one, whereas 

the COP of the heat pump has its minimum at 1.8. Thus, the heat pump is always the more efficient 

system. The heat pump’s COP has a very strong effect on the energy costs of the GEHHP system 

                                                      
26 Installation costs are not included 
27 The Danish Energy Agency ((2019b) states 10% of full load is the minimum load for district heating 
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throughout its lifetime. Thus, our results can be strongly influenced by the heat pump efficiency, 

and the ambient temperature. 

We conclude from the sensitivity analysis, that the result of our analysis regarding the cost 

optimisation can vary, when a different heat pump is used. The COP equation of a heat pump is 

specific to its manufacturer and is derived from the heat pump’s product sheet. There is no linear 

correlation between the heat pump size and its COP.  

 

Figure 4: Sensitivity analysis on the heat pump and gas boiler efficiency 
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Abstract 
Several studies have identified power to gas (P2G) as a key technology for enabling the transition to a 

renewable energy system. Hydrogen, especially when based on renewable energy, can offer a valuable 

sustainable fuel for the transport and industry sectors, where alternatives to fossil fuels are limited. 

Considering the current electricity mix in Denmark, we consider the market price of steam methane 

reformation (SMR) based hydrogen and calculate the levelized costs of hydrogen production using the 

alkaline electrolysis process, under a number of regulatory scenarios. This enables us to evaluate the 

effect of each regulatory cost component on the operation hours, levelized costs and producer’s profit. 

Our results show that electricity grid tariffs have the strongest effect on the profitability of the P2G facility. 

When using biofuels for transport as a competitor for the hydrogen produced in the P2G facility, the 

producer profits are high, even under the current regulatory framework. Supporting the renewable share 

of hydrogen production only will have an effect if the support rate is far above the feed in tariff currently 

paid to other renewable gases. 

Keywords 
Power to gas, Sector Coupling, Hydrogen, Regulation, Renewable gas policy, Cost of Hydrogen, Producer 

surplus 

 

1. Introduction 
The share of solar- and wind-based electricity production in Western Europe, especially in Nordic 

countries is continuously growing [1]. This raises the need for power storage technologies that can fill the 

production gap during hours of low wind resource availability [2,3]. While batteries and demand response 

measures can provide decentralized and short-term storage options, possibilities for long-term and high 

capacity storage are limited [4]. Power to Gas (P2G) plants offer a technical solution for this problem, 

enabling the use of the gas infrastructure, or sector coupling, for storing excess electricity.  

P2G as we use it in this article, refers to the conversion of electricity to hydrogen and oxygen through the 

electrolysis process [3]. There are numerous studies stating how P2G benefits the energy system by 

stabilizing electricity grids and offering a storage solution for a wind- and solar- based energy mix [5–8]. 

P2G plants can ramp up when electricity prices are low, and shut down when they are high. When located 

near wind and solar plants, they can reduce the need for grid operators to invest in power grid expansions 

[9].  

mailto:tasaam@dtu.dk
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Another benefit of P2G is the provision of renewable hydrogen as a carbon dioxide (CO2) emission free 

energy carrier. In light of the EU Renewable Energy targets, with the increasing urgency to decrease 

carbon emissions in all sectors and the lack of feasible decarbonisation alternatives for the industrial and 

transport sectors, hydrogen is gaining momentum as a sustainable fuel for the post 2050 era [10,11]. 

Despite the benefits of P2G for the future energy system, and the decreasing costs of electrolysis 

[10,12,13], this technology is currently not able to enter the market without regulatory and financial 

incentives for investors and operators [14–16]. Grid tariffs, system contributions28 and taxes for electricity 

are currently making up a higher share of the electricity price in many European countries, and cause a 

barrier for a flexible operation of P2G plants [9]. Thus, electricity storage, without a price add-on for 

releasing stored electricity, is not attractive for investors [17]. Another regulatory barrier for P2G plants 

is that in the European Union (EU) hydrogen cannot be accounted for contributing towards national CO2 

emissions reduction targets. Therefore, the regulatory incentive for EU member states to  include 

hydrogen in their national support schemes does not exist yet [9]. Knowing the benefits of P2G in future 

decarbonized energy systems, regulatory stakeholders and policy makers should ensure the uptake and 

incentivisation of this technology. 

We focus our analysis on Denmark, since Denmark has a wind intensive electricity system [18] and a well-

developed district heating network that could utilize the excess heat from the electrolysis process [19]. 

The Danish regulator has integrated measures for reducing the add-on costs of wind energy, such as 

removing the PSO tariff, which is still prevalent in some other European countries. Additionally, it includes 

electrolysis in the processes that are eligible to pay the EU minimum tax for electricity consumption [20].  

Walker et al. [21] show in their study that operating a P2G plant primarily as a hydrogen production facility 

rather than an auxiliary service provider for the electricity grid leads to an increased utilization of the P2G 

plant. This is an argument for us, to focus our analysis on the revenues from hydrogen production. In this 

article, we analyse the effect of regulatory costs, such as taxes and grid tariffs, on the profitability of P2G 

plants. For this purpose, we develop a statistical model, calculating the number of hours a P2G plant will 

be operating given hydrogen prices, the regulatory price add-on, and historical Nord Pool electricity prices. 

Assuming the P2G plant is a price taker in both its input and output markets, it will produce when the 

marginal revenue is larger or equal to the marginal cost of production. Since the major variable cost of a 

P2G plant is the cost of electricity, as an approximation, we assume that the plant produces hydrogen 

when the price at Nord Pool makes marginal costs equal to the marginal revenue of selling hydrogen. 

Finally, assuming the plant produces an identical amount each hour it is operating, the average cost of 

electricity and an hourly contribution margin is calculated. Using this information, and information on 

fixed costs of P2G plants we analyse how different regulatory instruments affect the profitability of the 

plant.  

This study comprises of three main research questions. First, we evaluate whether the current hydrogen 

price in the market is high enough for P2G to be a feasible and competitive hydrogen production 

technology. Second, we examine how different regulatory cost components affect the producer surplus. 

Lastly, we discuss what regulatory framework would support the P2G technology to be competitive and 

commercial. 

                                                      
28 System contributions are payments that are used to develop the overall energy sector further and to 
support innovations such as PSO tariffs 
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2. Deriving marginal and average cost curves for a P2G facility 
According to classic production theory, if a producer is a price taker in both the input and output markets 

her optimal level of production is when the marginal costs equals the per unit price of output. As the 

major variable costs of a P2G plant is the cost of electricity, we approximate the marginal costs of 

production by the price of electricity for producing the marginal unit.  

As an example, for a Nord Pool electricity price of 40.6 €/MWh in constant 2018 prices, Table 1 shows the 

number of hours during which, the price was equal to or below this price in each of the years from 2001 

to 2018. Assuming that the plant uses the same amount of electricity each hour it is operating, the table 

also shows the average cost of electricity each year.  

Both the hours of operation and the average price of electricity varies considerably between years. As the 

contribution margin (that should be covering fixed costs) equals the difference between the marginal and 

the average electricity price, times the hours of operation, the profitability of the plant varies considerably 

between years. In some years, the plan earns a reasonable contribution margin while during other years 

this margin is lower. Therefore, to evaluate the profitability of a plant, the average operating hours and 

electricity prices over the years are calculated. We have done this both for western and eastern Denmark 

(DK West and DK East) and found that the P2G plant will operate slightly more hours and have lower 

average electricity prices in DK West than in DK East, and that average operating hours increase and 

electricity prices decrease slightly over the years. In this article, we apply the electricity prices for DK West 

and the average value for the years 2012-2018. DK West has the largest share of wind. Additionally, as 

the share of wind increases over time, the average price over the latest years seems closest to a future 

price profile in a system, based mainly on renewable technologies. We might have forecasted the future 

market price, but this is uncertain, so the prices we preferred to use are the average of the latest years.  

Repeating the calculations in Table 1 for a number of marginal electricity prices, Table 2 shows 

combinations of marginal- and average electricity prices and the number of hours with prices below the 

marginal electricity price (hours of operation). Finally, Figure 1 shows the marginal - and average 

electricity price curves. From the table and figure, it is visible that all curves are monotonically increasing. 
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Year

No. of 

hours 

operating

Average electricity prise for 

hours running (In constabt 

2018 euro per MWh).

No. of 

hours 

operating

Average electricity prise for 

hours running (In constant 2018 

euro per MWh).

2001 8140 28.71 8084 28.78

2002 6346 25.83 6940 25.08

2003 3879 34.06 4696 29.82

2004 7781 33.78 7389 33.53

2005 6588 33.99 4547 32.53

2006 1173 32.15 1503 30.56

2007 5731 28.25 5980 27.51

2008 1242 31.16 1034 29.30

2009 4008 35.36 4294 33.40

2010 886 27.05 1382 31.46

2011 1655 29.96 1782 30.42

2012 5448 29.57 5632 29.38

2013 4864 33.16 5419 32.35

2014 7397 30.16 7579 28.84

2015 7881 22.37 8054 21.19

2016 7620 26.53 8195 25.58

2017 7306 28.77 7854 28.12

2018 2990 30.61 3351 30.06

average      

2001-2018 5052 29.65 5206 28.66

average      

2012-2018 6215 28.17 6583 27.37

DK East DK West

 
Table 5: For a marginal electricity price of 40.6 €/MWh the number of hours operating and the average price paid for electricity 

 



   
 

80 
 

Hours of 

operation

Marginal 

price   

€/MWh

Average 

price   

€/MWh

1268 21.0 12.5

1472 22.2 13.8

4345 32.1 23.0

5348 35.2 25.0

6356 39.4 26.9

6583 40.6 27.4

6935 42.5 28.1

7870 50.5 30.2

8094 53.6 30.8

8110 53.8 30.9

8672 72.2 32.8

Average over 2012-2018

DK West

   
 

 

 

 

 

3. Market and Regulatory framework 

Today hydrogen demand is driven by the industrial sector [11]. The benchmark process for industrial 

hydrogen production is the steam methane reforming process (SMR), since hydrogen produced using this 

process is covering the major share of the global hydrogen demand. In this process the price of hydrogen 

outputs is dependent on natural gas and carbon dioxide prices.  

Industrial hydrogen can become relatively carbon neutral with the addition of carbon capture and 

sequestration (CCS). In this case, it is referred to as blue hydrogen [22]. However, there are different 

opinions about the sustainability of blue hydrogen. While some studies state that blue hydrogen is a 

necessity for the transition into a decarbonized energy system [23,24], Muradov and Veziroǧlu [25] 

highlight that focusing too much on this solution can delay investments and research in non-fossil-based 

hydrogen production possibilities. In this study, we chose to take a conservative approach and do not 

account for SMR-based hydrogen as a sustainable and green energy carrier. 

Green hydrogen production (based on renewable energy) accounts for only 0.7% of the global hydrogen 

production. This volume is not significant enough to enable the implementation of a competitive green 

hydrogen market. Whether hydrogen produced from P2G is green, depends on the electricity mix in the 

power grid, which varies hourly. We are not aware of standardized methodologies to prove the green 

value of hydrogen produced from renewable electricity.  

The value of hydrogen, especially green hydrogen, in the transport market is currently the highest [10,26]. 

There, hydrogen can be used in its pure form, or to produce methanol. In this case if its sustainability is 
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proven, green hydrogen may count as a renewable transport fuel. Additionally, Hydrogen is eligible for 

the Guarantees of Origin (GO) scheme of the renewable energy directive (EU RED II) since December 2018. 

However, there are no clear requirements for how sustainable hydrogen needs to be in order to receive 

a GO, which leads to market actors including blue hydrogen fitting in the scheme as well [22]. 

 

4. Methodology 
The P2G plant being a price taker, cannot sell hydrogen at a price higher than the market price. The price 

of hydrogen is given by the marginal cost of the benchmark fuel P2G-based hydrogen competes with in 

its respective market. 

As mentioned in the previous section, hydrogen has a higher value in the transport sector than in other 

applications. However, the hydrogen production from P2G, when electricity is derived from the 

transmission grid, is not 100% renewable. Its sustainability depends on the electricity mix at each hour. 

Therefore, we do not set the hydrogen benchmark price equal to fully sustainable biofuels, but to the cost 

of hydrogen from the SMR process. Additionally, the electrolyzer will be able to sell the excess heat from 

the process to the district heating company. These two external markets (industrial hydrogen market and 

heating market) determine the revenue of the P2G plant. 

A P2G facility will produce and earn a contribution margin when the value of hydrogen exceeds the 

marginal costs of producing it, meaning when the marginal costs equal its price. Since the marginal costs 

solely depend on the electricity price, we use Equation 1 to 3 in order to derive the electricity price, at 

which this condition is given. From here on, we refer to this electricity price as the “trigger” price, since it 

triggers the hydrogen production from the P2G plant. At prices below the trigger price, the P2G facility 

operates and generates a profit depending on the difference between the trigger price and the average 

price payed for the electricity. Thus, the "trigger" electricity price determines the hours of operation and 

is equivalent to the marginal cost of production.  

For deriving the trigger price from the exogenously given hydrogen price, we take the efficiency of the 

P2G facility into account. For the purpose of this article, we use the alkaline electrolysis process (AEL) with 

1 MW capacity for our estimations. According to the Danish Energy Agency [27], of the energetic value of 

the electricity that AEL process consumes, 63% are converted into hydrogen, and 12% into process heat. 

Equation 3, 4, and 5, show how this energy balance results in the electricity price derived from the 

hydrogen price.  

𝑋𝑒𝑙 ∗ 𝑝𝑒𝑙 ≤ 𝑋𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 ∗ 𝑝𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 + 𝑋ℎ𝑒𝑎𝑡 ∗ 𝑝ℎ𝑒𝑎𝑡 

Equation 5 

𝑋𝑒𝑙 . 𝑝𝑒𝑙 ≤ 0.63 ∗ 𝑋𝑒𝑙 ∗ 𝑝𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 + 0.12 ∗ 𝑋𝑒𝑙 ∗ 𝑝ℎ𝑒𝑎𝑡 

Equation 6 

𝑝𝑒𝑙 ≤ 0.63 ∗ 𝑝𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 + 0.12 ∗ 𝑝ℎ𝑒𝑎𝑡 

Equation 7 

In order to account for the fixed costs of the P2G plant, we calculate the levelized cost of energy associated 

with AEL, where the input is electricity and the output is hydrogen and excess heat. In our study, we 
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assume the fixed costs to be the investment costs and the fixed operation and maintenance cost. The 

variable cost only consists of the electricity cost. This is not the case in reality, since there are additional 

variable costs, which are for example the cost of the corrosion of electrolyzer plates, hydrogen storage, 

and labor. However, it is not our objective to provide a detailed cost overview and feasibility study over 

this technology. Considering all possible variable and fixed costs would extend the scope of this study and 

not be contributing to the purpose of finding how regulation affects the profitability and levelized costs 

of P2G plants.  

We use the calculation method in Van Gerwen, Eijgelaar and Bosma [28] for determining the levelized 

cost of energy. While they only consider hydrogen as an output of P2G, in this study we also account for 

the excess heat. Following this calculation framework, the levelized cost of energy of P2G is determined 

using Equation 4. The costs are discounted with the socio-economic discount factor of 4% according to 

the Danish energy agency [29]. 

𝐿𝑒𝑣𝑒𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 =  
𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑠𝑡 + 𝑓𝑖𝑥𝑒𝑑 𝑐𝑜𝑠𝑡

𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 + 𝑒𝑥𝑐𝑒𝑠𝑠 ℎ𝑒𝑎𝑡
 

Equation 8 

5. Scenarios 
For our analysis, we set up a number of regulatory scenarios, which enables us to study and compare the 

extent to which regulatory price factors affect the levelized costs of hydrogen production and the 

producer surplus. According to Van Gerwen, Eijgelaar and Bosma [28], the cost of hydrogen from the SMR 

process (our benchmark process) is 1.7 €/kg . They include the cost of CO2 quotas in their calculation. The 

EU ETS CO2 quota price is included in the Nordpool electricity prices as well, thus we perceive it as more 

or less comparable with the benchmark process. 

We start from the current regulatory framework as applied in Denmark. Table 3 presents the hydrogen 

price per MWh, and the price factor levels that affect the trigger price. Table 4 shows which scenarios 

contain which price components.  

 

Regulatory costs Electricity 
Transmission 
grid tariffs 

Electricity 
tax 

Hydrogen 
price 

Revenues 
from 
excess 
heat 

Excess heat tax Feed in tariff for 
hydrogen 

Price factor 
[€/MWh] 

13.02 0.53 51.00 25.37 4.83 51.99 for 60.5% 
of the 
production 

Source (Energinet, 
2020) 

(PwC, 
2018) 

(Van Gerwen, 
Eijgelaar and 
Bosma, 2019) 

(Tang, 
2016) 

(Regeringen, 
2020) 

(Danish Energy 
Agency, 2018) 

Table 3: regulatory price variables 

Scenarios Electricity 
Transmission 
grid tariffs 

Electricity 
tax 

Hydrogen 
price 

Revenues 
from 
excess heat 

Excess 
heat tax 

Feed in 
tariff for 
Hydrogen 

Base X X X X X  
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Base+REsupport X X  X X X 

No taxes X  X X   

No regulation   X X   

No excess heat   X    
Table 4: Scenario description 

 

The “Base” scenario accounts for all the regulatory cost factors a P2G plant faces in Denmark according 

to Amirkhizi, Skovsgaard and Boscán [30]. However, the tax rate used for excess heat is the rate updated 

according to the latest agreement of the Danish government [31].  

The “Base+REsupport” scenario accounts for the regulatory costs as in the Base scenarios, and pays a feed 

in tariff for the share of hydrogen production, which stems from renewable energy. We cannot determine 

at which exact hours the hydrogen is produced from renewable energy sources. Thus, for the purpose of 

this study we calculate a trigger price, with the assumption that 60.5% of the energetic value of the 

electrolyzer output receives a feed in tariff, and 39.5% is sold at the market price for hydrogen. The 60.5% 

corresponds to the share of renewable energy in the Danish electricity production [32]. The rate we use 

for the feed in tariff is equivalent to the one paid for upgraded biogas injected into the gas grid. 

In the “No taxes” scenario, we remove the taxes for the electricity consumption by the electrolyzer, and 

for excess heat sales. This scenario enables us to evaluate the losses in producer surplus that taxes cause.  

In the “No regulation” scenario, we deduct grid tariffs and taxes from the trigger price. This enables us to 

see how much the difference in producer surplus would be, only considering the Nordpool spot market 

price and the district heating revenue. This scenario is equivalent to a P2G plant, not connected to the 

transmission grid, but directly to a wind or solar park. However, the production pattern in this setup is 

solely dependent on the electricity production of one specific wind park, and differs from the one resulting 

from a grid connection. 

The “No excess heat” scenario is not a regulatory scenario. It shows the case where the plant is not earning 

any revenues from excess heat sales. This can be the case, if a district heating grid is not near the facility 

and if the connection to a district heating grid is too costly. In this scenario, we neglect taxes and tariffs, 

since the effect of excess heat revenues is the factor we are focusing on.  

Additionally to the scenarios mentioned above, we also calculated the levelized costs and full load hours, 

using the price of biodiesel as a benchmark price. This will be a possibility, if a P2G plant is proven to 

produce 100% renewable hydrogen, for example by being directly connected to a wind park. 

6. Results 
We accounted for the regulatory price factors from Table 3 and calculated a separate trigger price for 

each scenario. Using this trigger price, we then determined the average number of hours and the average 

Nordpool electricity price, at which the marginal revenue would be higher than the marginal cost. Table 

5 shows the number of operating hours, and the levelized cost of energy production in constant 2018 

prices for each scenario. If the plant uses one MWh electricity each hour it is running, the plants electricity 

costs equal to the number of production hours times the average price of electricity for these hours. 
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In €/MWh 
Marginal 
electricity 
price 

full load 
hours 

Levelized cost of 
output 
production 

Base 21.04 1268 94.67 

No taxes 22.15 1472 87.58 

No excess heat 32.13 4345 58.22 

No regulation 35.17 5348 48.43 

Base+REsupport 21.42 1327 92.62 

Base-biodiesel 39.44 6356 67.64 
Table 5: Full load hours and levelized costs for all scenarios 

Our results show that a higher trigger electricity price leads to more full load hours, and a higher average 

electricity price. This does not necessarily mean that the levelized costs decrease with increasing full load 

hours. When we use the price of biodiesel29 as the benchmark price for hydrogen, we observe an increase 

in levelized costs of energy despite increasing full load hours. This is because the overall cost of electricity 

consumption increases, which drives the levelized cost of energy up.  

When we use the costs of hydrogen from the SMR process as the benchmark price, the producer surplus 

is negative in the “Base”, “No taxes”, “Base+REsupport”, and “No regulation” scenarios. Only after 

removing electricity grid tariffs, the P2G plant starts to generate a profit.  

This is different, when we use the biodiesel price as the benchmark price. Then, the P2G business case 

generates profit in all scenarios. This shows that the price at which hydrogen can be sold in the end market 

has a strong influence on the profitability of the P2G plant, and in markets where the hydrogen price and 

the trigger price is lower, additional revenues from excess heat sales become an important parameter. 

Figure 2 visualizes the producer surplus given the scenarios competing with SMR hydrogen in this article. 

                                                      
29 Because renewable fuel that hydrogen would compete in the same market with, according to [21] 
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Figure 2: Producer surplus 

In the “Base+REsupport” scenario subsidies paid for the renewable share of hydrogen production lead to 

a slight increase in full load hours and producer surplus. However, the effect a feed in tariff has on the 

profitability of the P2G plant is not strong. This is because the level of the feed in tariff is only 0.99 €/MWh 

higher than the actual market price we used for SMR based hydrogen. Thus, the feed in tariff for 

renewable hydrogen needs to be higher than the feed in tariff for biomethane, if the objective of support 

is to improve the business case for P2G plants. 

The “No regulation” scenario represents the case without any taxes and grid tariffs. This scenario leads to 

33% reduction in the electricity costs paid by the electrolyzer, and therefore, to 3.2 times more full load 

hours. We account this effect mainly to the grid tariffs. As it is evident from Table 3, the tax rate for 

electricity used in the electrolysis process is with 0.53 €/KWh, very low compared to the transmission grid 

tariffs. The grid tariffs add 13.02 €/MWh to the average Nordpool price of 25 €/MWh, and hereby increase 

the costs of purchasing electricity strongly. Thus, removing the grid tariffs increases the full load hours by 

300% and the producer surplus by 100%.  

Removing taxes in the “No taxes” scenario does decrease the loss of the P2G plant operation, but this 

effect is not strong enough to increase the full load hours and producer surplus such, that the business 

case becomes positive. However, it is only in Denmark where the electrolysis process is paying the EU 

minimum tax rate for industrial processes. Applying the electricity tax rate in other countries will lead to 

a different result. 

We assumed that the excess heat of AEL could be sold at the average price for excess heat in Denmark, 

which is according to Tang (2016) at 25.37 €/MWh. This is a high price factor; however, only 12% of the 

electricity that is converted to excess heat.  
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In order to analyse the effect of excess heat revenues without the effect of any other price influences, we 

compare the “No excess heat” scenario with the “No regulation” scenario. This comparison shows that 

excess heat sales increase the full load hours by 19%. However, this additional revenue stream causes a 

reduction in the levelized costs of energy production by approximately 10 €/MWh, and a high increase in 

profits. Excess heat revenues can become a main factor in determining the feasibility of P2G plants. 

Under the current regulatory framework in Denmark, the P2G plant generates losses and is not feasible. 

However, the scenario analysis shows that under different regulatory frameworks, the plant operation 

can be profitable.  

7. Discussion 
At the end of the day, the determining factor whether P2G is feasible or not is the price of hydrogen in 

the market. If hydrogen produced by P2G is supposed to compete with industrial hydrogen from the SMR 

process, the regulatory framework can shift the business case of the facility. The hydrogen price we have 

set as a benchmark price for hydrogen is at 1.7 €/kg. This price is by far lower than the hydrogen cost a 

number of studies predict for hydrogen production using electrolysis to be competetive [33,34].  

If the hydrogen is competing as a green transport fuel, the business case is profitable with the current 

regulatory framework. However, the fact that hydrogen produced from electrolysis is competing as a 

green transport fuel is controversial, because roughly estimated, only 60.5% of the produced hydrogen is 

“green”. However, with an increasing share of renewable electricity in the danish energy system, this issue 

will be solved in the future. Until then, certification methods can offer a solution to prove which share of 

hydrogen is derived from renewable energy, and can be valued as such. Especially, knowing that the 

transport sector is in need of decarbonisation and hydrogen is a fuel that can enable this.  

For hydrogen to be accounted as a green fuel contributing to the national GHG mitigation targets, and be 

eligible for national support schemes, its sustainability needs to be proven within a EU mass balance 

system. To our knowledge, a clear methodology for hydrogen mass balancing has not been developed yet. 

Thus, there is currently no possibility to prove that the hydrogen is produced from green electricity at 

each hour.  

One special case of P2G plants that is relevant considering the findings of this study, is the case of a direct 

decentralized connection of the P2G plant to a wind or solar park. This would qualify the produced 

hydrogen as a green fuel and enable it to be sold and valuated as one. If hydrogen competes as a green 

transport fuel, with the price of biodiesel as a benchmark price, it generates profits in all regulatory cases. 

Additionally, the “ no regulation”case would be applied in this set up, where the P2G plant does not pay 

electricity grid tariffs and therefore operates in a profitable manner, even if the hydrogen price is low. 

Selling the excess heat from the P2G process is another factor improving the business case of this process.  

The danish excess heat tax was very high until the latest update in regulation. This has caused a barrier 

for danish industrial plants to sell their excess heat. With the update on the tax rate, this barrier is 

decreased. In this article, we assumed that P2G is eligible for the decreased tax rate.  

Supporting the renewable share of hydrogen production, at the rates of the support for competing 

renewable gases such as biomethane, is not sufficient today to shift the business case of P2G plants. Due 

to the high costs of grid tariffs, a higher support rate is needed in order to cover the producer’s costs. 
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Thus, an indirect support scheme in the form of benefitial tariff rates and structures would be more 

effective for the profitability of P2G plants. 

Electricity taxes have a smaller effect than other regulatory tools we studies. This is especially the case in 

Denmark, which is as far as we know the only EU Member State where electrolysis pays the minimum tax 

rate for industrial processes  (GIE, 2019). Electricity grid tariffs on the other hand, have a larger effect on 

the economics of the P2G process since they currently make up a large share of the electricity costs. Grid 

tariffs are socioeconomic costs and are paid for grid operation and investment. However, they can be 

designed more efficiently than they are today, in order to incentivize flexible electricity consumption 

[35,36]. 

The efficiency we have used for the P2G plant is lower than the values stated in IEA (2019). The efficiency 

of the plant affects the trigger price and the operation of the P2G plant strongly. The number of full load 

hours and the amount of times we turn the electrolyser on and off, have an influence on the lifetime and 

efficiency of the electrolyser. In this article we neglect these effects. Another cost factor we have not 

included in the scope of our study is the cost of hydrogen storage. The size of hydrogen storage has a 

strong influence on the capital cost of the P2G facility, especially where hydrogen and not biomethane is 

the main output of the facility [37]. There are also other cost factors influencing the economics of P2G, 

such as the scale of production [38], the electrolyzer technology [39], and the geographical location [26].  

However, the cost of P2G will decrease in future. The learning rate of  electrolysers is estimated as 4.77%, 

and for wind turbines 4%, with an increase of the capacity factor of 0.7% [34]. Additionally, according to 

Schmidt et al. [13], innovations and economies of scale will improve the economic and technical efficiency 

of P2G in future. 

8. Conclusion and Policy implications 

Our study shows that the hydrogen price and the cost of electricity are the main factors determining the 

profits of a P2G plant. Regulatory instruments can shape the profit structure of these facilities by 

influencing these factors. When hydrogen competes with SMR-based hydrogen, regulatory frameworks 

can shift the business case of P2G plants. Especially electricity grid tariffs make up a large share of the 

electricity cost and at their current value and structure cause a barrier for the feasibility of P2G plants. 

The value of hydrogen in its target markets can increase, if the hydrogen produced from renewable 

electricity receives a higher price premium for its green value, than other renewable gases. We are not 

aware of a standardized methodology for seperating green from non-green hydrogen, when a P2G plant 

uses electricity from a grid that consists of both renewable and fossil electricity sources. This is a subject 

that needs special attention, especially in order to enable hydrogen to be used for the decarbonization of 

the transport and industry sectors.  

We also analysed the effect of the non-regulatory instrument of excess heat sales, due its relevance in the 

Danish context. Even though the revenues from excess heat sales make up a small percentage of the total 

revenues, their absence causes the P2G plant to operate with a loss. Thus, this revenue stream is crucial 

for a feasible operation of the P2G facility. 

Our findings show that with the current regulatory framework, an off-grid decentralized P2G facility, not 

connected to the transmission grid is the most profitable solution to produce renewable hydrogen. 
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However, this set-up does not enable P2G to offer grid flexibility and fulfill a long-term electricity grid 

storage option unless the regulatory framework for P2G plants changes. This change, may include a 

substantial decrease in the electricity grid tariffs paid by P2G plants, and ensuring the certification and 

valuation of renewable hydrogen. 
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ABSTRACT 

The power system does not have the ability of long-term power storage. Therefore, the power to 

gas technology can offer a sensible solution for this problem in the context of future intersectional 

energy systems. This can be of high relevance for Denmark and Germany, two countries that are 

going through a major energy system transition towards renewable power and gas resources. In 

this study, we investigate the regulatory costs of the “Power to Biomethane” process, a process 

combining the classical water electrolysis used for power to gas, with the methanation of biogas. 

The influence of grid tariffs, taxes and support schemes on the economic feasibility of this 

technology is evaluated. The study shows that in Germany system contributions make up the 

major share of the per MWh regulatory costs of biomethane produced using the Power to 

Biomethane process while in Denmark the regulatory costs are made up of different cost factors. 

The biogas support scheme in Denmark causes the regulatory net costs in this country to be 

substantially lower than in Germany. 

 

Power to Gas, Power to Biomethane, Tax, Grid Tariff, Regulation, Support, System contributions, 

System costs 

Introduction 

“Power to Gas (P2G)” is a technology enabling the storage of power in the gas infrastructure. This 

can offer many benefits to a variable renewable energy (VRE)-based energy system [1]. This 

technology offers an efficient tool to even the road towards a 100% renewable energy based power 
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mailto:lskn@dtu.dk
mailto:boscan@sam.sdu.dk


   
 

93 
 

system [2]. The suitability of P2G for stabilizing highly volatile power grids and offering a storage 

solution for the future energy system has been proven in several studies such as [3]–[6]. 

P2G refers to the process in which water is converted into Hydrogen and Oxygen through 

electrolysers [2]. The Hydrogen resulting from the electrolysis process can be injected into the 

existing gas infrastructure either in its initial form, or, after going through the methanation 

process, as methane. [7].  

In the first case, Hydrogen is injected into the gas infrastructure in variable but low volumes. The 

initial idea behind the implementation of the P2G technology is to operate the plant during hours 

with low or negative power prices, which indicate an excess in renewable power supply [1]. 

In the second case, Hydrogen reacts with Carbon Dioxide from raw biogas and produces methane 

(referred to as biomethane). We refer to this reaction as methanation and the entire process as 

“Power to Biomethane”. Biomethane has similar characteristics as natural gas, and it can be 

injected into the gas grid without further constraints [5]. According to Græsted et al. (2017), 

methanation can be expected to be profitable under current Danish conditions, even during times 

when the power price is relatively high. For the Power to Biomethane process, it is optimal to 

methanise most of the time, except when power prices are at their peak. Therefore, the typical 

operation mode for this case would be as baseload, with the exemption of peak hours [8]. The 

Power to Biomethane utilization path is the focus of this study. 

Most of the Power to Biomethane plants in Europe are currently in their demonstration stage and 

are not operating commercially, and the current market conditions do not enable plant owners to 

cover their relatively high investment costs [9]. Another reason for this technology not 

penetrating the market is according to Skov and Mathiesen (2017) that there is currently no need 

for the pure P2G technology in the market and potential investors perceive P2G as a future 

technology [10]. 

One factor that influences the profitability of Power to Biomethane strongly, is national 

regulation and policy making [9], [11]–[13]. The regulatory frameworks for the integration of 

different power to gas technologies is currently at an early stage of assessment and evaluation. 

The majority of the Power to gas projects facilitated in Europe have hydrogen as their output. Due 

to the Danish gas infrastructure and biogas support scheme, most of the Danish Power to Gas 

projects seem to focus more on delivering biomethane to the gas grid [12].  

This paper aims to investigate the effect of regulation on the marginal costs of the Power to 

Biomethane process. For this purpose, we focus on grid tariffs, taxes, subsidies, and other 

regulatory payments as influencing factors and compare the regulatory net costs for this process 

in Germany and Denmark. 

Technology description 

As mentioned earlier, the Power to Biomethane process consists of a large-scale water electrolysis 

reaction and the methanation of biogas, using hydrogen from the electrolysis. Each of these 

processes have different technical variations and specifications. This paper looks at the regulation 
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concerning the whole power to biomethane process. Nevertheless, we give a brief overview on the 

sub-processes of electrolysis and methanation in the following section, in order to affirm the 

framework technology used for the calculations we applied in this paper. 

Electrolysis 

The electrolysis reaction is a chemical redox reaction, which enables the production of pure 

Hydrogen and Oxygen from water using electricity. An electrolyser consists of one negatively 

charged electrode (cathode), one positively charged electrode (anode), a separator, and an 

electrolyte. The electrolyte is conductive for ions, but not for electrons. During the electrolysis 

reaction, the anode is oxidized and the cathode is reduced [14]. There are different technologies 

for electrolysis based on the material used for the anode and cathode, and the electrolyte [15]. For 

this paper, we assume an alkaline electrolysis, using an alkaline solution such as potassium 

hydroxide as an electrolyte and producing surplus heat during the process.  

Biogas methanation 

Biogas is the gas generated by the anaerobic digestion of organic material in the absence of air. It 

consists mainly of methane, carbon dioxide, water and other trace elements such as ammonia, 

hydrogen sulphide, hydrocarbons, etc. [16]. Biogas can be cleaned for e.g. sulphur and then be 

used locally in industry, at a local CHP or a heat boiler. Pure biogas contains approximately 35% 

CO2. If most of this CO2 is removed and thereby upgraded to biomethane (containing maximum 

2% CO2), the biomethane can be used for transport or send to the natural gas grid [17]. One 

important feature of anaerobic digestion is that the process has to be continual in order to 

function optimally, and changes in the yield will only happen slowly over days or weeks. This 

means that the power to biomethane process should be operating almost constantly during the 

year. 

One of the processes that can upgrade biogas to natural gas quality is the “Sabatier process”. The 

Sabatier process is a combination of a reversed endothermal water-gas shift and an exothermal 

CO methanation [2]. This reaction offers the possibility to use Hydrogen to upgrade biogas and 

produce biomethane, which can be injected into the gas grid. . It consumes the CO2 present in 

biogas and decreases its CO2 content. Possible unconverted hydrogen in the final biomethane mix 

improves the combustion properties of the final product. Additionally, the storage of methane is 

at least three times less than the storage costs of hydrogen. This way more than 90% of the 

hydrogen is converted into methane [18]: This study considers the catalytic methanation process 

as described in [19] with surplus heat production. 

Methodology 

This study is documental in its nature and aims to demonstrate the differences in the regulation 

affecting the Power to Biomethane process in Germany and Denmark. The approach we use in 

this study is inspired by [20]. There, Boscán & Roselund (2017) compared the marginal cost of 

injecting one MWh biomethane with the marginal cost of injecting one MWh natural gas into the 

gas grid. In this study, we only quantify and compare the regulatory costs, in order to show how 

these differences add or decrease the per MWh cost of biomethane produced using the Power to 

Biomethane process. 
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We have comprised this study in two main parts. The first part, gives an overview of the 

regulation affecting the Power to Biomethane process both in Denmark, and in Germany. We 

limit the scope of this study to only the process, and not the input of the process, such as the 

substrate used for biogas production. Figure 1 shows the process considered in this study. In the 

second part of the study, we apply the regulatory framework conditions in a quantitative analysis. 

In this analysis, we calculate the marginal regulatory cost of one MWh biomethane in Germany 

and in Denmark.  

 

 

 

 

 

 

 

 

 

 

Figure 20: Scope of the paper 

 

In order to show the effect of regulation in the marginal costs of biomethane production from 

P2G and methanation, we only consider regulation as the variable factor, leaving other framework 

conditions identical in Germany and Denmark. Typically, the power price is different in Germany 

and Demark. Denmark has a high wind capacity and is located in the Nordic region next to 

Norway that is providing the region with a high share of hydropower. Therefore Denmark 

typically has lower spot prices than Germany, a country with a high share of thermal based power 

production [21]. However, we assume the wholesale power price and the price of biogas as fixed 

and equal in both cases in order to clarify the role of regulation.  
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Both Denmark and Germany have different tariffs for different regional areas and distribution 

zones. The differences in these costs are not only resulting from the differences in the 

transmission zones, but also with reference to consumed quantity, duration of use, voltage levels 

and the possibility of derogation from exceptional and special rules [22]. For the purpose of this 

study, we take the region of Hamburg in Germany, and the greater Copenhagen Area in Denmark 

into account. For the technical efficiency and characteristics, we base our assumptions on [19] 

(see figure 2). Further framework conditions for the calculations are listed in table 1. 

 

Figure 21: Methanation process estimations according to [22] 

 

 

 

Table 6: Fixed framework conditions  

Electrolysis process Alkaline Electrolysis (AEL) 

Power to Biomethane efficiency 80,3 % 

Plant Capacity 1 MW 

Surplus Heat 1 19,7% 

Electricity input to Biomethane ratio 0,59 

Biogas input to Biomethane ratio 1,54 

Power price  0 

Production location Germany Hamburg 

Production location Denmark Copenhagen Area 
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Annual operation hours 8436 

 

In this paper, we divide the regulatory costs into four main categories: System costs, taxes, system 

contributions, and support. System costs are the payments that cover the operation and 

investment costs for the gas and electricity grids and assuring the security of supply. Unless a 

given technology is granted specific conditions, this is an unavoidable cost and only indirectly 

determined by the regulator. Taxes are fiscal payments that energy consumers pay to the 

government. System contributions are payments that are used to develop the overall energy 

sector further and to support innovations. Support payments are negative costs. They are 

subsidies that specific technologies and producers receive from the government, in order to 

incentivize specific products and technology investments. 

Denmark 

The Danish energy system offers favourable preconditions for the integration of Power to 

Biomethane. The Danish energy system has a high share of VRE based electricity, where wind 

energy provides around 45% of the Danish electricity consumption. The Danish gas grid is well 

developed and contains many storage possibilities, and therefore enables the injection of 

biomethane [1]. 

Besides the system related conditions, there are many regulatory drivers for the Power to 

Biomethane technology, such as tax reductions for process electricity and the subsidies offered to 

biogas injected into the gas grid. Especially the latter has increased the incentives for biogas plant 

owners to add their biogas to the energy system as a flexible power and gas production option. In 

the following sections, we list the regulation affecting the Power to Biomethane technology and 

investigate which regulatory cost elements are relevant for a Power to Biomethane plant located 

in the greater Copenhagen area in Denmark. 

System costs 

The Energy Regulatory Act and the Danish Energy Agency regulate the tariffs in the Danish 

energy sector. The Danish grid operators are supposed to use grid tariffs to cover their operating, 

depreciation, financing, and administration costs [23].  

The electricity and gas tariffs in Denmark consist of three tariff groups: The transmission network 

tariffs, the system tariffs, and the distribution tariffs. The transmission network tariffs cover the 

power transmission grid operation and maintenance costs. The system tariffs cover the cost of 

security of supply, capacity provision, etc. [24]. Distribution grid tariffs cover the costs of the 

operation and maintenance of distribution grids. DERA has published methods for the calculation 

of distribution grid tariffs. However, every distribution grid operator develops its own calculation 

method, under DERA’s supervision. This way, the 60 distribution grid operators in Denmark 

settle on their individual process for distribution tariffs and conditions.  

The bionaturalgas (BNG) entry point is the entry point for biomethane in Denmark. When 

biomethane is injected into the gas system, the gas shipper (who is transporting the biomethane) 
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will both pay distribution tariffs and transmission tariffs. This is because; the biomethane will 

have to enter the transmission system – however only virtually, in order to be able to trade the 

biomethane on the trading platforms and to receive a biogas certificate. The biogas upgrader is 

obliged to inject the biomethane at a proper gas quality and pressure. If the amount of 

biomethane exceeds the demand downwards in the distribution system, it is the responsibility of 

the distribution system, to install a compressor to increase the pressure of the biomethane in 

order to move the biomethane up in the system. The cost of these tariffs are covered by the end 

consumer price, with the exemption of the entry capacity the injecting plant needs to buy to 

assure a space in the gas grid for injection. Table 2 gives an overview over all the tariffs, relevant 

for the Power to Biomethane technology. 

Table 7: Power grid tariffs in Denmark [25] 

.Grid costs €/MWh 

Transmission grid tariff  7,97 

System tariff  3,24* 

Distribution tariff  14,43** 

Entry capacity BNG 4,74 

*[26] 
**[27] 

Taxes 

Power used for electrolysis is levied the minimum EU tax for process purposes in Denmark [28]. 

Depending on which power to gas technology is used, there might be excess heat produced 

during the process. The AEL process we consider for our calculations is exothermic and therefore 

produces heat [29]. For ensuring the ecological feasibility and increasing the efficiency of the 

Power to Biomethane process, in our calculations the heat produced during the process is 

recovered. 

When companies use energy for a purpose and subsequently recycle the heat produced during the 

energy conversion process for space heating, water heating or comfort cooling, we refer to the 

recycled heat as “excess heat”. This dual use of the same energy increases energy efficiency in 

industrial processes. [28]. Excess heat in Denmark is subject to excess heat taxes [28]. While there 

are common and wide spread exemptions for excess heat taxes, Power to Biomethane is currently 

not part of these exemptions [30]. Table 3 shows the taxes affecting the Power to Biomethane 

process. 

Table 8: Taxes applicable to the Power to Biomethane process in Denmark [28] 

 

Tax €/MWh 

Electricity tax 0,54 
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Excess heat taxes 26,75 

 

System contributions 

The Public Service Obligation (PSO) is a way to make electricity consumers pay for the 

development of renewable electricity. Even though the PSO fee is slightly reduced for large 

customers, it increases total electricity costs significantly; this challenge will however only be 

temporary, as the PSO gradually will be phased out from 2017 to 2022 [31].  

Table 9: PSO tariff in Denmark [25] 

Cost group €/MWh 

PSO Tariff 23,22 

Support 

In the Danish energy agreement in 2012, Danish politicians decided to increase renewable energy 

production, and hereunder biogas. For this purpose, a temporary investment support fund for 

biogas was established and the conditions under which biogas could receive support was changed 

together with an increase in the support tariffs. Biogas that is upgraded, used directly for industry, 

transport or heat and power production can now receive support due to these changes, and this 

seem to have worked, since biogas production in Denmark have increased significantly since. 

Several new biogas plants have been built in Denmark the later years and most of these plants 

upgrade the biogas to biomethane for grid injection [32]. The new biogas support scheme should 

put upgrading on the same footing as direct consumption in a CHP-plant, so the preference for 

upgrading may not be directly related to the support scheme. Other reasons could for example be 

potentially higher biogas prices see e.g. [17] or an access to a higher demand through the gas 

market and thereby a decrease in production risks while employing the opportunities of  economy 

of scale [32]. 

The Danish biogas support consists of three price elements: the fixed price settlement, the price 

supplement 1 and the price supplement 2. The Danish government will phase out of the price 

supplement 1 until 2020, while the price supplement 2 is gas price dependent. In case of gas price 

increases, this support will decrease and the other way round in case of gas price decreases [33]. 

We have listed the different support tariffs for biogas in 2016 in table 5.  

Germany 

The German regulator perceive P2G plants as end-users [34]. However, the regulation for Power 

to gas is at an early stage and the German government is planning to update regulation within the 

next years. The German renewable energy act (EEG) included the definition of storage gas in 2012 

as „each gas that is not renewable energy by itself, but is produced for the purpose of storing 

renewable electricity, only using renewable electricity (§3 EEG 2017). This law only considers a gas 

to be storage gas, if the end purpose of the gas is electricity production. Due to the high efficiency 

losses and transport costs of storage gas, this option is usually not economically feasible. Thus, 
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only in the case of re-electrification, the power to gas plant is exempt from additional end-user 

payments such as the PSO tariff [22]. 

System costs 

Unlike Denmark, Germany has different transmission grid operators for power and gas grids. 

Therefore, the tariffs and rules for the transmission and distribution of these two commodities 

show major differences, within the country. 

Power 

The German national grid agency (“Bundesnetzagentur”) is responsible for determining the power 

grid tariffs in Germany. Besides regional factors, individual grid tariffs are depending on the 

voltage level in which a company is connected to the grid. The regulation considers a voltage level 

of 220-380 kV high voltage. The grids within this voltage level are transmission grids. All voltages 

below this voltage are distribution grids, which are divided in high (110 kV), medium (20 kV) and 

low (0.,2-0,.4 kV) voltage levels. However, due to the service P2G plants offer to the grid stability, 

they are exempt from paying grid tariffs up to 20 years [35]. 

Gas 

The German energy system law perceives hydrogen and biomethane as biogas, if these gases have 

been extracted from renewable resources (§3 EnWG). The definition of biogas also contains 

“hydrogen produced via electrolysis and synthetically produced methane, if the power used for 

the electrolysis and the CO2 or CO used for methanation is mainly originating from renewable 

resources”. 

The German regulator accepts green certificates or a registration of the biomethane injected 

throughout the utilization path as a proof of that the gas originates from renewable resources 

[36]. Since biogas is subject to special conditions in the German gas grid, this classification of 

biomethane is advantageous to Power to Biomethane plants. These plants are exempt from paying 

gas grid tariffs [37]. The gas grid operator is obligated to attach Power to Biomethane plants with 

priority to the gas grid, and to guarantee a contractual determined amount of minimum feed in 

capacity and the availability of the grid connection for at least 96% of the year. Furthermore, 75% 

of the expenses for the gas grid connection is paid by the grid operator [36]. 

Table 10: System costs for Power to Biomethane in Germany 

Tariff €/MWh 

Capacity tariff- gas grid 0 

Power grid tariff 0 

System contributions 

The “EEG Umlage” is the German equivalent of the Danish PSO tariff and we will further refer to 

it as the PSO tariff. It has been increasing strongly since its introduction in 1998. Rail transport 
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companies and power intensive companies are subject to special exemptions from the payment of 

the PSO tariff. In case the special conditions for PSO exemption according to the German 

renewable energy act from 2014 are given, companies are subject to exemptions for their PSO 

payment [22]. If the P2G plant buys green certificates for the power it uses, the electricity can 

count as 100% renewable and is exempt from paying the PSO tariff [38]. For power to gas plants, a 

PSO tariff payment relief can only be relevant, if the gas is fed into the power grid as electricity 

again [9], [35], [37]. This is not the case for the situation analysed in this article. 

There are several other system contributions relevant for German power consumers. Compared to 

the PSO tariff, these tariffs are insignificant. Table 7 offers an overview on the rate of these tariffs 

for a Power to Biomethane plant in the Hamburg region. 

 

 

Table 10: System contributions in Germany [22] 

Cost group €/MWh 

PSO tariff 68,8  

Liability regulation payment for offshore 

windparks 

0,25 

Concessionary duty (For special contract 

customers) 

1,1 

CHP Tariff 0,3 

Interruptible loads payment 0,06 

§19 Tariff- Group A (up to 1.000.000 kWh) 3,88 

Taxes 

The power tax has been introduced in April 1999 during to the ecological tax reform in Germany. 

Each kWh has the regular tax rate of 20.5 €/MWh. For companies in production the tax rate is 

25% less and is currently at 15.37 €/MWh. 

There are special industrial processes of producing business entities that are exempt from paying 

power taxes. Electrolysis is one of these processes [34]. However, it is not clear if power to gas can 

be subject to this tax exemption, since it may not be perceived as a “producing” company [39]. 

Recent studies state, that P2G plants can apply for a power tax exemption. The tax authority 

decides whether to approve these applications [35], [40], [9]. For this reason, we assume the case 

of a power tax exemption for German Power to Biomethane plants. 
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Support 

The German state supports biogas on the power production stage. The renewable energy act of 

2017 includes power from biogas to its introduced auction scheme. Biogas upgrading and the 

injection of green gases into the gas grid are currently not subject to any direct subsidies. 

Results 

For our investigation, we summed up the Danish and German regulatory cost elements that we 

have mentioned in the prior section. Subsidies have been added as negative costs. Since we 

decided to focus on the differences in regulatory costs, we have set gas and power prices as fixed 

elements. Thus, these prices are not included as cost and revenue factors here. 

Our calculations show that the regulatory costs for biomethane production using the Power to 

Biomethane process are in the same range in both countries. A major difference between 

Germany and Denmark is the distribution of costs. While in Germany the PSO makes up a 

significant share of the regulatory costs, in Denmark tariffs and taxes also play an important role 

in raising the per MWh cost of the Power to Biomethane process (Figure 3). 

The German regulatory cost structure consists of many elements besides the PSO tariff, which 

have a comparable low significance. The power to gas technology is exempt from paying power 

taxes and there are no excess heat taxes in Germany. Therefore, there is overall no tax payed for 

each MWh biomethane produces using Power to Biomethane. In Denmark, excess heat taxes and 

electricity taxes make up a significant share of the regulatory costs of Power to Biomethane 

process. However, the subsidy rate payed for the upgrading of biogas is higher than the tax 

income from the Power to Biomethane plants. For each MWh biomethane, the Danish 

government pays approximately 30 €.  
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Figure 22: Regulatory costs of 1 MWh biomethane produced from P2G and Methanation 

 

Germany supports biogas only in the case of electrification, whereas Denmark supports biogas 

also when it is upgraded and injected into the gas grid. The subsidies payed by the Danish state, 

drive the regulatory costs for the biogas producer down to almost 2 €/MWh. Table 7 and figure 3 

show the effect these difference in biogas support cause in the net regulatory cost of biomethane 

produced by Power to Biomethane. 

Table 11: Regulatory costs Denmark and Germany 

 

 Denmark Germany 

Total regulatory costs 

(€/MWh) 

40,81 44,44 

System contributions 13,87 44,43 

System costs 20,02 0 

Taxes 6,92 0 

Subsidies -36,12 0 

Net regulatory costs 

(including subsidies) (€/MWh) 

4,69 44,44 
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Figure 23: Comparison of regulatory net costs of Power to Biomethane 

 

Conclusion 

Neither Denmark, nor Germany have a clear regulatory categorization for Power to Gas 

technologies. Even though the German legislation contains a category with power storage 

technologies, power to gas plants would fall into this category only in the case of re-

electrification, which is usually the case in electrolysis using solid oxide fuel cells. This utilization 

path is less efficient than Power to Biomethane and therefore very costly [10].  

The German tariff and tax system offers relief for power to gas technologies, regardless of re-

electrification. However, the regulatory net costs are higher in Germany than in Denmark. This is 

due to the categorization of Power to Biomethane as end-consumers and thus, their obligation to 

pay the PSO tariff. In Germany, the PSO tariff makes up the major share of the production cost of 

biomethane and is planned to stay an incremental part of the end-user power price, whereas in 

Denmark the PSO tariff is not as dominant as in Germany and will be phased out within the next 

years. 

The Danish regulator on the other hand, avoids any form of indirect cross-subsidization by 

offering relief for grid tariffs and taxes. Instead, upgrading biogas is directly subsidised in 

Denmark, which makes the Power to Biomethane technology more attractive for private 

investors. The differences in support between Denmark and Germany are the major driver for the 

big differences in the regulatory net costs of biomethane from electrolysis and methanation in 

both countries. 
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In this paper, we did not consider the investment costs for the Power to Biomethane technology. 

Studies state, that these are the largest part of the cost for this technology and one of the main 

barriers to its marketability [10], [41]. For this reason, we suggest that regulators take this cost 

factor also into account, when planning further support for Power to Gas and Power to 

Biomethane. 
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Abstract 

The decarbonisation of the European gas system requires renewable gases to be cost efficient and 

competitive. This is best realised through organising the trading activities for renewable gases into 

a liquid and transparent market. In this article we focus on the biomethane market, and its state of 

development to become a competitively traded commodity. For this purpose, we introduce an 

approach to evaluate the biomethane market, define a number of metrics, and apply them on the 

example of Germany, France, and Denmark. Our analysis shows that the German biomethane 

market has the furthest developed market structure for biomethane trading, but lacks sufficient 

volumes of biomethane in the gas grid. Denmark has the highest amount of per capita biomethane 

consumption, while having a support scheme that views biomethane as a green commodity, 

regardless of its end-use sector. France needs to develop its registry and trading infrastructure 

further in order to accommodate a liquid biomethane market. 

Introduction 

Renewable gases30, especially biomethane, have gained momentum in light of the EU targets for 

the decarbonisation of the energy sector, as an alternative to natural gas in the future [1]. Several 

studies and scenario analyses predict that renewable gases will play an important role in the 

decarbonisation of the gas grid [2–4]. A study by Eurogas shows that renewable gases have the 

potential to cover 70% of European gas demand by 2050 [5]. Terleuw et al. [6]  predicts, in their 

“optimised gas” scenario, that in 2050 about 60% of the current natural gas consumption in the EU 

will be covered by renewable gases [6]. Other projections are more conservative. For instance, 

ENTSOG, ENTSOE, and Navigant [7] expect that renewable gas will account for less than 14% of 

the total European gas demand in 2040 in their most favourable scenario. 

                                                      
30 Biogas, biomethane, green hydrogen, and synthetic natural gas 
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Regardless of the different predictions over future shares of renewable gas in the EU, the need for 

decarbonising the gas system is clearly stated in all the mentioned studies. Speirs et al. [8] state that 

biomethane is one of the most cost-efficient energy carriers for decarbonising the gas grid. It can 

be utilised for transport, electricity, heating and industry, where electricity cannot substitute fossil 

fuels. Biomethane is the renewable gas category we are focusing on in this study. 

The number of biomethane plants in the EU has increased from 187 in 2011 to 540 in 2017 [9]. In 

2017, biomethane production in Europe amounted to 19,352 GWh (1.94 bcm) across 18 producing 

countries31 [9]. Biomethane production is still too cost-intensive to be feasible without support [10]. 

Thus, national support schemes addressed to biogas and biomethane production and consumption 

have had a major role in the uptake of biomethane [11]. According to Horschig et al. [12], with 

support schemes for biomethane phasing out in many EU Member States, there is an opportunity 

for biomethane market players to benefit  from cross-border trade of biomethane.  

The production costs for biomethane vary widely, depending on the feedstock, national regulation, 

and transport costs [13,14]. Therefore, biomethane production is unevenly distributed in Europe 

[15]. This difference in production costs has led to biomethane trade amongst European countries 

becoming a relevant topic during the last years. However, there are still a number of unclarified 

issues and barriers to the trade of biomethane and other renewable gases. Bowe [16] identifies the 

variation in the biomethane support schemes and the limitation of these support schemes to 

national production as a key barrier for biomethane trade. Strauch, Krassowski and Singhal [17] 

mention the harmonisation of the rules for biomethane trade an important factor for reaching the 

EU objective of creating a single EU gas market. 

Some literature sources discuss biomethane trade within the broader context of bioenergy trade. 

Alsaleh and Abdul-rahim [18] show the importance of increasing bioenergy trade in order to reach 

the EU-28 National Renewable Energy Action Plan targets for 2020, suggesting the enactment of 

support schemes and tax policies to promote bioenergy trade and consumption. A scenario analysis 

by Matzenberger et al. [19] shows that the EU will most likely increase its solid and liquid bioenergy 

imports in the future. The authors have identified logistics, trade policies, and sustainability 

requirements to be the principal determinants of bioenergy trade. Magar et al. [20], in turn, suggest 

climate change concerns and greenhouse gas (GHG) mitigation targets, security of supply, and 

favourable policies as the main drivers of bioenergy trade. Harmonised bioenergy standards and 

certification schemes can provide a solid foundation for bioenergy trade and decrease the negative 

effects of bioenergy production and trade by ensuring its sustainability [20–23].  

As far as we know, there is no literature about the current development of a transparent market for 

biomethane in the European Union in connection with classical economic theory. It is currently 

difficult to gain clear insight over the concrete challenges of administrative handling of biomethane 

in the context of cross-border trade. Most trading activities in the biomethane sector happen 

bilaterally, with no insight over the volumes and prices for the biomethane traded. 

We aim to initiate the perception of biomethane as a commodity, such as natural gas, with an 

accompanying market platform. After taking a deeper look into the biomethane market in the 

European Union, and the changes that are going to be implemented according to the recast of the 
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Renewable Energy Directive (from here on EU RED II), we use market theory to organise the 

biomethane trading activities and define a number of metrics that can be used to evaluate whether 

the current biomethane trading activities follow an efficient market structure and what we need in 

order to develop a transparent, well-performing, and competitive biomethane market. We then 

apply these metrics on the example of three EU Member States that have been showing significant 

characteristics in their biomethane production and consumption during the last years: Germany, 

France and Denmark. Germany, is the biggest biomethane market in the EU, and France has been 

experiencing rapid growth in its biomethane production and has an ambitious target in this regard. 

Denmark, has one of the largest shares of biomethane in the national gas consumption amongst 

the EU. 

Market structure and competition 

In this paper we use the theory from the classical school of economics, also known as the Harvard 

school, to address the structure of the emerging biomethane market. According to the Harvard 

school market structure is determined by the number of sellers and buyers in the market, while the 

degree of product differentiation and market concentration is influencing how well a market is 

performing (Tirole, 1986, p1). Salvatore (2014) adds transparency to the list of determinants of 

market performance, meaning that every market participant needs to have knowledge about 

volumes traded in the market and the price of the good, for the market to be competitive. 

Transparency can be realised through a market platform, similar to gas and electricity spot market 

hubs. Biomethane in European countries is primarily traded through bilateral agreements, thus we 

cannot have a clear insight on the trading activities, which makes the current market rather non-

transparent. 

According to Mason [24], perfect competition can be understood as a market structure with large 

number of sellers, and a standard product or performance, which is determined by prices (equal to 

marginal and minimum average cost). A high degree of competition in markets can result in an 

efficient use of resources. Thus, economic policy often aims to achieve high competition in markets.  

Only few markets are close to function as perfectly competitive, e.g. the stock market [25]. Thus, 

Mason [24] refers to workable competition as a realistic version of perfect competition that is 

effective due to its market structure, and limits the firm's market position and scope of actions. This 

form of competition happens within a market with high numbers of sellers and buyers. What is 

perceived as a "high" number of sellers and buyers, differs in different markets and industries. 

Therefore in our paper we look at this number as a relative measure which is only analysed in 

comparison and not evaluated as an absolute number. 

If we follow the example of the development of natural gas market hubs for realising the market 

structure explained above, the pre-conditions are standardized contracts, a well-established 

physical infrastructure in order to realise energy flows, political and societal willingness to 

implement a trading venue, and time [26].  

The existence of markets incentivises price decreases from producers, while increasing demand, 

not only due to lower prices but also due to a better product in the sense of e.g. reliability and 

branding. Most of the economic theory on markets, focuses on existing markets with well-defined 

products. For biomethane, this is not given.  
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Differentiation of biomethane 

The introduction of biomethane as a new product in one separate market differentiates it compared 

to its substitute natural gas, which is necessary in order to be able to claim a higher price for 

biomethane so that the comparably higher costs for biomethane producers can be recovered. On 

the next level, biomethane needs to be defined according to its degree of sustainability, which is 

depending on the feedstock used to produce it. Currently this is a major factor in determining 

biomethane’s competitive value.  

The sustainability of biomethane is documented and proven through its chain of custody32. 

Biomethane molecules and natural gas molecules are impossible to distinguish from another, since 

they are chemically the same. For biomethane producers to enter a common market that 

acknowledges the green value of biomethane, it is necessary to provide a system that enables its 

identification and the distinction of biomethane’s green value. For this purpose we use the chain of 

custody term according to van de Staaij et al. [27]. From the literature, we identify three major types 

of chain of custodies: Identity preservation (track and trace), mass balancing, and book and claim 

(van de Staaij et al., 2012; Bowe, 2013). Figure 1 shows the relationship between the physical flow, 

the consignment and the respective chain of custody.  

 

Figure 24: Physical biomethane flow, consignment and chain of custody 

The identity preservation approach is only relevant for biofuels transported in separate vessels and 

trucks, not for biomethane flowing through the gas grid, which is the focus of this paper. The EU 

Member States are currently using two chain of custody types for biomethane injected into the gas 

                                                      
32 A chain of custody “ensures that the fuel supplier is able to demonstrate that the biofuel they supply was made from 

feedstock at the other end of the chain that complies with the RED sustainability criteria.”(van de Staaij et al., 2012) 
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grid: book and claim in the form of GOs and the mass balance system. The following sections 

describe these two approaches and their differences. 

GOs are representing a book and claim system, which is separating the sustainability characteristics 

from the commodity (see figure 2). They show that the sustainable feedstock is added to the overall 

market, not to the bioenergy supply chain [27]. The GO-scheme according to Article 19 of the RED 

II is an example of the book and claim chain of custody. 

 

 

Figure 25: GO-scheme 

In the mass balance system, the actors within the supply chain keep track of the amount of each 

consignment they are handling (see figure 3). This way they ensure that the amount of certified 

material exiting the supply chain equals the amount of certified material that has entered it, taking 

into account the conversion factors. One of the specifications of the mass balance system is that 

the physical product and its sustainability information are coupled throughout the value chain [27]. 

Implementing a mass balance system requires elaborate documentation of the physical biomethane 

transport, capacity booking in the gas grid, sustainability of the feedstock, and more. This is usually 

done either by a voluntary mass balance scheme according to the EU RED II, or an EU registered 

national system. 
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Figure 26: Mass balance system 

National regulators can realise an overall mass balance scheme in their countries by asking the 

European Commission to validate their national gas grid and its registry system validated as a mass 

balance system. Currently the European Renewable Gas Registry (ERGAR), an initiative by 

European TSOs and biomethane stakeholders, has applied for the acknowledgement of the 

European gas grid as a mass balance system [28]. The result of the application is yet to be 

announced.  

Biomethane in the Renewable Energy Directive 

According to the EU RED I, biomethane is a “gaseous biomass fuel”; a sub-category of biofuels, 

defined as “liquid or gaseous fuel for transport produced from biomass” (Article 2, EU RED I). Under 

the EU RED I, biomethane used for electricity and heat production has not been subject to the same 

sustainability criteria as when used for transport. There has been a consensus in the past that 

binding sustainability criteria would impose a high cost to these sectors, endangering their 

competitiveness [29]. The EU RED II excludes the term “gaseous fuel” from the definition of 

biofuels, and adds a definition for “biogas” as “gaseous fuels produced from biomass”. Hence, 

biomethane will fall under the category of biogas, and is no longer limited to the transport sector.  

The Mass Balance System under this directive is a tool for ensuring the sustainability of biofuels. 

Under article 30, the EU RED II states:  

“Where biofuels, bioliquids and biomass fuels33, or other fuels that are eligible for 

counting towards the numerator referred to in point (b) of Article 27(1), are to be 

taken into account for the purposes referred to in Articles 23 [heating and cooling] 

and 25 [transport] and in points (a), (b) and (c) of the first subparagraph of Article 

29(1) [Contributing towards the Union target and renewable energy shares of member 

states, measuring compliance with renewable energy obligations, and eligibility for 

financial support for the consumption of biofuels, bioliquids and biomass fuels], 

Member States shall require economic operators to show that the sustainability and 

greenhouse gas emissions saving criteria laid down in Article 29(2) to (7) and (10) 

                                                      
33 Gaseous and solid fuels produced from biomass.  
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have been fulfilled. For those purposes, they shall require economic operators to use 

a mass balance system…”. 

We understand from this statement that the application of the mass balance system is necessary 

for biomethane to be counted towards the EU renewable energy targets and support in the heating 

and cooling sector, in addition to the transport sector. 

In the EU RED II, the Guarantee of Origin (GO) scheme has been expanded as well to cover not 

only renewable electricity, but also renewable gases. The GO-scheme is a mean to prove to the end-

consumer that a specific share of the energy she is consuming origins from renewable resources. 

The GO can be transferred independently from the energetic gas unit it has been issued for initially 

(Article 19 EU RED II). A GO issued for biomethane, does not contribute towards fulfilling national 

renewable energy goals. Thus, the EU RED II has split biomethane into two groups, with two 

separate potential values: 1) A renewable transport and heating/cooling fuel under the mass balance 

system, with GHG mitigation value for reaching the targets under Article 29 (1), and 2) A green 

added value to energy products, under the GO-scheme.  

Current barriers to the cross-border trade of biomethane 

 

There is a fundamental barrier for biomethane trade across borders, which is closely linked to the 

current need to support biomethane production and consumption. This barrier addresses the right 

of counting the GHG mitigation value when biomethane is traded across borders, the risk of raise 

to the bottom, and broken down biomethane production. Currently when biomethane is traded 

across borders, the right to count the GHG mitigation value is maintained in the renewable energy-

targets of the producing country. Therefore, countries, such as Germany and Sweden, who support 

biomethane at the point of consumption, risk to support biomethane without getting any closer at 

fulfilling their own renewable energy targets. On the other hand, if the right to count GHG 

mitigation was linked to the point of consumption, countries such as Denmark who support 

biomethane production, would have the same risk. Such system would eventually force countries 

to harmonise their support systems trying to avoid a support competition with a raise to the top. It 

could be argued though that the risk of raise to the top is small, since other RE-technologies would 

be cheaper, and only countries lacking good alternatives would focus on biomethane; in fact this 

could support the entire idea of a common market where commodities are consumed, where they 

have the highest value.  

Another issue that may cause a barrier for realizing the cross-border trade potentials within the EU, 

are the inconsistencies with the statistical methodology for counting biomethane consumption 

towards national renewable energy targets. The contribution biomethane makes towards a country 

fulfilling its renewable energy targets, is calculated sector by sector [30]. Since biomethane is both 

a renewable energy carrier in the gas, and the transport sector, it can be only accounted to one of 

these sectors. Thus, when it is injected into the gas grid, it counts only towards the renewable share 

in the gas system, and not as a transport fuel anymore, even though it might be used as a transport 

fuel at the end of the value chain. 
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In this paper we only briefly mention the current challenges for the cross-border trade of 

biomethane. An in depth analysis of these barriers is out of scope for this paper. 

 

Methodology 

Leaning on the theory outlined in section 2, and the Agency for the Cooperation of Energy 

Regulators’ (ACER) gas target model [31], we aim to organise and find a structure for biomethane 

trade in the EU. For this purpose, we use the methodology used for the development of natural gas 

market hubs as a starting point, since natural gas as an energy carrier, is the most similar to 

biomethane. However, biomethane and renewable gases have a sustainability dimension that is not 

prevalent for natural gas. Additionally, the natural gas market is by far more mature than the 

biomethane market. Therefore we need to adjust the approach used for the development of natural 

gas market hubs to the biomethane market. 

We define a set of metrics in order to measure the readiness of biomethane trading activities to be 

facilitated in a separate trading platform. In the past, ACER [32] has used an approach in its 

European gas Target Model where two sets of metrics that quantify and measure the “market 

health” and “market participant’s needs fulfilment” of European gas trading hubs are defined. The 

analysis conducted by ACER shows that even with the well-developed gas market with its liquid 

trading hubs, most EU Member States are showing deficits regarding these metrics. This situation 

will look even worse for biomethane, without a trading hub, and with almost no insight on prices 

and trading activities.  

We use the same approach as ACER, with different metrics inspired by the theory described in 

section 2 and illustrated in figure 4. The parameter we focus on is the market structure. As 

mentioned earlier, the number of buyers and sellers is central to determining a market structure. 

Since we have no insight over the number of contractual suppliers in the biomethane market and 

the number of end-users who specifically buy biomethane, we can only refer to the number of 

registered traders. This number can be misleading since not all registered traders are active traders, 

but it is the closest number accessible for evaluating the number of buyers and sellers in this 

market. 
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Figure 27: Metrics for the biomethane market structure 

The ACER gas target model has included the order-book volume in its metrics for evaluating natural 

gas hubs. We use that metric, with modifying it to be the “potential” order book volume, which 

consists of the available volumes of biomethane available in the market. This can be reflected in 

the percentage of the gas consumption in the respective country, which is covered by biomethane.  

Product differentiation 

We have defined three measurable metrics for differentiating biomethane in the context of this 

study: the scope of the biomethane registry, sustainability standards, and the number of 

differentiated products. 

1.1.1. Scope of biomethane registry 

A biomethane registry is a documentation system serving the seller or buyer of biomethane to track 

and handle it as biomethane with a certain set of characteristics. This increases trust and improves 

the documentation along the biomethane supply chain [33]. 

National registry operators can further adjust and develop their registries to make them compliant 

with the EU RED mass balance system. This adjustment will be less cost and administration 

intensive, if the scope of the registry already entails all the parts of the biomethane supply chain, 

from feedstock production to end-consumption. Therefore, we use the scope of the biomethane 

registry as a metric for how close a chain of custody is to an EU RED compliant mass balance system. 

We use the whole biomethane supply chain as a benchmark, and observe the steps of the value 

chain that are included in the biomethane registry of the respective country.  

1.1.2. Sustainability standards 

Sustainability in the EU RED context has two angles: GHG mitigation, and the origin of the 

feedstock used for biomethane production (land use) [34]. The methodology to calculate GHG 

mitigation is described in Annex V of the EU RED II. For “biofuels, bioliquids and biomass fuels 

produced from waste and residues, other than agricultural, aquaculture, fisheries and forestry 
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residues” (Article 29 EU RED II) fulfilling the GHG mitigation criteria is sufficient to contribute 

towards renewable energy goals [35]. These criteria have harmonised the sustainability for 

biomethane used for transport to a certain extend. Some countries have implemented other 

sustainability criteria for biomethane used in other sectors. Moreover, EU Member States set 

different rules regarding the maximum percentage of energy crops used for biogas and biomethane 

production. As an indicator for the sustainability of the biomethane produced in a country, we use 

this share as the metric we will analyse. We simplify the sustainability requirements for biomethane 

such, that a lower mass-percentage of energy crops allowed in a country leads to a more sustainable 

its biomethane. 

1.1.3. Number of support schemes 

Support schemes are currently what ensure the income of biomethane producers. Currently, they 

determine the value of biomethane in different countries. Each support scheme represents a niche 

market for biomethane. Therefore, we take the number of support schemes for biomethane in a 

country as a metric for evaluating the degree of differentiation of biomethane. Each monetary 

benefit given to the application of biomethane counts as a differentiated product, hence, a niche 

market.  

Results  

In this section we present the results from measuring the metrics of this study in Germany, France 

and Denmark. None of the studied countries have a market platform that offers transparency on 

prices and traded volumes. GASPOOL offers biomethane buyers and producers in Germany to 

announce the biomethane they offer or demand through a flexibility platform, but this possibility 

is not used extensively by market participants. Denmark and France only have a published list of 

biomethane traders (and buyers) registered in their system. These lists do not offer insight over the 

activity of these market participants and the prices and do therefore not qualify as a market 

platform. More information about the biomethane market in these three countries can be found in 

the supplementary information. 

Market structure 

In this section we examine how the metrics perform in each of the countries in order to evaluate 

their biomethane market performance in each respective country. In the following sections we 

elaborate on each of the metrics. 

Number of registered traders 

Only in the GASPOOL market area, Germany has 47 biomethane balancing responsible parties [36]. 

This number can be equivalent to the number of biomethane traders34 in that market area.  

The French market shows high vertical integration of the biomethane market participants, since 

only biomethane suppliers are eligible to buy biomethane. There are currently 22 energy companies 

listed by the ministry, who can buy biomethane in addition to local suppliers. We use this number 

as the number of traders in the market. Denmark has 20 registered traders. A comparison of the 

number of traders in the three countries is shown in figure 5. 

                                                      
34 We could not find a list referring to the traders in other German market areas.  
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Figure 28: Comparison of the number of registered biomethane traders in Germany, France, and Denmark 

Potential order book volume 

Germany, even though being Europe’s largest biomethane market in absolute terms, has a small 

share of biomethane in its national gas consumption. This number is not expected to increase due 

to the lack of incentives for biomethane producers and the phase-out of previous biomethane 

support schemes. France is experiencing rapid growth in its biomethane production, and will 

increase it further due to attractive support schemes for biomethane. However, reaching a 10% 

share by 2020 as targeted by the NREAP does not seem likely. Denmark has been experiencing 

steady growth in its biomethane production. Figure 6 visualises the different biomethane shares in 

the gross national gas consumption in the three countries in 2019.  

 

Figure 29: Comparison of potential order book volume 
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regardless of its end-consumption. This will enable biomethane producers to participate in many 

markets without having to specialise in one niche market. 

Scope of biomethane registry 

While Denmark and France use a book and claim system as their chain of custody for biomethane, 

the German biogas registry has the modules for substrate auditing and EU RED mass balance 

system compliance implemented in its system. Therefore, it has the broadest scope of the registries 

we have studied in this paper. France and Denmark having a book and claim (GO) based system, 

issue a GO at the point of injection. Figure 7 compares the scope of the biomethane registries in the 

three countries. 

 

Figure 30: Scope of biomethane registries 

Sustainability standards 

The national caps for energy crop based biomethane production vary strongly between Germany 

and the two other countries in this study. As figure 8 shows, Germany has a much higher tolerance 

for energy crops in its biogas feedstock mix, than Denmark and France. The cap that German 

regulators have introduced in 2017, only counts for maize and grains, and not for all energy crops. 

Therefore the EU RED II land-use criteria become more relevant for Germany than for Denmark 

and France. The two latter countries have a mainly manure and waste based feedstock, where land-

use impacts are not relevant. 
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Figure 31: National caps on energy crops for receiving support 

Number of support schemes 

The number of biogas and biomethane support schemes varies strongly amongst European 

countries. We have compared this number in Germany, France and Denmark in figure 9. The 

comparison of these numbers shows, that German biomethane has the most amount of different 

values associated to it. This is because the German EEG has been updated almost every 2 years 

within the last decade, and that the heating and transport sector also use different support schemes. 

With the support period for older biogas plants ending, some of these sub-products will exit the 

market. 

Denmark supports biomethane as a commodity, meaning at the point of production and not at the 

point of conversion to electricity. This is an advantage for implementing a homogeneous 

biomethane market with a low number of sub-products. The Danish transport sector offers 

biomethane an additional support value to the feed in tariff through a quota system with relevant 

stakeholders trading biotickets and enabling fuel suppliers to fulfil their green fuel quota.  

Similar to Denmark, French biomethane uses a biofuel quota for transport. The support scheme 

consisting of feed in tariffs for electricity on the other hand is similar to the German system. French 

regulators relate the feed in tariff on substrate and plant size. 
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Figure 32: Number of biogas products based on different feed-in tariffs and support schemes 

Discussion 

Each EU Member State produces, consumes, supports and trades biomethane differently. One 

commonality is that both the national and cross-border biomethane markets in the EU lack 

transparent trading platforms. Without agreeing on a single market for biomethane, with a 

transparent trading platform, we find it hard to envision a biomethane market which will reach a 

sufficient liquidity in order to be efficient, and hence, optimise production costs across EU Member 

states. First and foremost, the regulatory framework needs to evolve from the current RED I and II. 

At a minimum, the definition of biomethane should take into account its value as a commodity, 

and not only its end-destination. 

For this discussion we focus on the challenges of a common sustainability criteria and the 

administrative organisation of biomethane trading activities. German biogas and biomethane is in 

general less sustainable than the Danish and French biomethane. This can cause a challenge for 

biomethane trade in future since Danish and French consumers might not accept a less-sustainable 

biomethane from Germany. The harmonisation of sustainability thresholds is one way to solve this 

problem. However, an argument against the EU wide harmonisation is that the availability of 

organic waste varies across Member States. This can be addressed either by further product 

differentiation, or by EU Member States finding a compromise regarding the sustainability standard 

they want to ensure on an EU level. One clear definition for biomethane, including its sustainability 

characteristics can expand trade, but also reduce the overall green value of biomethane since a low 

sustainability standard would increase the biomethane volumes able to participate in the market, 

but decrease the overall value of biomethane. A high standard on the other hand, would exclude 

some producers from the biomethane market. 

Germany has the highest number of traders and trading activities out of the three countries. 

However, according to DENA (2019), market participants currently observe a trend of biomethane 

firms consolidating. This might increase the market concentration in the future, and while this can 

benefit the industry to become more efficient this may also enable some firms to apply market 
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power. A similar situation may be found in the Danish market, where a sufficient number of traders 

can be found on paper, but the reality looks different. According to [37] only four large market 

players are currently trading biomethane in Denmark, which could point in the direction of a high 

market concentration. According to industrial economics [24,38,39] this will tend to result in 

inefficient markets with excess profits for Incumbents. Currently there do not seem to be a high 

demand for a transparent market platform from market players, but this could in fact follow the 

preferences of Incumbents to keep transaction costs too high for new market players and thereby 

avoid further competition. 

An overall challenge within support systems is the question whether support should be supply or 

demand driven. When biomethane production is supported directly as in Denmark, a supply of 

biomethane is pushed into the market and can go wherever the demand is highest. This limits the 

number of niche products and increases liquidity, it even allows biomethane to join the natural gas 

market. A support scheme that links the support rate to the biomethane commodity, instead of 

assigning different rates to biomethane for different purposes, will value biomethane as a 

commodity across sectors. This will show its applicability in more than one market and decrease 

the risk for biomethane sellers. The downside of this approach is that consumers have a limited 

incentive to consume biomethane (besides the green value) resulting in a need for a high support 

level. If instead support is driven from the demand side, markets can potentially get to play a bigger 

role. This would require that biomethane can be applied under various support schemes and not 

have to be connected to specific applications, which would end up resulting in a number of niche 

markets, limiting the biomethane incentives to niche markets and thereby decelerate its uptake 

and increase risks for producers. A combination of these two approaches could potentially extract 

the advantages of each system and benefit from cross border trade; given an agreement have been 

found regarding GHG counting and some degree of EU harmonisation of support.   

For biomethane to replace natural gas at some point in the future the EU Member States are facing 

a number of complex challenges and it is not obvious which steps need to be taken and which 

challenges have higher priority. The discussions made in this paper could also be relevant for other 

RE-gasses such as hydrogen, since these gases could compete within the same market as 

biomethane, after the methodologies for their mass balancing are clarified. 

Conclusion and Policy Implications 

In order to organise the biomethane market in the EU, we need to differentiate biomethane as a 

commodity and be able to distinguish it from natural gas in the gas grid. The European Commission 

has introduced two approaches for this: the mass balance system and GOs. These two approaches 

have different purposes. GOs are able to show the end-consumer that the energy they consume 

origins from renewable source. The mass balance system ensures the sustainability and thus, the 

green value of biomethane sufficiently enough for it to count towards national renewable energy 

consumption targets. Therefore, in this study we suggest unifying the chain of custody for 

biomethane in all sectors to a mass balance system in order to fully enhance its green value as a 

competitive advantage and have it differentiated as a commodity. Doing this will be in line with the 

EU RED II expansion of the mass balance system to sectors other than transport and will most likely 

be a necessity in the future. Administratively, this can be realised by expanding the auditing level 

in national biomethane registries. The German DENA registry has been the most elaborate registry 
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out of the cases in our study, and is therefore closer to become a mass balance system than the 

registries of the two other countries. 

Close cooperation of national biomethane registries and administration systems is needed in order 

to make the cross-border flows of biomethane more transparent. This is an important step towards 

more biomethane trade between EU Member States. Working towards an EU-wide biomethane 

registration system, all Member States will need to harmonise their national chains of custody and 

administration systems for biomethane.  

Biomethane does not cover a noticeable share of the gas consumption in Germany. Regarding 

sustainability, Germany has the highest tolerance regarding energy crops as a biogas and 

biomethane feedstock. Therefore, in light of cross-border trade, German biomethane would have a 

lower value since it is less sustainable. In addition, the large number of support schemes biogas is 

subject to is a barrier for the value of biomethane to be independent of its end-consumption 

purpose, which makes it hard to qualify as an independent energy carrier.  

The French and Danish approaches are similar to each other regarding the sustainability thresholds 

for the biomethane consumed nationally. Both countries require a substantial share of manure and 

waste in their biomethane feedstock. Additionally, both countries use a quota system for the 

consumption of biomethane in transport. Denmark supports biomethane used for purposes other 

than transport at the point of injection. This approach benefits biomethane becoming its own 

commodity and having a unique value regardless of its end-consumption. 

Denmark has succeeded to substantially increase the share of biomethane in the national gas 

consumption. This shows the availability of potential volumes for trade. The market is developing 

with increasing biomethane traders registered and the possibility to trade biomethane through a 

virtual trading point. The effects of this are currently being experienced by Danish GOs replacing 

German biomethane exports to Switzerland. More transparency in trades and allowing the 

development of efficient prices would most likely benefit the Danish biomethane market. 

National biomethane markets need to reach a certain volume and structure in order to enable cross-

border trade. We can see on the example of France that a low metric on the market structure and 

the lack of cross border biomethane transfer cooperation are appearing simultaneously. Germany 

and Denmark having further developed biomethane markets than France, are in the process of 

harmonising their biomethane registries with their neighbouring countries. In the case that the 

ERGAR initiative to have the European gas grid accepted as an EU RED mass balance scheme 

succeeds, all European biomethane registries have to increase their cooperation. 

Organising biomethane trading activities into a market, is only the first step to a process of 

implementing a common biomethane market in the EU. Further, the questions regarding the 

accounting and transfer of the GHG mitigation value, and how the related support financed by 

individual Member States should be distributed upon biomethane trade, need to be addressed by 

researchers. 
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Supplementary Information 

 

Implementation of indicators in country cases 

In this section, we apply the metrics introduced in section 5 on three countries, which have been 

experiencing remarkable developments in their biomethane market within the last few years: 

Germany, France, and Denmark. The reason we have chosen to apply the metrics on these three 

countries, is that each one of these countries has a unique status in how they are performing 

regarding the uptake and development of their biomethane market. Germany has the largest 

biomethane market in the European Union, in absolute terms [1]. Denmark, is the European 

country with the highest share of biomethane in its national gas consumption [2], and France is the 

European country with the highest growth rate in biomethane production having the target of 1000 

biomethane plants injecting into the national gas grid by 2020 [1]. The next sections will give further 

insight over the individual characteristics of the biomethane market in these three countries. 

Germany 

Germany is the oldest and largest biomethane market in Europe [1] and the European country with 

the highest amount of gas imports [3]. Figure 1 shows how much of the gross energy consumption 

gas and biomethane cover in Germany. 

 

Figure 33: Gross inland energy consumption in Germany [4,5] 

The German biomethane market has a large number of sellers and buyers. In 2017, there were 195 

biomethane plants connected to the German gas grid. The number of new biomethane plants built 

has been decreasing, due to the changing legislation regarding support for biomass-based electricity 

[1]. German biomethane stakeholders expect the biomethane production price to remain stable 

within the coming years. They state that there are currently almost no long term contracts for 
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biomethane supply [6]. This shows a development of the German biomethane market towards a 

spot market. 

The majority of the current demand for biomethane in Germany leads back to former EEG support 

schemes [6]. The auction-based support scheme, implemented in 2017, sets biomethane in direct 

competition with biogas for receiving the feed in premium for electricity production. Due to the 

lower cost of raw biogas utilisation for power production, this decreases the incentive for biogas 

producers to upgrade their biogas and inject it into the gas grid.  

The German legislation for electricity and heat (EEG and EEWaermeG) requires a biomethane 

registry system in order to prove the renewable source of biomethane used for electricity and heat 

production and receive the EEG premium [7,8]. The “Nabisy” registry of the German Federal Office 

for Agriculture and Food (BLE) is the agency that provides additional proof and auditing for 

biomethane to comply with the EU RED I mass balance system [9]. Hence, the German biomethane 

registry system has an elaborate scope, follows the mass balance approach, and has the 

administrative infrastructure in place to evolve further to a EU RED compliant mass balance system.  

The product matrix published by the German Energy Agency lists the criteria required for using the 

biogas in different categories. Currently there are 45 biogas products possible to be registered in 

the biogas registry of the German Energy Agency (from here on referred to as DENA registry), out 

of which 36 are applicable to biomethane [10]. This is due to different support schemes for 

biomethane used in power, heat, and transport. Additionally, each renewable energy act has 

introduced a new subsidy scheme. For example, a biomethane plant built in 2009, receives support 

according to the EEG 2009 as a feed in tariff, with additional premiums, and a biomethane plant 

built in 2018 falls under the EEG 2017 and the auction scheme based support.  

Following the scattered biomethane and biogas regulation, each biomethane-using sector has 

different sustainability criteria. For biomethane used for electricity production to receive the state 

support from the German renewable energy act, the biomass has to fulfil the requirements of the 

national biomass directive (Bundesministerium der Justiz und fuer Verbraucherschutz, 2001). The 

German renewable heat act (EEWärmeG), has a further definition of biomass that includes sewage 

sludge, vegetable oil methyl ester and biological degradable industrial and household waste [12]. 

The minimum harmonisation of the sustainability criteria in the RED II have been fully 

implemented in the German biofuel regulation in §4 of the biofuel sustainability directive [13]. 

Not all biomethane is 100% compliant with the EU RED II sustainability criteria. Besides the 

German biofuel regulation, the other sectors do not have the EU RED sustainability criteria 

implemented in their respective regulations. The EEG 2017 agreement introduces a “maize cap” for 

the biogas and biomethane receiving support in the national auction scheme. This cap is for the 

use of maize and grains in biogas production and is currently at 47% and will be reduced to 44% by 

2022 [14]. Germany has not introduced a cap for other kinds of energy crops until today. 

France 

France has set ambitious goals for increasing the share of biomethane in its gas grid. The 2015 

National Renewable Energy Action Plan (NREAP) has set a 10% share of renewable gas in total gas 

consumption in 2020 as a target. Additionally, the 2016 ‘Pluriannual Energy Programme’ 

(Programmation pluriannuelle de l'énergie – PPE) set specific targets for biogas used in power 
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generation, heating and cooling and transport sectors and biomethane injection (1.7 TWh by 2018 

and 8 TWh by 2023)35.  

As figure 2 shows, at the end of 2018, biomethane accounted for 0.15% of the total gas consumption 
(GRDF at al., 2018). There has been a significant increase in the injection of biomethane in the 
French gas grid since 2012 [15]. Between 2017 and 2018, the biomethane injection into the gas grid 
in France has increased by approximately 76% (GRDF et al., 2017). Some studies show that in 2050 
the whole gas demand in France could be met by injectable renewable gas (biomethane, hydrogen 
and syngas) [16,17]. Thus, despite the rapid growth, biomethane is still a marginal energy source 
[18] and makes up a small share of the gas consumption in the country. Thus, the potential order 
book volumes would not be sufficient today to construct a liquid and competitive market. 
Additionally, the limitation of GO account holders to biomethane suppliers increases the market 
concentration in the country and limits the number of trades. 

 

Figure 34: Gross inland energy consumption in France [4,18] 

Biomethane in France follows a book and claim chain of custody. The injection of each MWh of 
biomethane gives raise to one GO. The gas supplier who buys the biomethane from the producer is 
responsible for registering the GO and becomes its owner. The French gas Distribution System 
Operator – GRDF (Gaz Réseau Distribution France) – manages the registry for biomethane, where 
all suppliers of GOs are registered [19]. The French Ministry for the Ecological and Solidary 
Transition (fr Ministère de la Transition écologique et solidaire), publishes on its webpage an 
official list of gas suppliers willing to buy biomethane [20]. Once the biomethane consignment of 
biomethane is consumed, the respective GO is cancelled. The ratio between the GOs utilised and 
the GOs created decreased from 50% in 2016 to 40% in 2017, resulting in a surplus of GOs, since 
they are not used during one year [19]. The GO market is emerging, but it is still lacking liquidity. 
The creation of the functionality of the call for sale in 2015, enabled the exchange of GOs between 
the gas suppliers [19]. 

                                                      
35 The targets are currently subject to revision, based on a project of amended PPE published on 27 
November 2018. The final version of the document is available here.   

https://www.citepa.org/fr/actualites/3037-27-novembre-2018-programmation-pluriannuelle-de-l-energie-ppe-presentation
https://www.ecologique-solidaire.gouv.fr/sites/default/files/0-PPE%20English%20Version%20With%20Annex_0.pdf
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In France, there are separate support schemes for biogas used for electricity generation and 
biomethane used in transport or in residential heating. In 2017 the transport sector accounted for 
the major share of biomethane consumption in France. France stimulates the use of biomethane in 
transport through a quota system. Suppliers can use and sell GOs in order to fulfil their green fuel 
quota.  

However, the feed in tariff, introduced in 2016 for biomethane used for electricity production, has 
been causing an increase of biomethane consumption in this sector [21]. The feed in tariff depends 
on two factors: the size of production facility (known as maximum biomethane production 
capacity, expressed in Nm3/h); and the type of substrate [22]. This already introduces at least two 
different products with different values to the market. Due to the different level of FIT based on 
substrate, production size, biomethane producer compensation, etc. In principle, smaller 
installations and those operating on more sustainable substrate (e.g. using manure instead of 
energy crops) are eligible for higher support. Figure 3 shows the French feed in tariff and its 
components. 

 
 

Figure 35: Evolution of the FiT for biomethane in France based on substrate use and output capacity [23] 

In 2016, France has introduced limitations in terms of feedstock used for biogas production (Décret 

n° 2016-929 du 7 juillet 2016 pris pour l'application de l'article L. 541-39 du code de l'environnement). 

There is a 15%-cap of energy crops allowed in total substrate mix of a given biogas facility. The cap 

is calculated by mass percentage, across an average of three year-period. Energy crops are defined 

as “food crops (cereals and other starch, sugar, oil and leguminous crops usable for human or animal 

consumption) or energy crops grown as main crops” (EBA statistical Report, 2017). The main 

feedstock used for biomethane production in France is sewage sludge (41%), and bio- and municipal 

waste (30%). The share of energy crops was only 7% in 2016 (EBA statistical Report, 2017, p. 67). 

Denmark 

Denmark experienced a steady growth in biomethane injection, and plans to have a fully 

decarbonised gas grid by 2035  [2]. According to figure 4,  by March 2019, biomethane covered more 

than 10% of the Danish gas consumption [24]. Danish biomethane trade follows the book and claim 

chain of custody. The Danish TSO, Energinet, manages the registration of biomethane injected into 

the grid, using “Energinet certificates”. For each MWh biomethane produced and injected into the 



   
 

133 
 

grid, Energinet issues one certificate. The biomethane producer can sell the certificate separate 

from the gas volume she is injecting. Therefore, this system does not fulfil the requirements for a 

mass balance system according to the EU RED I and II.  

 

 

Figure 36: Gross inland energy consumption in Denmark  [4,25] 

There are currently more than 20 account holders participating in GO trade in Denmark. However, 

only four main market players are active in biomethane trading. 52% of biomethane GOs are sold 

to Sweden and Germany, and the rest is traded within Denmark [26].  

Danish biomethane used for transport complies with the EU RED I mass balance system. Most 

biomethane producers, who aim to sell their biomethane in the transport sector, use the voluntary 

schemes recognised by the European Commission for mass balancing. This enables them to 

participate in the Danish bioticket system, which issues biotickets for biomethane produced and 

audited. The schemes mandates fuel suppliers to cover a minimum share of 5.75% of their fuel 

supply from biofuels and 0.9% of their supply from 2nd and 3rd generation biofuels [27]. Fuel 

suppliers can buy biotickets from biomethane producers or from a bilateral bioticket market in 

order to fulfil their blending obligation. The price of biotickets plus the feed in tariff for upgraded 

biomethane injected to the grid, determines the value of biomethane destined for transport. The 

value of biomethane for electricity production, heating and cooling is only determined by the feed 

in tariff. 

There is a 12% threshold for energy crops in Denmark, which is going to be reduced in the future. 

Most of the Danish biomethane is produced from manure and second-generation biomass. 

Therefore, by default, the majority of Danish biomethane complies with the land-use criteria of the 

EU RED II. 

 

[1] European Biogas Association, Statistical Report of the European Biogas Association 2018, 
Brussels, 2018. http://european-biogas.eu/2017/12/14/eba-statistical-report-2017-published-
soon/. 



   
 

134 
 

[2] IEA Bioenergy, Greening the Gas Grid, 2019. 

[3] Eurostat, Share of imports by Member State, (2017). 
https://ec.europa.eu/eurostat/cache/BubbleChart/?lg=en#tableCode=tet00055-1 (accessed 
March 18, 2018). 

[4] European Union, Statistical Pocketbook in figures, 2018. https://doi.org/10.2833/77817. 

[5] Bundesnetzagentur, Bundeskartellamt, Monitoringbericht 2018, 2018. 

[6] DENA, Branchenbarometer Biomethan., (2019) 1–11. 

[7] Bundesministerium fuer Wirtschaft und Energie, Erneuerbare-Energien-Gesetz - EEG 2017, 
(2017). 

[8] Deutscher Bundestag, Erneuerbare-Energien-Wärmegesetz (EEWärmeG), 1998 (2015). 
http://www.gesetze-im-internet.de/eew_rmeg/EEWärmeG.pdf. 

[9] BLE, Nabisy - Sustainable Biomass System, (2019). https://nabisy.ble.de/nabima-web/app/start 
(accessed March 15, 2019). 

[10] DENA, DENA biogas Produkltmatrix, (2018). 

[11] Bundesministerium der justiz und fuer Verbraucherschutz, Verordnung über die Erzeugung von 
Strom aus Biomasse ( Biomasseverordnung - BiomasseV ), (2001) 1–3. 

[12] S. Bowe, C. Kuehnel, T. Reinholz, C. Sutor, Biomethan in der Wärmewende, Berlin, 2018. 

[13] Biokraft-NachV, Verordnung über Anforderungen an eine nachhaltige Herstellung von 
Biokraftstoffen, 2009. 

[14] Paluka Sobola Loibl & Partner, EEG 2017 - Die Ausschreibung am Beispiel Biogas und sonstige 
Neuerungen, (2017). 

[15] M. Lemonde, What is the state of biogas and biomethane market in France?, (2018). 
https://www.biogasworld.com/news/biogas-biomethane-market-france/ (accessed January 8, 
2019). 

[16] ADEME, A 100% renewable gas mix in 2050 ?, (2018). 

[17] GRDF, GRTgaz, SPEGNN, S. des E. Renouvelables, Terega, Panorama du gaz renouvelable 2017, 
(2017). http://www.enr.fr/userfiles/files/Annexes/P13-web.pdf. 

[18] GRDF, GRTgaz, SPEGNN, Syndicat des Energies Renouvelables, Terega, Panorama du gaz 
renouvelable 2018, 2018. http://www.enr.fr/userfiles/files/Annexes/P13-web.pdf. 

[19] Gas Reseau Distribution France, GRDF Annual Report, 2017. 

[20] Ministére de l’Ècologie du Développement durable et de l’Énergie, Liste des fournisseurs ayant 
manifesté un intérêt pour l ’ achat de biométhane , par zone géographique Un producteur de 
biométhane qui souhaite vendre sa production injectée peut : - s ’ adresser à un fournisseur 
localement implanté ou au fournisseur de s, (2019) 1–2. 

[21] enea, Overview of the biomethane sector in France, (2017). http://www.enea-
consulting.com/wp-content/uploads/2018/04/ENEA-2017-10-biomethane-france-2017-en.pdf. 



   
 

135 
 

[22] GRDF, GRTgaz, SPEGNN, Syndicat des Energies Renouvelables, Terega, Panorama du gaz 
renouvelable 2018, 2018. 

[23] European Biogas Association, Statistical Report of the European Biogas Association 2017, 
Brussels, 2017. 

[24] Energinet, Energy Data Service, (2019). https://www.energidataservice.dk/ (accessed April 1, 
2019). 

[25] J. Bjerg, Biogas på nettet – status, GASenergi. (2019). 

[26] A. Myken, Biomethane Market in Denmark, (2018). 

[27] K. Wikberg, Legal sources on renewable energy- Promotion in Denmark, (2019). http://www.res-
legal.eu/en/search-by-country/denmark/tools-list/c/denmark/s/res-
t/t/promotion/sum/95/lpid/96/ (accessed June 6, 2019). 

 

 

 


