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Abstract 

Limiting the raise of global temperatures requires a rapid 
and massive deployment of solution to reduce carbon 
emissions at all levels. The development of intermittent 
renewable energy resources has received significant support 
from governments, and its production will considerably 
increase. The introduction of this high electrical production 
presents some challenges, in particular, the allocation of high 
production in low consumption periods. One of the most 
promoted solutions to cope with this challenge is the 
integration of power-to-gas technologies (P2G). In this sense, 
the European Union, and some of its members have 
presented their plans supporting the production and 
consumption of hydrogen. At the same time, it can be noted 
that the development strategies for these technologies are 
largely deployed at the local level. To allow local territories to 
contribute to the decarbonization of the energy system, 
national governments are extending the application of its 
energy policy to its territories. This is the case in France that 
over the last decades, has adopted laws to extend the 
application of its energy policy at local level, with the 
objective of ensuring better, faster deployment of its energy 
transition and reaching the carbon neutrality by 2050. As a 
result, the French regions have targeted objectives for the 
development of their local energy resources. The SUD 
Provence-Alpes-Côte d’Azur Region (PACA) in southern 
France, in response to these air, energy, environment, and 
climate change adaptation responsibilities, has targeted as 
objective to reach the carbon neutrality by 2050, which is 
concerned by the massive development of solar photovoltaic 
production as the region has considerable access to solar 
resources. The region as well has presented a hydrogen plan 
to support the development of this energy in the region and 
contribute to the national efforts. This study, conducted with 
TIMESPACA a bottom-up optimization model representing the 
energy system of the PACA region, analyzes how P2G 
technologies contribute to the development of solar 
resources. Results show that P2G technologies are essential 
for the decarbonization of the regional energy system and the 
renewable deployment, what is needed to the national and 
global decarbonization objectives and is expected to 
structure the whole hydrogen chain. 
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1. Introduction 
The last IPCC report highlights again that in order to 

limit the rise of temperature to 2°C, or even 1.5°C, it is 
needed a fast and massive deployment of solutions targeting 
the reduction of greenhouse gas emissions (Masson-
Delmotte et al., 2021). In this regard the European Union has 
committed to be the first neutral carbon continent by 2050 
(European Comissions, 2018). Following these guidelines, 
many European Union members have updated its 
environmental objectives, and have targeted the carbon 
neutrality as well by 2050. This is the case for Germany, 
France and Spain for example (European council for an 
energy efficient economy, 2021; Federal Ministry for 
Environment Nature Conservation, 2016; Ministère de la 
Transition Écologique et Solidaire, 2020). To reach such 
objective, it is required the development of different 
solutions, and the promotion of renewable energies is one of 
the most prominent one. In this regard, solar and wind 
technologies have received the support of many different 
governments. For example, in Germany, solar and wind have 
increased its power capacity from 53 GW in 2011 to 160 GW 
in 2020 (Clean Energy Wire, 2021), and in France, these 
technologies have increased its installed capacity from 10 GW 
in 2011 to almost 30 GW in 2020 (Ministère de la transition 
écologique, 2021). Thus, renewable electrical production is 
increasing significantly, and in a net zero energy system these 
technologies will account for an important part of the 
electricity produced in 2050 (IEA, 2021). However, these 
developments also entail some challenges. First, allocating 
high renewable intermittent electrical production during high 
solar, and wind production. This is already producing some 
effects in the market, such as the presence of negative 
electricity prices in the wholesale electricity market (in some 
occasions), which has happened in Germany, France, and 
Belgium for example (De Vos, 2015). Second, it will be needed 
to have other energy producing technologies to cover the 
periods with no solar and wind energy production and 
guarantee the stability of the electricity network. 

A wide range of techniques can be employed to cope 
with the intermittent nature of renewable energies (i.e. 
batteries) (Bartolini et al., 2020; Beaudin et al., 2010; 
Lambert, 2018), but most recently, attention has focused on 
the development of power-to-gas (P2G) technologies 
(Estermann et al., 2016; Mazza et al., 2018). The increasing 
attention on P2G is due to the several advantages that they 
present. First, P2G technologies act as a large-scale and long-
term energy storage for renewable sources (Lewandowska-
Bernat & Desideri, 2018). In fact, P2G solutions can profit 
from the high renewable electricity production during low 
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electricity consumption periods to produce other energy 
vectors that can be easily stored and in greater quantities in 
comparison to other existing energy storage options. Through 
electrolyzers it is possible to use excess power output from 
intermittent renewable resources to produce hydrogen 
(Wang et al., 2019). Hydrogen can be stored in tanks or in 
geological reservoirs; it can also be blended and injected into 
the gas network, although its injection is restricted according 
to the technical conditions of the gas transport and 
distribution network of the area under study. The French gas 
network for example, can receive up to 6% hydrogen in 
volume without the need for major changes in the 
infrastructure, and up to 20% with a few changes (GRTgaz, 
2019). In addition, by mixing CO2 with hydrogen through a 
process called methanation, it is possible to produce 
methane. Synthetic methane would be produced if the CO2 
has a non-biogenic origin (CO2 from industrial activities), and 
biomethane if the CO2 has a biogenic source (biogas 
purification for example). The biomethane and synthetic 
methane could be also stored in the existing natural gas 
network to be consumed when needed, and replacing natural 
gas which can  reduce as well CO2 emissions (W. Liu et al., 
2017). Second, P2G techniques can not only utilize the power 
from regional renewable energy, but also reduce energy 
imports and energy reserve consumption ensuring in this 
aspect energy security (Xing et al., 2018). Third, P2G 
technologies energy outputs constitute flexible energy 
vectors that can be employed when needed and can 
contribute to cope with peak load variations, assuring in this 
way the stability of the entire energy system. Indeed, the 
expected increase in use of electricity and gas, mainly by 
electric-gas vehicles, might impact peak loads if sufficient 
attention is not paid to distribute the charging load 
throughout the off-peak period (Mu et al., 2014). This would 
require fast responses to cover fluctuations due to increase 
demand. In this aspect, energy storage systems could be 
deployed to significantly improve the flexibility of power-gas 
distribution and transport networks to cope with the increase 
in electricity and gas demand in every period (Gu et al., 
2021). Then, with P2G it is possible to profit the most of the 
capacity of the gas grid to counteract restraints of the power 
grid, and may also realize the development of a flexible multi-
energy complementary system (Clegg & Mancarella, 2016; 
Doudard, 2019; Xing et al., 2018). Fourth, P2G energies can 
contribute to further decarbonize the energy system. In fact, 
hydrogen can be used in some sectors were electricity cannot 
cover all the energy demand. This is the case for the transport 
and industry sectors where electricity cannot fully substitute 
the use of fossil fuels. For freight transport vehicles, it is 
needed fast recharging energy options that battery vehicles 
cannot offer for the moment. In the industry sector, 
electricity cannot fully replace fossil fuels. For example, for 
the steel industry, electricity cannot be used as a reducing 
agent for iron production for the moment, and electric arc 
furnaces (EAF) cannot fully cover steel demand as the 
availability of scrap (the main raw material in EAF) is limited.  

Hence, as P2G technologies offer several advantages to 
reach decarbonization objectives, governments around the 
world are setting objectives for its deployment. The European 
Union (EU) has established a hydrogen strategic roadmap to 
foster hydrogen development (European Commission, 
2020a), targeting for 2030 the production of 10 Mt, which 
should increase significantly by 2050. Following these 
guidelines, some of the EU members have also shown their 
interest in supporting the creation of a clean hydrogen 
market and have stablished their own plans. This is the case 
of Germany, France and Spain for example (Fuhrmann, 2020; 
Ministère de la Transition Écologique et Solidaire, 2018; 
Spanish Government, 2020).  

To reach all the objectives established in the different 
national plans, intra-national regional territories can 
contribute significantly.  Indeed, first hydrogen developments 
will be done locally, and the electrolysers will be directly 
connected to the renewable electricity produced by the 
territory. The outcoming hydrogen would then be used to 
cover local demands; mainly from industrial activities, and 
from local buses, and heavy transport vehicles (European 
Commission, 2020b). As production would be close to 
demand, this would significantly reduce the need for high 
hydrogen transport and distribution infrastructures. The local 
transport infrastructure built would then be extended to 
cover demands that are at further distances (Le Comité 
Européen des Régions, 2020). Hydrogen refuelling stations 
can be provided by local electrolyzers, but their deployment 
demands an analysis of the specific characteristics of the 
demand that will be covered, including the requirements for 
each type of vehicle. Hence, it is likely that the development 
of the hydrogen ecosystem in Europe will follow a gradual 
trajectory, at different paces following the sectors and the 
characteristics of the demand, and that the choice of 
measures will be different depending on each case, and of 
each geographical area (European Commission, 2020b). Intra-
national regional territories are already showing their desire 
to contribute to the development of a hydrogen market, and 
many different local territories have stablished their plans for 
the development of hydrogen demand, and production. This 
is the case, for example, for some regions in Spain, and in 
France where some of its regions have already adopted plans 
to develop a clean hydrogen market (Benjumea, n.d.; L’Usine 
Nouvelle, 2019). Hence, local territories are main actors for 
the deployment of the hydrogen market. 

In this sense, to push its territories to contribute to the 
decarbonization of its energy system, France has increased its 
efforts to extend the application of its energy policy at a more 
local level, with the implementation of different laws and 
plans. In 2015, the NOTRe law (Nouvelle Organisation 
Territoriale pour la République / New territorial organization 
for the Republic) and the LTECV (Loi pour la Transition 
Énergétique et la Croissance Verte / Energy Transition and 
Green Growth Act) gave the French regions the necessary 
jurisdictions to develop their own energy system and policies 
related to other climate topics. The LTECV also introduced the 
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Stratégie Nationale Bas Carbone (SNBC/National Low Carbon 
Strategy) which is the French roadmap to reduce greenhouse 
gas emissions and fight climate change. It gives guidelines for 
reaching a low-carbon economy in 2050, defining carbon 
budgets by economic sector (Ministère de la Transition 
Écologique et Solidaire, 2020). This strategy was updated at 
the beginning of 2020, setting an objective of reaching carbon 
neutrality by 2050, which means reducing carbon emissions 
by a factor of 6 with respect to 1990.  

Consequently, as a response to the guidelines specified in 
the different national climate-energy laws and plans, the 
French regions have stablished objectives for the 
development of their local renewable energy resources, and 
also the deployment of hydrogen. This is the case for the 
PACA region in the south-east of France that has redefined its 
objectives concerning the decarbonization of its energy 
system, targeting a low-carbon scenario by 2050. These 
objectives are set out in the Schéma Régional 
d'Aménagement, de Développement Durable et d'Egalité des 
Territoires (SRADDET / Planning, Sustainable Development 
and Territorial Equality Regional Schemes) (REGION-SUD, 
2019). The strategy proposed by the region in the SRADDET 
targets the massive development of energy production 
(thermal and electricity) from renewable resources. Just in 
terms of the new electricity production in 2050, around 86% 
(47 GW) of the targeted developments come from 
intermittent solar energy, which would thus represent 73% of 
PACA’s electricity production. The region has as well 
presented its regional hydrogen plan, in which it proposes to 
foster hydrogen demand and production (Region SUD, 2020). 

With all this in mind, P2G options emerge as solid 
contributors to reach the low-carbon energy transition. This is 
why its integration to the energy systems, and how it would 
impact them has been discussed at length by the scientific 
community (Götz et al., 2016). 

1.1. Literature review and contribution 
Many different studies analysing how P2G can contribute 

to the decarbonization of energy systems, and how its 
introduction would impact the energy systems have been 
published. Most of them focus on one type of energy or just 
in part of the energy system. One of the main streams of 
literature correspond to studying P2G storage options as a 
mean to capture high renewable electricity production. 
(Moeller et al., 2014) show that P2G is a main part of a cost 
optimal energy system with renewable energy shares above 
75%. However, (Kötter et al., 2016) show that a 100% 
renewable energy system can be realised with or without P2G 
as it is possible to use batteries. Nonetheless, a long-term 
energy storage system such as P2G can reduce the cost of the 
energy system. A similar finding is given by (Colbertaldo et al., 
2019) and (Moeller et al., 2014) which find that the best 
alternative is the mixed deployment of batteries and P2G 
technologies rather than batteries or P2G alone. Then, P2G as 
a storage option might be limited in future energy scenarios, 

with deployment levels representing up to 6% of final energy 
demand in 100% renewable energy systems (Blanco & Faaij, 
2018), and one of the best deployment options would be to 
develop P2G as a seasonal storage technology as energy 
storage capacity needs might increase (Belderbos et al., 
2015). During summer season, to capture up to 90% of excess 
solar electrical production, P2G capacities up to 19 GW might 
be needed (Bailera & Lisbona, 2018).  Then P2G alone seems 
not to be the best economical option, and it has to be paired 
with other storing technological solutions like power-to-heat 
(Jentsch et al., 2014).  

P2G would be further developed if it is looked to replace 
natural gas demand (Blanco & Faaij, 2018). (Pursiheimo et al., 
2017) assessed how P2G technologies could help the 
integration of variable renewables finding that P2G could be 
used mainly to produce synthetic gas for the transport and 
industrial sectors, rather than acting as an energy storage for 
excess renewable production. Another possibility to promote 
the production of P2G is through injecting hydrogen into 
natural gas networks. This would foster initial developments 
of hydrogen production, allowing to decarbonate some of the 
gas demand and reduce imported natural gas. In the UK, 
transforming natural gas networks to hydrogen seems the 
most economical solution to decarbonize gas consumption 
(Dodds & McDowall, 2013). However, there is a lack in the 
literature about assessing how hydrogen injection into 
natural gas networks would interact with the rest of the 
energy system, and if it is preferred over direct consumption 
of hydrogen or not.  

Nevertheless, P2G can interconnect electricity and gas 
networks, and in this regard, some researches assess the 
balance and flexibility of the integrated gas-electricity 
network based on the high share of renewable energy 
sources. In particular, Joint planning strategies would be 
preferred over sequential planning or single storage planning 
as it can fulfil the peak charging load while yielding to low 
investment cost (Gu et al., 2021). (Qadrdan et al., 2015) finds 
that producing hydrogen from electricity is capable of 
reducing wind curtailment of high wind production and 
decrease the overall cost of operating the gas and electricity 
network in Great Britain. (J. Liu et al., 2021) finds out that 
P2G is critical in the operation performance of power system, 
gas network and heating sector in view of reducing decline of 
gas supply to power system, lessening dependance on gas 
wells and preventing large drop of node pressure when peak 
demand arrives. 

Some other studies asses how P2G technologies interact 
with the rest of the energy system, and how they can 
contribute to decarbonization objectives. Most of these 
studies perform the analysis through optimization and/or 
simulation models, and by the bias of different scenarios they 
evaluate possible trajectories for the deployment of P2G 
technologies, and focuse mainly in the deployment of one 
product (hydrogen or synthetic methane) (Eveloy & 
Gebreegziabher, 2018). The geographical coverage goes from 
international regions, countries, to urban or distributed 
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levels. Little attention is given to intra-national regions. At the 
EU scale it is found that electrolysers can help to capture 
excess power from renewable production which adds 
flexibility to the power sector and copes with renewable 
energy’s fluctuation (Sgobbi et al., 2016). The hydrogen 
would help to decarbonize the industry and transport sectors. 
However, high share of intermittent renewable electricity 
production would not be a condition to push the 
development of Power-to-Methane (P2M) technologies, as 
the flexibility is provided by electrolysers which did not 
extend to the production of methane (Blanco et al., 2018). 
For the Baltic countries (Latvia, Estonia, Lithuania)  higher 
renewable production and of hydrogen is possible when  all 
three countries deploy their wind resources (Zoss et al., 
2016). Hydrogen then could be mixed with biogas to increase 
its CH4 content and it can be used to compensate for 
fluctuations of the system. At national scale, it has been 
found that hydrogen can help to decarbonize the energy 
systems as well, and established that the shift from fossil 
fuels to cleaner energy is unlikely to be successful without the 
use of hydrogen technologies to capture the excess solar and 
wind production (Contreras et al., 1999; Guandalini et al., 
2017). While most of the studies discuss how P2G could help 
to capture excess renewable production, there are some 
studies considering that P2G can profit from excess nuclear 
power production (this mostly applies for France) (Scamman 
& Newborough, 2016). At the intra-national scale most of the 
research has focus on the German case, as the country has 
deployed important capacities of renewable energy 
production (Eveloy & Gebreegziabher, 2018). (Estermann et 
al., 2016; McKenna et al., 2018; Moeller et al., 2014) discuss 
the deployment of P2G in intra-national regions in Germany, 
but they omit the interaction of the electrical interconnection 
with the rest of the country. This does not allow to evaluate 
the balance effect that this interconnection might have over 
the deployment of renewable energies, and over P2G 
technologies. In fact, (Pursiheimo et al., 2017) discusses that 
volatility of wind and solar power productions can be 
balanced by trade. Those studies omit as well how to deal 
with energy consumption that do not correspond to the 
territory, such as vehicles coming from other regions and/or 
from the rest of the Europe. At the local level (urban areas) 
(Ikäheimo et al., 2022) finds that ending consumption of fossil 
gas altogether was not possible without investment into P2G 
or transmission grid expansion. The results show that 
exploiting P2G can help defer transmission grid expansion 
and allow cost savings. 

The research detailed² in the present paper closes the 
existing gap in the literature about studying the deployment 
of P2G solutions at the intra-national regional scale, as a 
mean to contribute to national and international 
decarbonization objectives. For this study, a bottom-up 
energy model is developed for the PACA region at the south-
east of France, following the TIMES framework and 
constructing the TIMESPACA optimization model. The novel 
modelling approach followed in this study, contributes to the 

current knowledge about how to model local energy systems 
by carefully integrating the specific characteristics in terms of 
how energy is produced, transported, and consumed in a 
intra-national regional scale. First, it is well identified the 
energy demand on which the regional energy policy would 
not have a direct effect over its decarbonization, which has 
not been addressed by other researches. Second, the 
modelling looks to integrate a detailed representation of each 
of the P2G technologies, and how P2G products are 
transported and consumed, clearly identifying CO2 emissions 
at each of the production, transportation and consumption 
stages, which allows to better asses the decarbonization 
potential of each technological option. Injection of hydrogen 
into the gas grid is specifically assessed and compared with 
other decarbonization options. The model takes into account 
as well the electrical interconnection with the rest of the 
France, and energy trades among the territories of the region 
are allowed. The model includes a variety of different 
technologies and energy vectors for each of the different final 
consuming sectors. In particular, it is included heat pumps 
(using ambient, and geothermal energy) for the residential 
sector. This allows to compare the real potential of P2G 
technologies compared to other possible decarbonization 
options and energy vectors, which allows to have a complete 
view of how different energy vectors can cover the different 
energy services’ demand and clearly observe how P2G places 
in the whole system, which is lacking in some previews 
researches. Third, through different scenarios, the paper 
looks to study how P2G technologies can help the 
deployment of renewable resources at the local scale, and 
how it would be possible to develop a local green hydrogen 
market. Finally, the paper shows how developing P2G at the 
local scale would help as well to reach the French and the 
European Union’s P2G objectives. This paper is a good 
example of how local energy systems should be modelled in 
order to better assess the decarbonation pathways of the 
territories, and how they can contribute to national and 
international decarbonization objectives. The paper clearly 
highlights as well that studying the deployment of P2G 
technologies at the intra-national regional scale is imperative 
to foster the application of policies that would contribute to a 
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fast, and more accurate development of the different P2G 
options, and to reach a faster decarbonization of the energy 
systems at national and international level.  

 
2. The Provence-Alpes-Côte d’Azur Region 
2.1 Energy context 

The PACA region, home to around 5 million inhabitants, 
is the fourth largest consumer of final energy in France, with 
509 PJ in 2017, accounting for around 8% of national energy 
consumption and CO2 emissions. This consumption is 
characterized by a predominance of fossil fuels and a large 
share of petroleum products. This is explained by structural 
characteristics, namely a larger industrial sector than in the 
rest of France (consuming 32% of regional energy), and 
particularly high energy consumption of its transport sector, 
even if it remains comparable to the national level (around 
37% of total regional energy consumption). With one-third of 
the region's energy consumption, the residential and tertiary 
sectors are also significant, the largest energy use coming 
from heating (53%), mostly electric. An analysis of the 
territories of the PACA region reveals a significant difference 
between the energy needs of each of its administrative areas 
(départements). The biggest consumer, Bouches-du-Rhône, 
represents 50% of the final energy consumed in the region 
due to the presence of a large high-energy industry and its 
high population. The difference in consumption with the 
second highest consumer, Alpes-Maritimes, is around 105 PJ, 
and around 168 PJ with the lowest consumer, Hautes-Alpes, 
making a difference of 20% and 40% respectively. The 
building and transport sectors in each département represent 
similar shares of total consumption, with an average of 35% 
for buildings and 35% for the transport sector. Despite this, 
each département has contrasting demands due to seasonal 
variations resulting from tourist activities, and a high 
concentration of economic activities and demographics on 
the coast, which are located far from production sources. In 
fact, these zones represent 90% of the energy consumption 
of the Alpes-Maritimes, Var, and Bouches-du-Rhône 
départements.  

Compared to its high consumption level, the region 
produces only around 18% of the energy it consumes (Figure 
1). The production of domestic electricity and heat is mainly 
derived from renewable primary resources, 43% from 
hydraulic origin and 13% from biomass, including wood. 
Concerning electricity, the region produces around half of its 

requirements, the remainder coming from the national grid. 
Even though the region does not possess fossil fuels, the 
electricity production based on these commodities is 36% of 
the total production, principally from natural gas. The total 
consumption of fossil fuels, mainly oil products for its 
transport and industrial sectors, generates high greenhouse 
gas emissions, reaching 37 t CO2eq, mostly concentrated on 
the coast. An analysis of the production of each département 
shows a similar pattern to consumption. As shown in Figure 
1, final energy production is equally uneven in each 
département. The biggest producer, Bouches-du-Rhône, has a 
difference of around 31 PJ with the lowest producer, Hautes-
Alpes. 

2.2 Renewable energies in the PACA region 
The region has access to considerable available primary 

renewable energy resources, some of which have almost 
exhausted their potentials while others are underdeveloped. 
The region is the third biggest producer of hydroelectricity in 
France. This production has almost depleted its hydric 
resources, leaving a potential to be developed of around 5 PJ 
(CEREMA, 2015) which represented almost 1% of the energy 
consumption of the region in 2017. On the other hand, 
despite being the first territory in terms of availability of solar 
resources, the PACA region only ranks third in terms of 
electricity from solar production.  

In order to take advantage of the availability of this 
resource in the territory, the PACA region has set an objective 
to develop electricity production using solar resources of 
54 PJ in 2030 and 216 PJ in 2050. This means that in 2050, 
solar production alone would cover more than 40% of the 
total final energy consumed in 2017. If we add the targeted 

Sector 2027 2032 
Heavy transport 100 630 
Utility vehicles 540 2280 

Buses 86 260 
H2 production (tH2/an) 16000 28800 
Hydrogen injected into 

the gas network (tH2/an) 3000 5400 

Table 1: Objectives proposed in the PACA’s 
regional hydrogen plan 

 

Power to gas projects 
Jupiter 1000 2020 1 GW Electrolyzers 
HYGREEN 2025 12 MW Electrolyzers 

 2030 435 MW  

Valhydate 2025 7500 t/an 
Waste 

hydrogen 
valorization 

HynoVAR 2030 7 Hydrogen 
buses 

Table 2: Power-to-gas projects programmed in the PACA 
region 

 
Figure 2: Region PACA’s study zones 
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production from wind technologies in 2050, around 38 PJ, the 
total production from intermittent sources will represent 
around half of the energy consumed in 2017. Moreover, the 
region has set an objective to reduce its final energy demand 
by 30% in 2050, in which case intermittent electricity 
production would cover around 73% of the energy demand in 
2050. These massive developments in intermittent renewable 
resources present several challenges for the region. The first 
one is to identify the best zones to develop intermittent 
technologies and determine how this will affect the structure 
of the energy system in each territory of the PACA region. For 
example, if the new photovoltaic developments are mainly 
developed in the north of the region, their production will 
need to be transported to the coast, which concentrates 
most of the consumption. On the other hand, if the solar 
developments occur in the south, their production will have 
to be transmitted to the zones that can capture excess 
production. Another challenge corresponds to the allocation 
of high intermittent production in low consumption periods: 
according to the French network manager (Réseau de 
Transport d’Électricité, RTE), from 2030, moments of high 
solar irradiation will produce excess electricity that will be 
needed to be oriented towards other electricity usages (RTE, 
2019).  

The region adopted in 2020 the Regional Hydrogen Plan 
(Region SUD, 2020) on which it strengthens its commitment 
to achieve carbon neutrality (Table 1). It finds in the 
deployment of hydrogen an opportunity to push the 
development of the sector in the region, but also to promote 
that of solar production, and the decarbonization of its 
energy consumption. It mainly seeks to introduce hydrogen 
into the transport and industrial sector and sets targets for 
2027 and 2032. The region is as well a territory with several 
different P2G demonstration projects (Table 2). 

3 Methodology 
The TIMESPACA model is a decision-making tool developed 

specifically to evaluate the development of the energy system 
of the PACA region in the south-east of France until 2050. It 
has been constructed based on the TIMES framework. TIMES 
is developed, maintained, and promoted by the Energy 
Technology System Analysis Program (ETSAP) of the 
International energy Agency (IEA). TIMES is a bottom-up, 
partial equilibrium model generator following a linear 
optimization paradigm, that looks to minimize the total 
discounted cost of the system through the defined period. 
TIMES’ objective is to cover the exogenous energy services 
demand (heating, cooling, mobility, etc.) at the lowest net 
present value (NPV) in a specific time period and respecting 
the constraints defined by the user (Loulou & Goldstein, 
2016). The objective function followed by TIMES is given by 
the equation: 

(𝑁𝑁𝑁) = ∑ ∑ �1 + 𝛼(𝑟)�𝑦𝑦𝑦𝑦
−𝑦
𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝑟,𝑦)𝑦∈𝑌𝑟∈𝑅   (1)  

• NPV is the net present value of the total cost for all 
regions; 

• α (r) is the general discount rate; 
• Yref is the base year; 
• ANNCOST (r, y) is the total annual cost in region r in year 

y; 
This expression includes: investment costs, fixed and 

variable costs, the costs of importing and extracting 
commodities, and taxes.  

The TIMESPACA model was created as a tool to facilitate 
the analysis of the different strategies and policies that can 
be followed in order to lead the region to a low-carbon 
energy transition, and to better asses the role that the 
different technological options can play in reaching this 
objective. In this sense, the TIMESPACA model has been 
meticulously developed to integrate the specific 

 
Figure 3: Simplified region PACA’s energy system 
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characteristics that the energy system of its territory 
presents. Hence, the PACA energy system is broken down 
into nine zones or sub-systems, as shown in Figure 2, which 
represent the départements of the region: the Vaucluse 
(VAUC), Alpes-de-Haute-Provence (AHP), Hautes-Alpes (HA), 
Bouches-du-Rhône (BDR), Alpes-Maritimes (AM) and 
Var areas. The latter three present an energy consumption 
concentrated in littoral areas (90% of the consumption of 
each département), so they have been separated into two 
zones: high-energy consuming zones (AM1, VAR1, BDR1) and 
low-energy consuming zones (AM2, VAR2, BDR2). In addition, 
a region called “PACA” has been created in order to represent 
the French electric and gas network. In other words, this 
region can take electricity and gas from the French network 
and send it to the different territories when it is more 
economical to do so than producing locally. Electricity and 
other energy costs along with their projected costs towards 
2050 are detailed in Annex 2. Moreover, this region is also 
used as a trade hub for electricity and gas commodities. In 
this way, the different territories can inject these 
commodities to the “PACA” region and withdraw them when 
needed. 

TIMESPACA allows a rich detailed representation of each 
energy system in every zone in the region in order to depict 
the specific issues affecting them. In addition, this 
representation includes, for each zone: primary available 
energy resources; transformation, transportation and 
distribution processes with their respective technical-
economic costs (including the electrical interconnection 
between the region and the rest of France in terms of 
electricity and gas); and end-use energy demands. Demand is 
represented in five different big sectors along with their 
respective associated energy services: transport, residential 
buildings, tertiary buildings, industry, and agriculture. For the 
building sector, the energy services are lighting, heating, 
cooling, cooking, specific electric devices, etc. Moreover, for 
the tertiary sector energy demand is broken down into eight 
different economic activities: offices, tourism, commerce, 
research, community habitat, transport buildings, health and 
social action, and sport, culture and leisure. With respect to 
the transport sector, it has been broken down into mobility 
demands for individual vehicles, freight transport, buses, 
utility cars, etc. Finally, the industry sector has been 
represented according to the different industrial activities 
presented in the region. The objective of this detailed 
representation is to identify more accurate policies to 
support the decarbonization of specific sectors. For example, 
tourism is an activity that in some zones represents around 
half of total emissions, like in AM1 (ADEME, 2012), making it 
interesting to study the impact of some economic activities 
on energy demand and emissions. These final sector-specific 
energy demands have been derived from ATMOSUD’s1 
database. The model is divided into 12 time-slices 

                                                           
1 AtmoSUD is a French association responsible for monitoring the 

air quality of Région SUD.  

representing daytime (13 hours), peak hours, and night (10 
hours), and the four seasons. 

Furthermore, the TIMESPACA model includes potential 
technologies that can be developed in each zone and some 
other technologies whose development depends on the 
geographic location of each zone, such as marine energy, and 
offshore wind. End-use technologies are based on 
(Assoumou, 2006; Millot, 2020). Hydrogen production can be 
developed through electrolyzers, biomass gasification or 
reforming. The modeling of these technologies is based on 
(Sgobbi et al., 2016). The specific techno-economic data for 
P2G technologies is detailed in Annex 1. 

The modelling of P2G technologies is based on (Bolat & 
Thiel, 2014; Doudard, 2019), and adapted according to the 
region’s reality. The CO2 capture options include the 
development of carbon capture and storage (CCS) for the 
steel and cement industry in the BDR1 zone, and for the 
cement industry in the AM1 zone, as the region presents 
significant potential for the development of this technology. 
However, the region does not have access to CO2 storage 
options (ADEME, 2020), and thus alternatives need to be 
anticipated to take advantage of these potentials. For 
example, the CO2 captured in these industries (which is non-
biogenic) can be used in the methanation process. The 
combustion of synthetic methane issued from CO2 from non-
biogenic sources would produce 14% less emissions than 
natural gas according to data from (Meylan et al., 2017). In 
addition, CO2 can be captured from biogas purification 
processes, and can also be used through methanation to 
produce biomethane whose combustion would be carbon 
neutral. Biogas can be produced from bio-waste anaerobic 
digestion. Furthermore, municipal solid waste (MSW) can be 
used through gasification to produce synthetic gas that can 
be purified (with or without CO2 storage) and injected into 
the gas network as synthetic methane. In addition, synthetic 
gas or biogas can be directly used to produce heat or 
electricity. 

This detailed representation shows the flow of 
commodities through the different transforming processes to 
ultimately satisfy energy demand, depicting in this way the 
Reference Energy System (RES) of the PACA (Figure 3). A 
detailed representation of the modelling of the different 
decarbonization options, integrating specific characteristics of 
the regional energy system, is presented in annexes 3 to 6. 
The results of the model include the evolution of the 
structure of the energy system for each département; the 
investment needed for this evolution; the operating cost of 
the developed technologies; the energy flows among the 
represented technologies; the energy consumed by type of 
commodity; and the related emissions, among other things. 
The model’s time horizon is 2050 and the reference year is 
2017. 
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4. Scenarios and constraints 
Demand projection: The exogenous demands for energy 

services that will guide the choice of the model in all the 
different scenarios studied in the present paper are projected 
as follows. Heating demand in the habitat sector is estimated 
using the heat requirements per m2 of existing and new 
buildings. The number of new buildings in 2030 is taken from 
(INSEE, 2019). To establish the requirements of new buildings 
in 2050, we took the observed trend from 2017 to 2030. The 
heat consumption of existing buildings is around 50 kWh/m2, 
and 12 kWh/m2 for new buildings according to national 
regulations (Marcheteau, 2020). Cooling demand may be 
particularly high in 2050 as hotter weather is more likely to 
occur (ADEME, 2015). In particular, the PACA region features 
higher temperatures during the year than the rest of France. 
For the remaining energy service demand from the habitat 
sector, we employ the driver population growth published by 
(INSEE, 2017). Mobility demand has been projected using the 
evolution of kilometers traveled by each type of vehicle in the 
past ten years. For the industry sector, we assumed a growth 
rate of 0.5% per year, which means an increase in industrial 
activity of 18% in 2050 with respect to 2017. The analysis 
employs four different scenarios: reference, SRADDET, 
autonomy and hydrogen scenarios. 

 

Reference scenario (REF): This scenario considers the 
actions that the region has implemented (until 2017) and 
which directly affect the regional energy sector. We further 
integrate past trends for different energy sectors and services 
in each studied area over the past ten years, and also 
consider the region's Climate Air Energy Territorial Plan 
deployed in 2017 (Région SUD, 2017). This plan in particular 
supports the development of current power-to-gas (P2G) 
projects that have been established in the region (Table 3).  

These projects will be developed in all the studied 
scenarios. We consider that the effects of the energy policies 
of the region since 2005 are visible in the consumption data 
of the last ten years. In this context, we do not consider the 
objectives of the region established more recently in the 
SRADDET (Regional plan for territorial and sustainable 
development / Schéma régional d’aménagement et 
développement durable du territoire). The assessment of 
regional objectives published in 2018 notes that the region is 
far from achieving most of them, and that while some 
objectives have been achieved, this is not due to the actions 
of the region but rather to external effects (Région SUD, 
2018). This scenario also attempts to reflect the low level of 
appropriation of climate issues amongst politicians and 
economic actors of the PACA region: indeed, according to the 
High Council for the Climate, “political and economic actors 
do not yet appear to be sufficiently aware of the subject [of 
appropriation of climate issues]”, and the ambitious 
objectives declared in the SRADDET appear “to be a 
declaration of intent based on outward appearances but 
without any concrete commitment”(Haut Conseil Pour le 
Climat, 2020).  

In addition, we do not include other objectives 
established at national level. This scenario is therefore not 
very ambitious in terms of decarbonization and highlights the 
enormous efforts to be made to achieve a low-carbon energy 
transition or even a circular economy. It serves as a basis for 
building other scenarios and for defining actions to be 
implemented to guide the region more effectively. The main 
hypotheses considering the production of electricity are 
detailed in annex 2.  

 

SRADDET scenario (SR): To accompany France in its 
efforts to reach a carbon-neutral energy system in 2050 and 
to strengthen its commitment to cope with climate change, 
reduce greenhouse gas emissions, and improve the quality of 
life of its citizens, the PACA region has redefined the 
objectives proposed in its SRADDET. The objectives 
established by the region in order to reach a carbon-neutral 
scenario include: first, fostering the development of local 
available energy resources and reducing fossil-fuel based 
consumption; and second, reducing final energy demand by 
30% in 2050 with respect to 2007. Actions concerning the 
reduction of consumption imply, for the habitat sector, 
mobilizing 10% of building renovation potential, and for the 
transport sector, integrating greater use of public transport 
and bicycles, and reaching a higher modal share of vehicles, 
up to 1.35 people per car from 2030 (1.2 people in 2017 
(AtmoSud, 2017)).   

The development of the supply side is constrained 
according to the objectives proposed by the region in the 
SRADDET (Table 4), and in the regional hydrogen plan which 
targets objectives for the development of the hydrogen 
sector up to 2032 (REGION-SUD, 2019; Region SUD, 2020). 
The principal aims of this scenario are to analyze how the 
proposed objectives in terms of developing the energy sector 
can shape the region’s energy system, and to determine the 
role of P2G technologies in the accomplishment of this 
objective. These two alternatives   would help to get some 
insights as to whether the proposed strategy will be sufficient 

 
Table 3: SRADDET supply side objectives 

 

Energy 2017 2020 2025 2030 2050

 Max 3.03 4.65 4.65 4.65
 Min 2.88 4.42 4.42 4.42

 Max 1.99 4.42 5.57 10.80

 Min 0.99 2.21 2.78 5.40

 Max 2.78 8.56 14.40 28.80

 Min 0.00 - - -

 Max 30.65 32.65 32.65 34.95

 Min 29.12 31.02 31.02 33.20

 Max 8.95 12.72 13.14 58.94

 Min 4.48 6.36 11.83 53.05

 Max 12.98 32.37 40.94 157.14

 Min 1.30 6.47 36.85 141.43

 Max 1.99 4.38 7.20 14.78

 Min 1.73 2.19 3.60 13.30

 Max 4.11 7.20 15.20

 Min 2.06 3.60 7.60

Wind Offshore    1.38 

Hydroelectrici ty  28.65 
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PJ
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ground    5.51 
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Methanisation    1.73 

Gasei fication        -   

SRADDET

Biomass    1.41 

Wind onshore    0.42 
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to achieve an energy transition and obtain a carbon-neutral 
energy system in 2050.  
 

Autonomy scenario (AUT): This scenario limits the 
electricity and gas available from the French networks in 
order to analyze whether the region can cover all of its 
energy demand by developing its local available energy 
resources, and to determine the role of the different 
available technologies in this decentralization process.  

 

Hydrogen scenario (HGS): In order to observe the role 
that the different P2G techniques can play in the low-carbon 
transition of the PACA region, this scenario envisions a 
significant deployment of hydrogen production of minimum 
50 PJ in 2050 and a consumption of at least 30 PJ by the 
transport sector. The main hypotheses concern supply and 

demand for each.  

5. Results and discussion 
 
• P2G products for final energy demand 

The use of P2G technologies is very limited in the REF 
and SR scenarios that mainly follow the P2G projects and the 
regional hydrogen plan (Figure 4). This shows that the 
objectives proposed by the region are not ambitious enough 
to encourage the deployment of a hydrogen market or even a 
synthetic methane market in the long term. On the other 
hand, in HGS and in AUT, P2G products (hydrogen and 
synthetic methane issued from methanation) play an 
important role in the energy mix of the region in 2050 as they 
represent 10% (45 PJ) and 13% (59 PJ) of the final regional 

 
Figure 4: Final energy demand 
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Figure 5: Final energy consumption in the transport sector 
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energy demand respectively. This use of synthetic methane is 
higher with respect to the results found in (Blanco & Faaij, 
2018). Synthetic methane is mainly used in the industry 
sector at 80% (27 PJ) in AUT and at 54% (12 PJ) for HGS 
(Figure 5). The rest is used in the habitat sector to cover 
heating, water heating and cooking energy demand. Then 
P2G products in the habitat sector have a flexibility role, 
covering the residual energy demand that the other energy 
vectors have not been able to satisfy. Moreover, the low 
introduction of P2G products into the habitat sector is 
explained first because the synthethic methane produced 
uses CO2 from industrial activities which cannot contribute to 
the decarbonization of the sector. Then heat pumps using 
ambient heat and geothermal energies appear to be more 
economical options, and finally because of the use of 
electricity. In fact, in 2050 all the electricity consumed in the 
habitat sector has been covered by roof photovoltaic 
production, backed up with batteries. These batteries have 
stored around 30% of the production and the rest is injected 
into the electric network (Figure 6). This shows that P2G and 
batteries can complement each other and be deployed jointly 
in low carbon scenarios. In particular, it should be a holistic 
planning that allows to take into account all the energy 
resources present in the territory and carefully allocate each 
resource for a specific demand in order to optimize 
investments.  

The high use of synthetic gas in AUT is because it is 
employed to replace the natural gas coming from the French 
gas network. Hence, replacing natural gas with synthetic 
methane would encourage the production of synthetic 
methane. Direct hydrogen use is mainly observed for the 
transport sector in all scenarios, with a slight use in the 
residential sector in HGS (8% of total hydrogen in 2050). Thus, 
in the transport sector, in HGS, hydrogen is used at 53% for 
utility vehicles, 33% for freight transport, and 14% for buses, 
while in AUT hydrogen is used at 40% each for utility vehicles 
and freight transport, 14% for buses, and the rest for private 
vehicles. These differences can be explained by the fact that 
the natural gas used for the freight transport sector in HGS, is 

replaced by oil products in AUT which come from private 
vehicles, see Figure 7.  

Therefore, in order to replace the oil products being 
used by private vehicles in HGS, in AUT private vehicles use 
biogas and hydrogen. Considering all of these results, final 
CO2 emissions are reduced the most in AUT, which achieves a 
reduction of 57% with respect to 2017, followed by SR with a 
reduction of 49% and then HGS with a reduction of 45% in 
the same period. This shows that the use of P2G products 
constitutes a very important option for the reduction of 
greenhouse gas emissions in the region: hydrogen issue from 
the use of renewable resources, represents a clean energy 
that can help the decarbonization of the transport sector and 
complement the use of electricity that has problems to cover 
energy demand of freight transport vehicles. For the industry 
sector, hydrogen allows the use of CO2 for the production of 
synthetic methane that contributes to the decarbonation of 
the industrial activities. However, more efforts are needed in 
order to further reduce the use of fossil fuels in all sectors of 
activity.  

• P2G production 

The key energy vector produced by P2G technologies is 
hydrogen, as it can be used to cover final energy demand, 
replacing fossil fuels, and to produce synthetic methane. In 
this regard, the production of hydrogen starts in 2020 
following the P2G projects established by the region. 
Hydrogen production increases in 2030, mainly in HGS where 
the production reaches 5 PJ. In 2050, hydrogen production 
increases significantly, reaching the highest production in 
AUT with 55 PJ due to the high consumption of synthesis gas 
in industry and in the residential-tertiary sectors, and of 
hydrogen in the transport sector. In HGS, hydrogen 
production comes mainly from electrolyzers following the 
established constraint of a minimum production of 50 PJ 
which requires the development of 3.2 GW of installed 
capacity. We established this constraint with the objective of 
observing the effect that such hydrogen production would 
have on the production of electricity from the use of solar 
resources. Thus, this production proved sufficient to cover all 
of the hydrogen needed in the scenario so that the use of 

 
Figure 7: Electricity consumption in the habitat sector vs 
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reforming or gasification was not necessary, even when they 
were available for development. In AUT the hydrogen comes 
76% from electrolyzers (2.8 GW of electrolyzers), 21% wood 
reforming (0.6 GW) and 3% MSW gasification (0.06 GW).  

Producing this hydrogen requires significant amounts of 
electricity. In the region in 2050, this electricity is covered by 
solar photovoltaic production. In AUT and in HG, the high 
hydrogen production allows to develop all the easily 
accessible ground solar potentials (54 PJ). In an SR scenario 
where hydrogen production is not significant, ground solar 
potentials are developed at 50%. In Figure 8, it is possible to 
observe that most of the hydrogen production takes place 
during high solar photovoltaic production in high irradiation 
periods; indeed, the difference between solar production and 
electricity demand in high solar production periods almost 
corresponds to the electricity required from electrolyzers in 
AUT and HGS. However, it is also possible to identify that in 
winter, solar production would not be enough to cover the 
electricity demand of the electrolyzers, which will require 
electricity from other sources. In general, electricity 
production is 8% higher in AUT than in HGS, with slightly 
higher solar production of 3% in AUT with respect to HGS.  

The main hydrogen production zone in all scenarios is 
AHP, using centralized large-scale alkaline electrolyzers, as 
this allows for economies of scale. As a result, this zone 
becomes a net importer of electricity (being net exporter in 
2017) as its production only covers around 70% of its total 
electricity demand of around 60 PJ (electrolyzers and final 
electricity demand). Then low consuming zones have become 
net electricity exporter and this show that, for the region it is 
needed a coordinated planning of energy developments in 
order to reach decarbonation objectives and better profit of 
the resources present in the region. PEM electrolysis 
technologies are not chosen in any of the scenarios. What 
drives production in this area is mainly the presence of the 
saline cavity which serves for hydrogen storage. Indeed, more 
than 50% of the production in each scenario is stored in these 
cavities during day-time production, and is then used in the 
other periods. This illustrates the importance of this storage 
option in the region's energy low carbon transition as it 
allows increased flexibility of the system. In addition, in all 

scenarios, the hydrogen that is used in the transport sector is 
delivered for final consumption, first through pipelines, and 
then taken to a filling station in trucks. In SR, where there is a 
hydrogen production of 13 PJ, the production comes from 
medium-sized electrolyzers and takes place in the VAUC and 
AHP zones, each representing 36% of the production, the rest 
is produced in the BDR2 zone.  

As mentioned previously, there is a significant 
production and consumption of syngas in the different 
scenarios. The production of this energy takes place through 
methanation and gasification, which starts from 2040. Thus, 
methanation, using industrial CO2, accounts for most of the 
production in all scenarios. This methanation takes place in 
the zones where the CO2 has been captured, zone AM1 for 
the cement sector and BDR1 for the steel industry; synthesis 
gas is also mainly consumed in these zones. Gasification for 
the production of syngas also uses MSW, and in all scenarios, 
the potentials of MSW are predominantly used for the 
production of either hydrogen or syngas gas. These resources 
are therefore very important for achieving the region's 
energy transition objectives. Moreover, we target them 
because in the reference scenario we can already observe the 
use of these resources through gasification for the production 
of synthesis gas. A carbon tax would further push the 
development of clean energies in this scenario.  

Another important finding in this study is that blending 
and injecting hydrogen into the natural gas network is 
negligible. This is explained because it is prefered to foster 
hydrogen consuming technologies in order to have greater 
energy demand rather than just consuming small quantities 
of hydrogen through the gas network. Developing small 
capacities of hydrogen might not be sufficient enough to 
create and foster an hydrogen market. A similar situation is 
observed with the use of synthetic gas. Moreover, there is no 
use of P2G technologies to produce electricty as the absence 
of renewable production is covered by the use of batteries, 
and by the production of electricity through biogas and wood 
based power plants. Finally, the electricity coming from the 
french network has been reduced completely in all scenarios, 
except for HGS where just 5 PJ have been used in 2050 (60 PJ 
in 2017). 

 
Figure 8: Evolution of the energy production for each study zone of the PACA region 
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Facing the high cost of deploying P2G technologies 
would imply to apply policies targeting the use of P2G 
products for specific uses. Then hydrogen should be targeted 
for the transport sector, and syntetic methane for the 
industry sector in order to reeplace natural gas. This would 
allow greater specialisation and reduction of costs. Moreover, 
the PACA region cannot target higher CO2 taxes than those 
proposed by the French government, so in order to promote 
the development of P2G technologies there should be 
established subsidies to final consumption of P2G products. 

• Biogas 

It is important to make a point about biogas production 
as its purification for injection into the gas network would 
generate biogenic CO2, which can be mixed with hydrogen to 
produce biomethane, whose use would substitute some of 
the remaining fossil fuel use in HGS and AUT reducing 
emissions even further. In this sense, biogas reaches a high 
production of 21 PJ in 2050 in SR and 21 PJ in AUT, with the 
main producers being the BDR1 and VAUC zones. Of this 
production, 89% has been purified and injected into the gas 
transport network, but less than 1% has been purified with 
CCS (which has been mixed with waste hydrogen to produce 
biomethane). This provides an additional opportunity for the 
region for further decarbonation of the energy sector, as 
capturing the CO2 from biogas purification, for example in 
AUT, would allow the additional production of around 12 PJ 
that can replace the fossil fuels used in the industrial sector 
(11 PJ). Nonetheless, this would require an additional 15 PJ of 
electricity needed for electrolyzers production, which can 
foster even higher electricity production from renewable 
resources in the region.  

• Contribution of the region to national and international 
hydrogen deployment objectives  

The region accounts for around 8% of the French energy 
consumption and CO2 emissions. Then the development of 
hydrogen is inevitable for the decarbonation of the French 
and regional energy system, but most importantly, 
developing local hydrogen can contribute further to this 
decarbonization as the distance between the production 
site, the AHP zone, and the consumption sites (high 
consuming zones: BDR1, AM1, VAR1) is not very significant. 
In fact, it is possible to create a hydrogen valley in the region 
where it is possible to profit from high local intermittent 
renewable production to produce hydrogen that are 
localized close to consumption sites (Jorgo Chatzimarkakis, 
Levoyannis et al., 2021). If hydrogen can be stored and used 
close to the production sites, its cost would be reduced 
significantly (IEA, 2019). Then transporting hydrogen from 
other regions might not be the most economically available 
options, mainly because of the geographical structure that 
the region presents with mountainous areas in the north 
that limits the interconnection with the rest of the France. 
However, this should be studied deeper through 

geographical information systems, to allow a more complete 
integration of local geographical characteristics. Then, 
producing and storing hydrogen in the AHP zone and 
transporting it for consumption in high consuming areas in 
the south, might be a strategy to consider in order to foster 
the development of a hydrogen market. Hydrogen valleys 
would be key hubs for the emerging hydrogen economy 
(Jorgo Chatzimarkakis, Levoyannis et al., 2021), which 
applies for the region and the rest of France. 

In addition, hydrogen might be a very important energy 
carrier for the region as it allows to profit from the carbon 
capture potentials present in the territory through 
methanation to produce synthesis methane. These 
potentials would not be developed otherwise, as the region 
lacks storage options (ADEME, 2020). Furthermore, 
developing the consumption of hydrogen for regional 
vehicles in high consuming zones would be essential for 
developing hydrogen in France, as the vehicles presented 
just in the region’s high consuming zones represent 5% of 
the French vehicles fleet. Moreover, as the energy 
consumption of the transport sector is highly concentrated 
in the BDR1, AM1 and VAR1 zones, this might present 
further incentives to develop hydrogen refueling stations 
and other infrastructures that will have high utilization rates 
which might present even better conditions for the 
development of hydrogen. Hydrogen allows as well to 
further developed solar resources, as shown in AUT and in 
HG. 

Finally, the hydrogen produced by the region in 2050 in 
AUT and HG would represent around 5% of the objectives 
established by the European Union for 2050 (10 000 Mt H2), 
and half the objectives stablishes by the French government 
in the National hydrogen plan, for the development of 
electrolyzers in 2030 (6 GW). It is compared the results 
obtained for 2050 with the 2030 objectives as there are not 
specific objectives stablished for 2050. In this sense, 
developing hydrogen locally, is required to develop a 
hydrogen market, which will help the decarbonization of the 
regional, and French energy system. This requires then a 
coordinated action between local and national governments. 

6. Conclusion 
This study looks to contribute to the analysis of the 

development of P2G solutions at the local level (intra-
national regional scale) as a mean to contribute to national 
and international decarbonization objectives, contributing in 
particular to the current reflection that exists about the 
development of the transport and distribution of P2G 
products, hence, the remarks of the paper will help to 
structure of the sector. For this study, a bottom-up energy 
optimization model has been constructed in order to analyze 
the possible evolution of the energy system of the PACA 
region in France. The novel modelling approach followed in 
this study integrate specific characteristics of the regional 
energy system in terms of how energy is consumed and 
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produced, and it allows to clearly identify how emissions are 
produced at each stage of the energy system. The paper then 
explores how the development of P2G technologies can help 
the development of renewable energies and the 
decarbonization of the regional and French energy system. 
The study is realized through four different scenarios: a 
reference (REF) scenario that analyzes the evolution of the 
energy system following past trends, a SRADDET (SR) scenario 
that integrates the energy policies established by the region, 
a hydrogen scenario (HGS) that pushes hydrogen production, 
and an autonomy scenario that attempts to completely limit 
the electricity and gas coming from the French network in 
order to analyze the effects over the regional energy system. 

The results show that P2G technologies can further push 
the development of solar resources and allow, through 
electrolyzers to capture excess solar electricity production in 
low electricity consumption periods. In fact, in high solar 
irradiation periods, solar photovoltaic production 
corresponds almost to the electricity demand from 
electrolyzers. However, in the case of higher electricity 
demand, and in winter, solar electricity production might not 
be enough to cover electrolyzers demand, hence it would be 
required additional electricity capacities. The hydrogen 
produced through electrolysis can significantly contribute to 
the reduction of greenhouse gas emissions from the regional 
energy system by integrating the use of hydrogen into the 
transport sector where electricity cannot cover all its energy 
demand. In particular, hydrogen can be used for freight 
transport vehicles, as there is no other energy vector that can 
allow their decarbonization. Synthetic methane presents an 
important potential to replace the use of fossil fuels in the 
industry sector, in particular when it is looked to replace 
natural gas. Its use is not significant in the other sectors as 
there are more economical and cleaner options to be 
developed. The synthetic methane produced has been 
developed using CO2 from industrial activities, then it will still 
produce emissions at consumption.  Injection of hydrogen to 
the gas network in this study has been negligible, and it has 
been preferred to foster greater hydrogen production than 
just promoting small hydrogen consumption through the gas 
network. In addition, batteries seem to complement the 
development of P2G technologies and help the 
decarbonization of the habitat sector. This is particularly 
important as it shows that a holistic planning and analysis of 
the possible decarbonation options have to be performed in 
order to better assess the potential of the different 
technologies and resources to decarbonize the entire energy 
system.  This would allow to have a clearer perspective of 
which resources develop and for which demands.  

The flexibility needed to allow high share of renewables 
has been provided by electrolyser and batteries to capture 
excess renewable production, while to cover periods with low 
renewable production it has been used wood and biogas 
based power plants altogether with batteries. Electricity use 
from the French network has been reduced completely. 

Furthermore, it is possible to further reduce regional 
greenhouse gas emissions in the region by promoting the 
capture and use of CO2 from biogas purification when 
producing biomethane. This CO2 could be mixed with 
hydrogen to produce biomethane that can be used to replace 
the oil products demanded by the industry sector. There is a 
potential to produce biomethane using biogenetic CO2 of 
around 12 PJ. Fostering the development of P2G technologies 
in the region is key to reducing emissions, as hydrogen is a 
key energy vector that can allow the decarbonization of the 
transport sector, and the production of synthetic methane 
and biomethane.  

It is highlighted as well that developing hydrogen locally 
would be more beneficial as it can foster the development of 
local resources, and reach a deeper decarbonization of the 
transport, and industry sector. In particular, the distance 
between the hydrogen producing zones, and the consuming 
zones is not very important, reducing in this way transport 
costs, which can help the development of hydrogen in the 
region, and in France. This also applies for the use of CO2, and 
the consumption of synthesis methane, as the capture and 
consumption of these commodities has mainly taken place in 
the same territory (high consuming zones: BDR1 and AM1). 
Deploying consuming hubs in high energy consuming zones 
would also be beneficial for the development of a hydrogen 
market as infrastructures would have higher usage rates. 
Then the development of hydrogen will happen first at the 
local level, which will be further developed to national and 
international scales.  

This study contributes also to the analysis of how local 
regions in the world can tackle the development of their 
renewable energy systems, in particular how to analyze the 
integration of intermittent renewable energy resources, and 
how P2G technologies can help them to reach the 
decarbonization of their energy system and contribute to the 
national and international decarbonization objectives. In this 
way, the study of local energy system is inevitable to better 
assess the development of decarbonization options that will 
contribute to the national and international low carbon 
energy transition. 

ACKNOWLEDGEMENTS 

This research has been primarily funded by ADEME and the Région 
SUD PACA and supported by SCHNEIDER ELECTRIC as part of a 
doctoral program. The work is also supported by the Chair Modeling 
for sustainable development, driven by MINES ParisTech and Ecole 
des Ponts ParisTech, supported by ADEME, EDF, GRTgaz, RTE, 
SCHNEIDER ELECTRIC, TOTAL and the General Directorate for Energy 
ad Climate of the Ministry of Ecological and Solidarity Transition. The 
views expressed in the reports or any public documents linked to the 
research program are attributable only to the authors in their 
personal capacity and not to the funder. 



14 
 

References 
ADEME. (2015). L’exercice de prospective de l’ADEME « Vision 

2030 - 2050 ». 297. 
ADEME. (2020). Le Captage et Stockage géologique du CO2 

(CSC) en France. Avis Technique, 2. 
https://www.ecologique-solidaire.gouv.fr/strategie-
nationale-bas-carbone-snbc 

ADEME, A. de l’Environnement et de la M. de l’Énergie. 
(2012). Impact énergétique du tourisme dans la région 
PACA (Vol. 33, Issue 0). 

Assoumou, E. (2006). Modélisation MARKAL pour la 
planification énergétique long terme dans le contexte 
français. 

AtmoSud. (2017). Sur la route. 
https://www.atmosud.org/article/sur-la-route 

Bailera, M., & Lisbona, P. (2018). Energy storage in Spain: 
Forecasting electricity excess and assessment of power-
to-gas potential up to 2050. Energy, 143, 900–910. 
https://doi.org/10.1016/j.energy.2017.11.069 

Bartolini, A., Carducci, F., Muñoz, C. B., & Comodi, G. (2020). 
Energy storage and multi energy systems in local energy 
communities with high renewable energy penetration. 
Renewable Energy, 159, 595–609. 
https://doi.org/10.1016/j.renene.2020.05.131 

Beaudin, M., Zareipour, H., Schellenberglabe, A., & Rosehart, 
W. (2010). Energy storage for mitigating the variability 
of renewable electricity sources: An updated review. 
Energy for Sustainable Development, 14(4), 302–314. 
https://doi.org/10.1016/j.esd.2010.09.007 

Belderbos, A., Delarue, E., & D’haeseleer, W. (2015). Possible 
role of power-to-gas in future energy systems. 
International Conference on the European Energy 
Market, EEM, 2015-August, 0–4. 
https://doi.org/10.1109/EEM.2015.7216744 

Benjumea, F. (n.d.). Los planes regionales del hidrógeno en 
España | Felipe Benjumea Llorente. Retrieved 
September 28, 2021, from 
https://felipebenjumeallorente.com/los-planes-
regionales-del-hidrogeno-en-espana/ 

Blanco, H., & Faaij, A. (2018). A review at the role of storage 
in energy systems with a focus on Power to Gas and 
long-term storage. Renewable and Sustainable Energy 
Reviews, 81(May 2017), 1049–1086. 
https://doi.org/10.1016/j.rser.2017.07.062 

Blanco, H., Nijs, W., Ruf, J., & Faaij, A. (2018). Potential of 
Power-to-Methane in the EU energy transition to a low 
carbon system using cost optimization. Applied Energy, 
232(April), 323–340. 
https://doi.org/10.1016/j.apenergy.2018.08.027 

Bolat, P., & Thiel, C. (2014). Hydrogen supply chain 
architecture for bottom-up energy systems models. 
Part 1: Developing pathways. International Journal of 
Hydrogen Energy, 39(17), 8881–8897. 
https://doi.org/10.1016/j.ijhydene.2014.03.176 

CEREMA. (2015). Mise à jour 2015 du potentiel 

hydroélectrique en région PACA. 
Clean Energy Wire. (2021). Germany’s energy consumption 

and power mix in charts. 
https://www.cleanenergywire.org/factsheets/germany
s-energy-consumption-and-power-mix-charts 

Clegg, S., & Mancarella, P. (2016). Integrated Electrical and 
Gas Network Flexibility Assessment in Low-Carbon 
Multi-Energy Systems. IEEE Transactions on Sustainable 
Energy, 7(2), 718–731. 
https://doi.org/10.1109/TSTE.2015.2497329 

Colbertaldo, P., Agustin, S. B., Campanari, S., & Brouwer, J. 
(2019). Impact of hydrogen energy storage on California 
electric power system: Towards 100% renewable 
electricity. International Journal of Hydrogen Energy, 
44(19), 9558–9576. 
https://doi.org/10.1016/j.ijhydene.2018.11.062 

Commissariat Général au développement Durable. (2020a). 
Les prix des produits pétroliers ont connu des 
fluctuations modérées en 2019. 

Commissariat Général au développement Durable. (2020b). 
Prix de l’électricité en France et dans l’Union 
européenne en 2019. 

Commissariat Général au développement Durable. (2020c). 
Prix du gaz naturel en France et dans l’Union 
européenne en 2019. 2019, 3–6. 

Contreras, A., Carpio, J., Molero, M., & Veziroglu, T. N. (1999). 
Solar-hydrogen: An energy system for sustainable 
development in Spain. International Journal of 
Hydrogen Energy, 24(11), 1041–1052. 
https://doi.org/10.1016/S0360-3199(98)00134-7 

De Vos, K. (2015). Negative Wholesale Electricity Prices in the 
German, French and Belgian Day-Ahead, Intra-Day and 
Real-Time Markets. Electricity Journal, 28(4), 36–50. 
https://doi.org/10.1016/j.tej.2015.04.001 

Dodds, P. E., & McDowall, W. (2013). The future of the UK gas 
network. Energy Policy, 60, 305–316. 
https://doi.org/10.1016/j.enpol.2013.05.030 

Doudard, R. (2019). Flexibilité et interactions de long terme 
dans les systèmes multi-énergies : analyse technico-
économique des nouvelles filières gazières et électriques 
en France HAL Id : tel-02352009 de l ’ Université de 
recherche Paris Sciences et. 

Estermann, T., Newborough, M., & Sterner, M. (2016). Power-
to-gas systems for absorbing excess solar power in 
electricity distribution networks. International Journal 
of Hydrogen Energy, 41(32), 13950–13959. 
https://doi.org/10.1016/j.ijhydene.2016.05.278 

European Comission. (2016). EU Reference Scenario 2016. In 
EU Reference Scenario 2016. 
https://doi.org/10.2833/9127 

European Comissions. (2018). 2050 long-term strategy. 
https://ec.europa.eu/clima/policies/strategies/2050_en 

European Commission. (2020a). Communication from the 
commission to the European parliament, the Council, 
the European economic and social committee and the 
committee of the regions. A hydrogen strategy for a 



15 
 

climate-neutral Europe. 
European Commission. (2020b). Une stratégie de l’hydrogène 

pour une Europe climatiquement neutre. 
European council for an energy efficient economy. (2021). 

Spain sets 2050 target for a circular, carbon-neutral 
economy. https://www.eceee.org/all-
news/news/spain-sets-2050-target-for-a-circular-
carbon-neutral-economy/ 

Eveloy, V., & Gebreegziabher, T. (2018). A Review of 
Projected Power-to-Gas Deployment Scenarios. 
Energies, 11(7). https://doi.org/10.3390/en11071824 

Federal Ministry for Environment Nature Conservation. 
(2016). Climate Action Plan 2050 - Principles and goals 
of the German government’s climate policy. Germany, 
November, 92. 
https://www.bmu.de/fileadmin/Daten_BMU/Pools/Bro
schueren/klimaschutzplan_2050_en_bf.pdf 

Fuhrmann, M. (2020). Germany’s National Hydrogen 
Strategy. In Mitsui & Co. Global Strategic Studies 
Institute Monthly Report (Issue December 2020). 

Götz, M., Lefebvre, J., Mörs, F., McDaniel Koch, A., Graf, F., 
Bajohr, S., Reimert, R., & Kolb, T. (2016). Renewable 
Power-to-Gas: A technological and economic review. 
Renewable Energy, 85, 1371–1390. 
https://doi.org/10.1016/j.renene.2015.07.066 

GRTgaz. (2019). Conditions techniques et économiques 
d’injection d’hydrogène dans les réseaux de gaz 
naturel. Présence Africaine, 46. 
https://doi.org/10.3917/presa.181.0441 

Gu, C., Zhang, Y., Wang, J., & Li, Q. (2021). Joint planning of 
electrical storage and gas storage in power-gas 
distribution network considering high-penetration 
electric vehicle and gas vehicle. Applied Energy, 
301(April). 
https://doi.org/10.1016/j.apenergy.2021.117447 

Guandalini, G., Robinius, M., Grube, T., Campanari, S., & 
Stolten, D. (2017). Long-term power-to-gas potential 
from wind and solar power: A country analysis for Italy. 
International Journal of Hydrogen Energy, 42(19), 
13389–13406. 
https://doi.org/10.1016/j.ijhydene.2017.03.081 

Haut Conseil Pour le Climat. (2020). Etude qualitative sur la 
prise en compte des politiques climat par les Régions. 1–
70. 

IEA. (2019). The Future of Hydrogen: Seizing today’s 
opportunities. Proposed Documents for the Japanese 
Presidency of the G20, June, 203. 

IEA. (2021). International Energy Agency : Net Zero by 2050. A 
roadmap for the global energy sector. Net Zero by 2050. 
https://doi.org/10.1787/c8328405-en 

IFPEN. (2019). Tableau de bord biocarburants 2019. 
https://www.ifpenergiesnouvelles.fr/article/tableau-
bord-biocarburants-2019 

Ikäheimo, J., Weiss, R., Kiviluoma, J., Pursiheimo, E., & 
Lindroos, T. J. (2022). Impact of power-to-gas on the 
cost and design of the future low-carbon urban energy 

system. Applied Energy, 305, 117713. 
https://doi.org/10.1016/j.apenergy.2021.117713 

INSEE. (2017). Projections de population 2013-2050 pour les 
départements et les régions. 
https://www.insee.fr/fr/statistiques/2859843 

INSEE. (2019). Entre 29 000 et 35 000 résidences principales à 
produire chaque année d’ici 2030. 
https://www.insee.fr/fr/statistiques/4185973 

Jentsch, M., Trost, T., & Sterner, M. (2014). Optimal use of 
Power-to-Gas energy storage systems in an 85% 
renewable energy scenario. Energy Procedia, 46, 254–
261. https://doi.org/10.1016/j.egypro.2014.01.180 

Jorgo Chatzimarkakis, Levoyannis, C., van Wijk, A., & 
Wouters, F. (2021). Hydrogen act. Towards the creation 
of the European Hydrogen Economy. April. 

Kötter, E., Schneider, L., Sehnke, F., Ohnmeiss, K., & Schröer, 
R. (2016). The future electric power system: Impact of 
Power-to-Gas by interacting with other renewable 
energy components. Journal of Energy Storage, 5, 113–
119. https://doi.org/10.1016/j.est.2015.11.012 

L’Usine Nouvelle. (2019). Carte de France des régions 
mobilisées pour l’hydrogène. 
https://www.usinenouvelle.com/article/infographie-la-
carte-de-france-de-l-hydrogene-en-regions.N861250 

Lambert, M. (2018). Power-to-Gas: Linking Electricity and Gas 
in a Decarbonising World? Oxford Energy Insight, 
39(July 2017), 17. 
https://www.oxfordenergy.org/publications/biogas-
significant- 

Le Comité Européen des Régions. (2020). Avis du Comité 
européen des régions — «Vers une feuille de route pour 
un hydrogène propre — La contribution des collectivités 
locales et régionales à une Europe neutre pour le 
climat». 41–47. 

Lewandowska-Bernat, A., & Desideri, U. (2018). Opportunities 
of power-to-gas technology in different energy systems 
architectures. Applied Energy, 228(January 2017), 57–
67. https://doi.org/10.1016/j.apenergy.2018.06.001 

Liu, J., Sun, W., & Yan, J. (2021). Effect of p2g on flexibility in 
integrated power-natural gas-heating energy systems 
with gas storage. Energies, 14(1). 
https://doi.org/10.3390/en14010196 

Liu, W., Wen, F., & Xue, Y. (2017). Power-to-gas technology in 
energy systems: current status and prospects of 
potential operation strategies. Journal of Modern 
Power Systems and Clean Energy, 5(3), 439–450. 
https://doi.org/10.1007/s40565-017-0285-0 

Loulou, R., & Goldstein, G. (2016). Documentation for the 
TIMES Model. PART V. April, 1–78. 

Marcheteau, G. (2020). Tout savoir sur la réglementation 
thermique 2020. 
https://www.lenergietoutcompris.fr/actualites-
conseils/tout-savoir-sur-la-reglementation-thermique-
2020-48152 

Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan, 
C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M. 



16 
 

I., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J. B. R., 
K., T. M., Waterfield, T., Yelekçi, O., Yu, R., & B. Zhou 
(eds.). (2021). IPCC, 2021: Summary for Policymakers. 
In: Climate Change 2021: The Physical Science Basis. 
Contribution of Working Group I to the Sixth 
Assessment Report of the Intergovernmental Panel on 
Climate Change. In Cambridge University Press. In Press. 
https://www.ipcc.ch/report/ar6/wg1/ 

Mazza, A., Bompard, E., & Chicco, G. (2018). Applications of 
power to gas technologies in emerging electrical 
systems. Renewable and Sustainable Energy Reviews, 
92(January 2017), 794–806. 
https://doi.org/10.1016/j.rser.2018.04.072 

McKenna, R. C., Bchini, Q., Weinand, J. M., Michaelis, J., 
König, S., Köppel, W., & Fichtner, W. (2018). The future 
role of Power-to-Gas in the energy transition: Regional 
and local techno-economic analyses in Baden-
Württemberg. Applied Energy, 212(November 2017), 
386–400. 
https://doi.org/10.1016/j.apenergy.2017.12.017 

Meylan, F. D., Piguet, F. P., & Erkman, S. (2017). Power-to-gas 
through CO2 methanation: Assessment of the carbon 
balance regarding EU directives. Journal of Energy 
Storage, 11, 16–24. 
https://doi.org/10.1016/j.est.2016.12.005 

Millot, A. (2020). Faire la transition énergétique bas-carbone 
ou comment réaliser l ’ avènement d ’ un mythe ? 
Ariane Millot To cite this version : HAL Id : tel-02897919 
Faire la transition énergétique bas-carbone ou comment 
réaliser l ’ avènement d ’ un mythe ? Ariane Mil. 

Ministère de la transition écologique. (2021). Chiffres clés des 
énergies renouvelables - Édition 2021. 
https://www.statistiques.developpement-
durable.gouv.fr/chiffres-cles-des-energies-
renouvelables-edition-2021?rubrique=21&dossier=174 

Ministère de la Transition Écologique et Solidaire. (2018). 
Plan de déploiement de l’hydrogène. 

Ministère de la Transition Écologique et Solidaire. (2019). 
Programmation pluriannuelle de l’énergie. 

Ministère de la Transition Écologique et Solidaire. (2020). 
Stratégie Nationale Bas-carbone. 

Moeller, C., Meiss, J., Mueller, B., Hlusiak, M., Breyer, C., 
Kastner, M., & Twele, J. (2014). Transforming the 
electricity generation of the Berlin-Brandenburg region, 
Germany. Renewable Energy, 72, 39–50. 
https://doi.org/10.1016/j.renene.2014.06.042 

Mu, Y., Wu, J., Jenkins, N., Jia, H., & Wang, C. (2014). A 
Spatial-Temporal model for grid impact analysis of plug-
in electric vehicles. Applied Energy, 114, 456–465. 
https://doi.org/10.1016/j.apenergy.2013.10.006 

Pursiheimo, E., Holttinen, H., & Koljonen, T. (2017). Path 
toward 100% renewable energy future and feasibility of 
power-to-gas technology in Nordic countries. IET 
Renewable Power Generation, 11(13), 1695–1706. 
https://doi.org/10.1049/iet-rpg.2017.0021 

Qadrdan, M., Abeysekera, M., Chaudry, M., Wu, J., & Jenkins, 

N. (2015). Role of power-to-gas in an integrated gas and 
electricity system in Great Britain. International Journal 
of Hydrogen Energy, 40(17), 5763–5775. 
https://doi.org/10.1016/j.ijhydene.2015.03.004 

REGION-SUD. (2019). SCHÉMA RÉGIONAL D’AMÉNAGEMENT, 
DE DÉVELOPPEMENT DURABLE ET D’ÉGALITÉ DES 
TERRITOIRES (SRADDET). 

Region SUD. (2020). Plan Régional Hydrogène. 1–59. 
Région SUD. (2017). Une COP d’avance: Le plan climat de a 

région SUD Provence-Alpes-Cote-d’Azur. 
Région SUD. (2018). Annexe, Bilan du Scéhma régionale 

climat air énergie SRCAE de Provence-Alpes-Côte d ’ 
Azur. 

RTE. (2019). Schéma décennal de développement du réseau. 
Scamman, D., & Newborough, M. (2016). Using surplus 

nuclear power for hydrogen mobility and power-to-gas 
in France. International Journal of Hydrogen Energy, 
41(24), 10080–10089. 
https://doi.org/10.1016/j.ijhydene.2016.04.166 

Sgobbi, A., Nijs, W., De Miglio, R., Chiodi, A., Gargiulo, M., & 
Thiel, C. (2016). How far away is hydrogen? Its role in 
the medium and long-term decarbonisation of the 
European energy system. International Journal of 
Hydrogen Energy, 41(1), 19–35. 
https://doi.org/10.1016/j.ijhydene.2015.09.004 

Spanish Government. (2020). Hydrogen Roadmap: a 
commitment to renewable hydrogen (in spanish). 
https://www.miteco.gob.es/es/ministerio/hoja-de-
ruta-del-hidrogeno-renovable.aspx 

Wang, M., Wang, G., Sun, Z., Zhang, Y., & Xu, D. (2019). 
Review of renewable energy-based hydrogen 
production processes for sustainable energy 
innovation. Global Energy Interconnection, 2(5), 436–
443. https://doi.org/10.1016/j.gloei.2019.11.019 

Xing, X., Lin, J., Song, Y., Zhou, Y., Mu, S., & Hu, Q. (2018). 
Modeling and operation of the power-to-gas system for 
renewables integration: a review. CSEE Journal of 
Power and Energy Systems, 4(2), 168–178. 
https://doi.org/10.17775/cseejpes.2018.00260 

Zoss, T., Dace, E., & Blumberga, D. (2016). Modeling a power-
to-renewable methane system for an assessment of 
power grid balancing options in the Baltic States’ 
region. Applied Energy, 170, 278–285. 
https://doi.org/10.1016/j.apenergy.2016.02.137 



17 
 

Annex 1: Tecno-economic costs of P2G technologies 
 

P2G technologies' data 
Investment costs Variable 

costs Fix costs Source 

2017 2030 2050 2025 2025  

Electrolyzers 
(€/kW) 

Proton Exchange 
membrane 1500 950 750  45 (M€/GW) 

(Sgobbi et 
al., 2016) 

Alkaline large 625 377 377 0.06 41.5 (M€/GW) 
Alkaline medium 1779 444  0.06 89.9 (M€/GW) 

Alkaline small 1940 512  0.9 136.7 (M€/GW) 

Hydrogen injection 963 933 467   
(Doudard, 

2019) 
Gasification 
– Prod. H2 

(€/kW) 

Centralized wood/MSW 2453   0.86 122.5182 

(Sgobbi et 
al., 2016) 

Decentralized 
wood/MSW 3814   1.7 76.2042 

Reforming 
(€/kW) Wood reforming 519 519  0.18 20.77 (M€/GW) 

Biogas 
(€/kW) 

Methanisation€/MWh    60  

(Doudard, 
2019) 

Purification 500 450 405   
Epuration biogas (€/t)    9  

Pyrogasification - wood 3000  2500   
Pyrogasification-MSW 

(€/MWh)    40  
Methaner 3267 447 263   

Biomethane injection 354 267 193   
Energy 
storage 
(€/kWh) 

H2 - Underground 
centralised 2.7    0.3 (€/kWh) 

(Sgobbi et 
al., 2016) H2 - Tank centralized 13    0.8 (€/kWh) 

H2 - Tank decentralized 7.5    0.4 (€/kWh) 
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Annex 2: Hypothesis about energy prices 
 

€/GJ 2017 2020 2030 2050 Source 

Oil 8.23 10.64 19.35 22.37 

(Commissariat Général au développement 
Durable, 2020a) 

Gasoline 14.62 18.90 34.34 39.70 

Diesel 12.54 16.21 29.46 34.05 

LPG 20.83 26.93 48.94 56.57 

LFO 12.32 15.92 28.94 33.45 

HFO 8.49 10.97 19.94 23.06 

Bio fuel 21.24 27.47 49.92 57.71 (IFPEN, 2019) 

Natural gas 9.50 13.06 16.11 18.65 (Commissariat Général au développement 
Durable, 2020c; European Comission, 2016) 

Electricity 
frome french 

electric 
network 

31.8 29 29 29 (Commissariat Général au développement 
Durable, 2020b) 

Biogas from 
french 

network 
22 20 16.67 16.67 (Ministère de la Transition Écologique et Solidaire, 

2019) 
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Annex 3 : Hypothesis applied for the end consuming sectors for each of the studied scenarios 
2050 REFERENCE Hydrogène Décarbonation SR SRADDET 

H
ab

ita
t s

ec
ut

or
 

Buildings 
renovation 

Mobilisation of 
potentials ~50% 80% 100% 

Electricity   Keeps its share in cooking, heating and water heating 
demand (~30%) 

Keeps at least its share in cooking, heating and water heating 
demand (~30%) 

Biomass   Max 13 PJ Max 13 PJ 

Gas 

Total gas available 
for consumption in 

the sector  

10% more gas (with respect to 2017) disponible pour 
consummation dans le sector (sum of different type of 
gas : natural gas, biogas, blended gas, synthetic gas) 

10% more gas (with respect to 2017) disponible pour 
consummation dans le sector (sum of different type of gas : 

natural gas, biogas, blended gas, synthetic gas) 

Biogas max 20 PJ Can replace the part of natural gas in the sector 

Blended gas max 60% of available gas Can replace the part of natural gas in the sector 

Geothermal   max 4 PJ Max 8 PJ 
Aerothermal heat 

pumps   max 53000 units per year max 53000 units per 
year 

max 53000 units 
per year 

Max 58 000 units 
per year  

Solar 
Residential min +10% per year with respect to 2017 min +20% per year with respect to 2017 

Commercial max 1.25 PJ max 2.5 PJ max 2.5 PJ max 2.5 PJ 

Oil products Energy available 
for consumption equal to 2017 -80% with respect to 2017 

Heat Network 
Max energy 

delivered through 
the network 

20 PJ Max 20 PJ 

Tr
an

sp
or

t 

Gas   max 15% of energy consumption of the sector max 30% of energy consumption of the sector 

Biogas   min 10% of the gas available for consumption   min 15% of the gas available for 
consumption 

Particular vehicles 

Electricity ~30% of vehicles  max 80% of private vehicles in 2050 

Oil products -40% of the energy consumed in 2017 -40% of the energy 
consumed in 2017 

No new oil products consuming 
particular vehicles from 2040 

Gas min 10% of the energy consumed by particular 
vehicles   min 15% of the energy consumed by 

particular vehicles 

Modal shift/modal 
share 

People by vehicles 1.2 1.5 in 2050 1.35 from 2030 

Bicycles / 
scootering 

Hydrogen bicycles 
Max 5% of particular 

vehicles mobility 
demand in 2050 

    

can cover up to ~6% of private vehicles mobility 
demand in 2050 

can cover up to ~15% of private vehicles mobility demand in 
2050 

Bus can cover ~10% of private vehicles mobility demand in 
2050 

can cover up to ~20% of private vehicles mobility demand in 
2050 

Buses/Freight 
Transport Gas min 20% of the consumption   min 15% of the 

consumption 
min 15% of the 
consumption 

Biofuel   max 20 PJ 

Hydrogen     min 30%   

Industry     Keep the share of electricity in the sector Keep the share of electricity in the sector 
Heat recovery         Max 10 PJ 

Network 
Electricity   -15% with respect to 2017       

Gas   max +10% with respect to 2017       

CO2 Tax   €100/tCO2 
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Annex 4: Hypothesis applied for the electricity production sector for REF, HG and AUT 
2050 Growth rate REFERENCE Hydrogen Autonomie 

El
ec

tri
ci

ty
 p

ro
du

ct
io

n 

Biogas 

Maximum 
development   

(PJ) 
6% 

0.84 

4.9 Max 30 PJ Can replace 
natural gas Max 30 PJ Can replace 

natural gas 

Minimum 
development 

(PJ) 
1% 1.16 2.32 

Doubled with 
respect to the 

reference 
scenario 

2.32 

Doubled with 
respect to the 

reference 
scenario 

Biomass 

Maximum 
development   

(PJ) 
2% 

1.43 

2.75 2.75   2.75   

Minimum 
development 

(PJ) 
0% 1.43 1.43   1.43   

Wind 

Maximum 
development   

(PJ) 
2% 

0.42 

0.81 0.81   10 PJ   

Minimum 
development 

(PJ) 
1% 0.59 0.59   0.59   

Hydro 

Maximum 
development   

(PJ) 
1% 

28.65 

35 35   35   

Minimum 
development 

(PJ) 
0% 29.13 29.13   29.13   

MSW 

Maximum 
development   

(PJ) 
1% 

1.53 

2.3 2.3   2.3   

Minimum 
development 

(PJ) 
0% 1.53 1.53   1.53   

Solar 

Ground 
Max 10% 

1.47 

                
47.52  100% 

of potentials 
(easily 

accessible 
potentials) 

100% 

of potentials 
(easily 

accessible 
potentials) 

Min 5%                 
30.26  min 90% of potentials  30.26 of potentials  

Roof 
Max 10% 

0.77 

                
80.46          

Min 5%                   
3.85      3.85   

Ocean GW       1   2   

Fossil Max 0% 35.54 35.54 No new power plants 
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Annexe 5: Modeling of solar energy production  
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Annexe 6: Modeling of hydrogen production 
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Annexe 7: Modeling for methanation, biogas, syngas, and methane production 
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Annexe 8: Modeling for the transport and distribution for the different gas products 
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