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A B S T R A C T

With the constant increase in variable renewable energy production in electricity and district heating systems,
integration with the gas system is a way to provide flexibility to the overall energy system. In the sustainable
transition towards a zero-emission energy system, traditional natural gas can be substituted by renewable
gasses derived from anaerobic digestion or thermal gasification and hydrogen. In this paper, we present
a methodology for modelling renewable gas options and limits on biomass resources across sectors in the
energy optimisation model, Balmorel. Different scenarios for socio-economic pathways to emission neutral
electricity and district heating systems in Denmark, Sweden, Norway and Germany, show that a renewable
based energy system benefits from a certain percentage of gas as a supplement to other flexibility options like
interconnectors. Especially upgraded biogas from anaerobic digestion serves as a substitute for natural gas in
all scenarios. Allocating only 10% of available biomass to the electricity and district heating sector leads to
full exploitation of the scarce biomass resource by boosting biogas and syngas with hydrogen. The need for
renewable gasses is highest in Germany and least in Norway, where hydro-power provides flexibility in terms
of storable and dispatchable electricity production. The scenarios show that a required ‘‘late sprint" from fossils
to achieve a zero-emission energy system in 2050 causes (1) significant higher accumulated emissions, and
(2) a system, which strongly relies on fuels, also in an emission free system, instead of stronger integration of
the electricity and district heating systems through electrification as well as stronger integration of the power
systems across countries through interconnectors.

1. Introduction

To mitigate climate change, the world progresses towards a cleaner
future, which implies that the energy system will experience a re-
markable transformation, heading towards energy production based
on renewable energy sources (RES) [1–5]. The prospective increase in
the generation from RES and particularly variable renewable energy
(VRE) will essentially have implications of the entire energy system,
and thereby call for increased sector integration and flexibility in the
system. In this respect, renewable gasses, such as, gas from anaerobic
digestion or thermal gasification and hydrogen can (1) be used in
various energy sectors, (2) facilitate system integration, and (3) serve
as a flexibility resource [6,7].

Gas is a key energy carrier in the European energy system, account-
ing for 23% of the total primary energy supply in 2017 [8]. However,
given the long-term energy and climate policy targets, the role of
renewable gas in the transition of the electricity and district heating
systems is a crucial field to investigate [9,10]. Moreover, local renew-
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able gas production, in particular biogas, is in some countries becoming
private-economically attractive due to the regulatory frameworks for
both local use and grid injection. This trend is evident, for example, in
Denmark where 4.3 PJ biogas was produced in 2010 [11], which has
increased to 9 PJ biogas in 2016, corresponding to approximately 10%
of the Danish natural gas consumption. Of the total biogas production
in 2016, 4 PJ was upgraded and injected into the grid, and 5 PJ was
used directly to generate electricity [12].

Production and consumption of renewable gas has been investigated
in several studies. Different approaches and models have been utilised
for the investigations e.g. supply chain and feasibility models [13–
16]; energy, environmental, and life cycle assessment (LCA) [17–21];
or holistic and integrated energy systems models [9,22–26]. Supply
chain models are often used to determine the feasibility of defined local
projects, while leaving out the dynamic integration with the surround-
ing energy systems. Environmental and LCA models are developed
to evaluate the environmental consequences of producing renewable
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Nomenclature List 1

Sets

(𝑐) Areas in country 𝑐
(𝑟) Areas in region 𝑟
 Areas
 Countries
𝑚𝑎𝑥,𝑟𝑒𝑙(𝑙) Fuels that has an upper bound and their

related fuels
𝑚𝑎𝑥(𝑙) Fuels that needs to be used for the upper

bound
(𝑔1, 𝑔2) The set combining primary unit 𝑔1 with

secondary units 𝑔2
(𝑓 ) Units using fuel 𝑓
𝐻2𝑓𝑢𝑒𝑙 Unit using hydrogen as fuel
𝐻2𝑝𝑟𝑜𝑑 Unit producing hydrogen
𝐻2𝑠𝑡𝑜𝑟 Hydrogen storage unit
𝐻2𝑢𝑝𝑔𝑟 Units using methanised gas
𝐻𝑂(𝑓 ) Heat-only units using fuel 𝑓
𝑃 (𝑓 ) Power producing units using fuel 𝑓
𝑆𝑂𝐸𝐶 Solid oxide electricity units
 Units
 The set of limits
 Regions
 Seasons
 Time period
 Years

Variables

𝑣𝑔𝑒𝑦,𝑎,𝑔,𝑠,𝑡 Production of electricity by unit 𝑔 in year 𝑦,
area 𝑎, season 𝑠, and time period 𝑡

𝑣𝑔𝑓𝑦,𝑎,𝑔,𝑠,𝑡 The use of fuel by unit 𝑔 in year 𝑦, area 𝑎,
season 𝑠, and time period 𝑡

𝑣𝑔ℎ2𝑦,𝑎,𝑔,𝑠,𝑡 Production of hydrogen by unit 𝑔 in year 𝑦,
area 𝑎, season 𝑠, and time period 𝑡

𝑣𝑔ℎ𝑦,𝑎,𝑔,𝑠,𝑡 The production of heat by unit 𝑔 in year 𝑦,
area 𝑎, season 𝑠, and time period 𝑡

𝑣𝑔𝑘𝑛𝑦,𝑎,𝑔 The installed capacity of unit 𝑔 in year 𝑦 and
area 𝑎

𝑣𝑙ℎ2𝑦,𝑎,𝑔,𝑠,𝑡 Load of hydrogen storage by unit 𝑔 in year
𝑦, area 𝑎, season 𝑠, and time period 𝑡

Parameters

𝐶𝐴𝑃𝑓 Maximum amount available of fuel 𝑓
𝐶𝐵𝑔 Heat to power ratio of unit 𝑔
𝐶𝑉𝑔 The Cv-line coefficient of unit 𝑔
𝐶𝐹 𝑙𝑜𝑤
𝑓 Lower bound on the capacity when using

fuel 𝑓 [%]
𝐶𝑃𝑂𝑇
𝑦,𝑎,𝑔 Capacity potential in year 𝑦, area 𝑎 of unit 𝑔

𝛾𝐻2𝑡𝑜𝐹𝑢𝑒𝑙
𝑔 The ratio between hydrogen needed and fuel

used in unit 𝑔 (for methanation)
𝛾𝑐𝑜𝑛𝑣𝑔 Conversion rate from raw material to the

fuel of unit 𝑔
𝛾𝑐𝑟𝑎𝑡𝑒𝑔 Capacity rate of unit 𝑔
𝛾𝑓𝑢𝑒𝑙𝑔 The fuel efficiency of unit 𝑔
𝑑ℎ2𝑦,𝑟,𝑠,𝑡 Demand for hydrogen in year 𝑦, region 𝑟,

season 𝑠, and time period 𝑡

gas, which then are often used in the other types of models to pro-
vide valuable information regarding e.g. green house gas (GHG) emis-
sions, global warming potential (GWP) reduction, and mineral fertiliser.

Energy systems models, on the other hand, take into account the system
integration and hence are suitable for evaluating the potential role
of energy technologies and resources in the energy transition of local
areas, regions, countries, or cross-country regions.

Energy system models are useful tools for providing knowledge
about plausible energy futures; thus valuable tools for supporting policy
makers and stakeholders in strategic decision making related to the
green energy transition [1,27,28]. For these reasons, energy systems
models have been used since the 1950s [29], and models have been
developed, for example, as holistic energy systems models, comprehen-
sive integrated power and district heating models, or detailed power
systems balancing. Overviews of the wide range of worldwide em-
ployed energy systems models are provided in extensive literature
reviews [30–32], and illustrate that each of the models has different
modelling approaches, characteristics, specifications, input data and
output results. Therefore, each energy systems model is qualified for
different purposes, and can be applied to answer various research
questions. For that reason, the model should be chosen for a specific
study depending on its strengths and limitations.

Renewable gas is modelled with different levels of details in var-
ious energy systems models. The computational time can potentially
increase dramatically when applying detailed network modelling of
renewable gas production in optimisation models. Thus, most compre-
hensive energy system models use a defined price-level of the fuels.
However, this approach lacks possible combinations like for example
increasing the biogas yield by adding hydrogen. It furthermore lacks
the interaction between the production technologies and the electricity
and district heating systems, for example, in the form of electricity
consumption from the electrolyser to produce hydrogen as well as
potentially usable excess heat from the electrolyser. However, the
energy systems models MESSAGE [33] and OSeMOSYS [34] include
modelling of hydrogen production and usage in fuel cells, however, to
our understanding, the models do not include methanation of gasses
nor the usage of renewable gasses, e.g. biogas, that have been upgraded
to natural gas quality. In [35], both methanation and upgrading of
renewable gasses have been included in the energy systems models,
Balmorel [36] and TIMES-DK [37]. The implementation increases the
computational time of the model, which is a hurdle when making
general energy systems model.

This paper investigates the future role of renewable gas in electricity
and district heating systems in North-Western Europe (i.e., Denmark,
Germany, Norway, and Sweden) towards 2050. The energy optimi-
sation model, Balmorel, is applied due to its detailed focus on the
integrated electricity and district heating system and its worldwide
application [36]. The paper contributes to the research field by de-
veloping a methodology for modelling renewable gasses in the com-
prehensive energy optimisation Balmorel, without a detailed modelling
of the upstream renewable gas production. This modelling framework
allows integrated energy assessment with the purpose of evaluating
the potential role of renewable gasses in the energy transition of the
electricity and district heating systems. The renewable gasses consid-
ered in this study are: (1) hydrogen; (2) biogas (i.e., gas produced
by anaerobic digestion); (3) upgraded biogas using a waterscrubber
(biomethaneUP) or addition of hydrogen (biomethaneH2); (4) syngas
(i.e., gas from thermal gasification); and (5) upgraded syngas through
a water-gas shift (SNGUP) or addition of hydrogen (SNGH2).

Following the introduction, Section 2 contains the methodology
applied in this study to model the potential role of renewable gas in
the transition of electricity and district heating systems. In Section 3 the
case study considered in this paper is described. The results obtained
by the energy systems model, Balmorel, and a discussion of the impacts
of these are presented in Section 4. Finally, Section 5 contains the
conclusion.
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2. Methodology

To evaluate the potential role of renewable gas, we use the energy
systems model Balmorel [36] in the version available at Github [38],
which also includes the data used for this study. Balmorel is an open
source energy systems model that optimises social welfare subject to
satisfaction of energy demands along with process specific constraints.
Balmorel is a deterministic model, which allows simulations with a de-
sired yearly foresight i.e. myopic, partial, or full foresight. The temporal
resolution is flexible in Balmorel and allows for hourly time resolution.
In this paper, Balmorel is applied using a simplistic representation of
socio-economic analysis where no taxes but also not all externalities are
included.

Important shortcomings of the existing version of Balmorel, when it
comes to renewable gasses, are:

(1) Balmorel only represents the electricity and district heat demands
and production thereof;

(2) Only one type of fuel can be used in each production unit;
(3) Fuel availability is only defined per fuel type, meaning that

e.g. biogas and biomethane are not restricted in the same equa-
tion;

(4) Technologies do not have a minimum fuel usage throughout the
year.

Point (1) is relevant when it comes to usage of biomethaneH2 and
SNGH2 as hydrogen usage is necessary for the upgrading process. This
can be solved using a dedicated hydrogen add-on to Balmorel, see
Section 2.1. Point (2) is relevant for the usage of biomethane and
SNG as it can be used interchangeably with natural gas. For this, the
add-on CombTech can be used, see Section 2.2. Regarding (3), the
availability of biogas and syngas — both in upgraded and direct form
— is restricted by the same overall fuel availability, meaning that if
you have three units available biogas, you cannot use three units of
biogas and three units of biomethaneUP but only three units in total.
We have developed a new add-on for restriction of a combination of
fuels and technologies, see Section 2.3. Regarding (4), the use of biogas
is overestimated as in reality, these fuels need to be used when they are
produced, i.e. consecutively over the planning horizon. This is managed
by adding a minimum fuel usage on new units, see Section 2.4.

The constraints presented in the following sections are added to the
current version of Balmorel. The nomenclature used in these constraints
is given in the Nomenclature list.

2.1. Hydrogen add-on

A hydrogen add-on was first introduced to Balmorel in [25], where
the potential role of hydrogen is considered for the Nordic countries
and Germany in 2060. For the analysis described here, the hydrogen
add-on has been extended to include also methanation of biogas and
syngas as well as solid oxide electrolyser cells (SOECs). The method for
doing so is shown in Fig. 1.

Hydrogen can be produced either through an electrolyser (Alkaline
and proton exchange membrane) or an SOEC. The electrolyser con-
verts electricity into hydrogen and heat, while the SOEC uses both
electricity and heat for the conversion to hydrogen. The hydrogen can
either be stored, used for the methanation process or converted to
electricity again through a fuel cell. On the left, the gasses that need
hydrogen addition are shown. These are here referred to as ‘‘SNGH2’’
and ‘‘BiomethaneH2’’ as the hydrogen has not yet been added. For the
addition of hydrogen (methanation), a conversion factor is needed to
calculate the required amount of hydrogen for the process.

The hydrogen add-on consists of ten equations of which one – the
demand constraint – has been modified to add the methanation and
two – hydrogen production from SOECs and heat used by SOECs –
have been added to model the SOECs. In the following, these new or
modified constraints are introduced.

The modified demand constraint on a regional basis is as follows:
∑

𝑎∈(𝑟)

∑

𝑔∈𝐻2𝑝𝑟𝑜𝑑

|𝐶𝑃𝑂𝑇
𝑦,𝑎,𝑔 >0

𝑣𝑔ℎ2𝑦,𝑎,𝑔,𝑠,𝑡 −
∑

𝑎∈(𝑟)

∑

𝑔∈𝐻2𝑠𝑡𝑜𝑟

|𝐶𝑃𝑂𝑇
𝑦,𝑎,𝑔 >0

𝑣𝑙ℎ2𝑦,𝑎,𝑔,𝑠,𝑡

= 𝑑ℎ2𝑦,𝑟,𝑠,𝑡 +
∑

𝑎∈(𝑟)

∑

𝑔∈𝐻2𝑓𝑢𝑒𝑙

|𝐶𝑃𝑂𝑇
𝑦,𝑎,𝑔 >0

𝑣𝑔𝑓𝑦,𝑎,𝑔,𝑠,𝑡

+
∑

𝑎∈(𝑟)

∑

𝑔∈𝐻2𝑢𝑝𝑔𝑟

|𝐶𝑃𝑂𝑇
𝑦,𝑎,𝑔 >0

𝛾𝐻2𝑡𝑜𝐹𝑢𝑒𝑙
𝑔 𝑣𝑔𝑓𝑦,𝑎,𝑔,𝑠,𝑡 (1)

∀𝑦 ∈  , 𝑟 ∈ , 𝑠 ∈  , 𝑡 ∈ 

The first line of the equation sums the amount of hydrogen pro-
duced, 𝑣𝑔ℎ2𝑦,𝑎,𝑔,𝑠,𝑡, in each season 𝑠 and time period 𝑡 by each hydrogen
producing unit 𝑔 ∈ 𝐻2𝑝𝑟𝑜𝑑 if there is a capacity potential, 𝐶𝑃𝑂𝑇

𝑦,𝑎,𝑔 , in the
year 𝑦 in area 𝑎. Then the hydrogen loaded into hydrogen storages,
𝑣𝑙ℎ2𝑦,𝑎,𝑔,𝑠,𝑡 is subtracted. On the second line the exogenously given
demand of hydrogen, 𝑑ℎ2𝑦,𝑟,𝑠,𝑡, is given per region. The second term
denotes the hydrogen used in the fuel cells, 𝑣𝑔𝑓𝑦,𝑎,𝑔,𝑠,𝑡, where the fuel
cells are given in the set 𝐻2𝑓𝑢𝑒𝑙. The last term is the hydrogen used for
the methanation processes, 𝐻2𝑢𝑝𝑔𝑟.

The added constraint for hydrogen production and use of electricity
for the SOECs are:

𝑣𝑔𝑒𝑦,𝑎,𝑔,𝑠,𝑡 =
𝑣𝑔ℎ2𝑦,𝑎,𝑔,𝑠,𝑡

𝛾𝑓𝑢𝑒𝑙𝑔

∀𝑦 ∈  , 𝑎 ∈ , 𝑔 ∈ 𝑆𝑂𝐸𝐶 𝑠 ∈  , 𝑡 ∈  (2)

Here the electricity used in the SOECs, 𝑣𝑔𝑒𝑦,𝑎,𝑔,𝑠,𝑡, is given by the
fuel efficiency factor, 𝛾𝑓𝑢𝑒𝑙𝑔 , and the amount of hydrogen produced,
𝑣𝑔ℎ2𝑦,𝑎,𝑔,𝑠,𝑡.

The need for an extra constraint when using heat for hydrogen
production is explained by how fuel usage is modelled in Balmorel. In
Balmorel, it is only possible to have one fuel as input, so use of both
heat and electricity cannot be combined unless the CombTech add-on is
used. To avoid the confusion of doing so for a hydrogen technology, we
have added the following constraint for the use of heat when generating
hydrogen by SOECs:

𝑣𝑔𝑒𝑦,𝑎,𝑔,𝑠,𝑡 = 𝑣𝑔ℎ𝑦,𝑎,𝑔,𝑠,𝑡 𝐶𝐵𝑔 ∀𝑦 ∈  , 𝑎 ∈ , 𝑔 ∈ 𝑆𝑂𝐸𝐶 𝑠 ∈  , 𝑡 ∈  (3)

Where 𝐶𝐵𝑔 represents the heat-to-power ratio.

2.2. CombTech add-on

The CombTech add-on in its basic version was applied and described
in [24]. In the paper, biomethaneUP and natural gas were allowed
to be combined in one technology. In Fig. 2(a), the traditional way
of modelling the units can be seen. Here all fuels are tied to a tech-
nology, and if one wants to use another fuel in combination with
natural gas, capacity for the technology using this fuel must also be
installed (represented in the figure as a CHP technology). In Fig. 2(b),
the idea behind the combination of technologies using natural gas,
biomethaneUP, biomethaneH2, SNGUP, and SNGH2 is shown. The idea is
that the fuels are combined in one unit and it is therefore not necessary
to install more capacity when combining the fuels.

It is not possible to use the different fuels in parallel in one unit, but
equations are introduced such that the capacity of the technology for
natural gas can be used by the renewable gasses, while the capacities
of the units running on renewable fuels are set to zero. Following the
naming convention of CombTech, natural gas is the primary technol-
ogy while all the renewable gasses are secondary technologies. For
equations and more details on CombTech, see [24].

All the natural gas technologies and their specifications in the
data set have been copied to a new technology for each of the fuels:
biomethaneUP, biomethaneH2, SNGUP, and SNGH2. To set the connec-
tion between primary and secondary fuels, all technologies copied from
the same natural gas technology need to be added to the data set
(𝑔1, 𝑔2), where the primary technology, 𝑔1, is the natural gas
technology and the secondary technologies, 𝑔2, are the renewable gas
technologies.
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Fig. 1. Modelling of hydrogen for methanation of biogas and syngas.

Fig. 2. The effect of using CombTech.

2.3. LimitsForFuels add-on

The LimitsForFuels add-on is developed to allow for a flexible
setting of limits on the fuel usage in the model. For the purpose of
this study, a maximum fuel usage for a combination of technologies is
necessary, but also setting the maximum fuel usage using a combination
of fuels. For syngas, the units using syngas, SNGUP, or SNGH2 are
restricted by the amount of biomasses used in gasification technologies
in each country. However, also other units using these biomasses needs
to be considered. While the conversion of biomass to syngas in any
form requires a conversion rate, the energy content of biomass for use
in e.g. a boiler already has the right form.

To allow for the above characteristics, the following constraint is
introduced:

∑

𝑎∈(𝑐)

∑

𝑓∈𝑚𝑎𝑥,𝑟𝑒𝑙 (𝑙)

∑

𝑔∈(𝑓 )
|𝐶𝑃𝑂𝑇
𝑦,𝑎,𝑔 >0

𝛾𝑐𝑜𝑛𝑣𝑔 𝑣𝑔𝑓𝑦,𝑎,𝑔,𝑠,𝑡 ≤
∑

𝑓∈𝑚𝑎𝑥(𝑙)
𝐶𝐴𝑃𝑓

∀𝑙 ∈ , 𝑦 ∈  , 𝑐 ∈ , 𝑠 ∈  , 𝑡 ∈  (4)

As we have more than one of these types of limits, we use the set
 to represent the limit under consideration. 𝑚𝑎𝑥,𝑟𝑒𝑙(𝑙) represents the
fuels that have an upper bound and the related fuels — in the case
described above, this will be syngas, SNGUP, SNGH2, and the biomasses
used for gasification technologies. On the left hand side of the equation,
the amount of fuel used by a technology 𝑔 is summed and multiplied

on the conversion rate factor from raw material to fuel, 𝛾𝑐𝑜𝑛𝑣𝑔 . 𝑚𝑎𝑥(𝑙)
represents the fuels that need to be used for the upper bound, and is
in the above case equal to the biomasses. The right hand side includes
the maximum amount available, 𝐶𝐴𝑃𝑓 , of the fuel 𝑓 .

2.4. Minimum fuel usage

As biogas is produced almost constantly over the year, its use in the
power and heat producing units should also be more or less constant
throughout the year. If this is not the case, and no storage is installed,
the biogas would need to be flared, resulting in a loss of revenue for
the biogas producer and additional GHG emissions. This is in contrast
to using biomethaneUP or biomethaneH2, as both of these fuels can be
injected into the natural gas grid and thus be stored.

To ensure that the capacity is close to fully used throughout the
year on all biogas using units, two constraints are necessary: one for
the power producing units and one for the heat only units (HO). The
constraint for the power producing units is:

𝑣𝑔𝑒𝑦,𝑎,𝑔,𝑠,𝑡 + 𝑣𝑔ℎ𝑦,𝑎,𝑔,𝑠,𝑡 𝐶𝑉𝑔 ≥ 𝐶𝐹 𝑙𝑜
𝑓 (𝑣𝑔𝑘𝑛𝑦−1,𝑎,𝑔 + 𝑣𝑔𝑘𝑛𝑦,𝑎,𝑔) 𝛾𝑐𝑟𝑎𝑡𝑒𝑔

∀𝑦 ∈  , 𝑎 ∈ , 𝑓 ∈  |𝐶𝐹 𝑙𝑜
𝑓 > 0, 𝑔 ∈ 𝑃 (𝑓 ), 𝑠 ∈  , 𝑡 ∈  (5)

Here the left hand side represents the use of the capacity by use of
the electricity production, 𝑣𝑔𝑒𝑦,𝑎,𝑔,𝑠,𝑡, and adding the heat production,
𝑣𝑔ℎ𝑦,𝑎,𝑔,𝑠,𝑡, multiplied with the Cv-line coefficient, 𝐶𝑉𝑔 . For power-only
units this coefficient is zero. The sum should be higher than the lower
bound on the capacity, 𝐶𝐹 𝑙𝑜𝑤

𝑓 , multiplied with the installation of new
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Fig. 3. Spatial aggregation on regional level and the existing and planned transmission
lines.

capacities in previous and current years, 𝑣𝑔𝑘𝑛𝑦−1,𝑎,𝑔 and 𝑣𝑔𝑘𝑛𝑦,𝑎,𝑔 , and
lastly multiplied with the capacity rate, 𝛾𝑐𝑟𝑎𝑡𝑒𝑔 . The equation is set for all
years, areas, season, and time steps, for all fuels having a lower limit
and power producing units using these fuels.

The constraint for the HOs is:

𝑣𝑔ℎ𝑦,𝑎,𝑔,𝑠,𝑡 ≥ 𝐶𝐹 𝑙𝑜
𝑓 (𝑣𝑔𝑘𝑛𝑦−1,𝑎,𝑔 + 𝑣𝑔𝑘𝑛𝑦,𝑎,𝑔) 𝛾𝑐𝑟𝑎𝑡𝑒𝑔

∀𝑦 ∈  , 𝑎 ∈ , 𝑓 ∈  |𝐶𝐹 𝑙𝑜
𝑓 > 0, 𝑔 ∈ 𝐻𝑂(𝑓 ), 𝑠 ∈  , 𝑡 ∈  (6)

The only difference from the constraint for the power producing units
is the left hand side, where now only the heat production, 𝑣𝑔ℎ𝑦,𝑎,𝑔,𝑠,𝑡, is
used for defining the use of capacity.

3. Case study

The potential role of renewable gas in the transition of electric-
ity and district heating systems is quantified through a case study,
which contains two potential energy transition pathways. The main
assumptions are highlighted, and the robustness of the scenario re-
sults obtained from the Balmorel model is tested through a sensitivity
analysis.

3.1. Main assumptions

3.1.1. Spatial resolution
This study investigates the potential role of renewable gas in the

transition of electricity and district heating systems for Denmark, Ger-
many, Norway and Sweden. Each country is divided into electricity
price regions, which, in the Nordic countries, correspond to the division
of the Nordpool spot electricity price regions. Germany is divided into
four power price regions to simulate the potential grid bottlenecks.
Electricity is allowed to be traded to adjacent markets. The aggregation
on region level and the existing transmission lines are shown in Fig. 3.
Each region consists of areas, which represent district heating networks.
The district heating networks are not connected, meaning that each
area must meet the district heat demand with local generation units.

3.1.2. Temporal resolution
This study considers the transition from 2020 towards 2050 with 5-

year intervals. A partial foresight is chosen using a two simulation year
foresight corresponding in our chosen intervals to a five year foresight.
This restricted foresight reflects the uncertainty related to e.g. policy
decisions, technology development, and fuel prices. To reduce running
time four weeks each of twelve hours is chosen to represent the full
simulation year.

3.1.3. Technologies: installed capacities, investments, and technology spec-
ifications

Balmorel is a technology rich model, both regarding the existing
generation capacities and the possibilities of investing in new genera-
tion technologies, and the data related to the technologies are therefore
pivotal for the results. The base year for the existing capacities is 2016
and the generation capacities are thereafter decommissioned according
to lifetimes. Additional exogenous generation capacity is only included
if the project is decided and under construction. The existing installed
generation capacities are extracted from national energy producers
surveys and statistics (Denmark: [39], Germany: [40,41], Sweden: [42–
45], Norway: [46–48]). Transmission capacities are on the other hand
exogenously implemented towards 2030, according to [28].

A key parameter for investment decisions in Balmorel is the socio-
economic discount rate, which, in this study, is set to 6% for generation
technologies and 3.25% for inter-connectors. The techno-economic pa-
rameters related to the future technologies are primarily taken from
energy data catalogues [49,50]. The technology specifications for elec-
trolysers, hydrogen storage and fuel cell technologies are adopted
from [50–52], and are presented in Table 1, as these parameters are
central for this study.

Finally, Balmorel is allowed to undertake investments in all relevant
technologies except nuclear, hydro-power, and run-of-river technolo-
gies to follow national plans.

In Table 2, the ratios for methanation is given. The amount of
hydrogen required per unit of input gas in terms of energy content,
𝛾𝐻2𝑡𝑜𝐹𝑢𝑒𝑙
𝑔 , is set to 1.08 for biogas technologies and 1.02 for thermal

gas technologies. It is found by taking the amount of hydrogen going
into the process and dividing it with the amount of raw gas going into
the process [53,54]. The lower bound on the utilisation of capacity in
each timestep when using biogas, 𝐶𝐹 𝑙𝑜𝑤

𝑓 , is assumed to be 90%.

3.1.4. Energy demands
The classical electricity demand per year are assumed to follow

the TYNDP-2018 projections for all four countries until 2040 [55].
From 2040 until 2050 we extend the projections with the average in-
crease obtained from 2020 to 2040. Additional electricity demand from
electric heat pumps is endogenously optimised in Balmorel, while the
hydrogen demand is both exogenously defined for the transportation
sector (i.e. for biofuel production), and endogenously optimised for
the biomethaneH2 and SNGH2 production. The district heat demand is
assumed to be constant for all years. Excess heat generation associated
to bio-fuel production is likewise taken into account in the modelling
framework, since these could supply a significant share of district heat
demand in the future. In this study, metrics for the hydrogen consump-
tion (20 PJ) and excess heat generation (14 PJ) for Denmark is taken
from [22], which simulates a biofuel demand at 50 PJ in Denmark by
2050, and increased linearly from 0 PJ in 2030. No hydrogen demand
is assumed for the remaining countries.

3.1.5. Resource potentials, and essential limits and ratios
Potentials for energy sources are essential constrains for Balmorel

model in finding the optimal solution. In particular, the resource poten-
tials for renewable energy sources such as onshore and offshore wind,
solar (from [28]), and biomass [56–59] are of high importance and are
highlighted in Fig. 4.



Energy Strategy Reviews 27 (2020) 100446

6

I.G. Jensen et al.

Table 1
Techno-economic parameters for: Electrolyser (Alkaline, Proton exchange membrane (PEM), Solid oxide electrolyser cell (SOEC), Solid oxide fuel cell (SOFCC), Proton exchange
membrane fuel cell (PEMFC) — all available with changing parameters from years 2020, 2030, and 2050 (denoted with _YEAR) — 2040 is the calculated mean of 2030 and 2050;
and hydrogen storage technologies (underground (S_und), central tanks (S_tank_Cen) and decentral tanks (S_tank_deCen)). The costs are in e2018.

Technology Inv. costs
[Me/MW]

Fixed O&M costs
[ke/MW]

Efficiency
[%]

Output heat
(Cb-value)

Life time
[Years]

Load/unload
[Hours]

References

Alkaline_20 0.59 29.4 63.6 7.14 25 – [51]
Alkaline_30 0.54 26.95 65.9 8.33 25 – [51]
Alkaline_40 0.51 25.725 67.6 10.42 25 – [51]
Alkaline_50 0.49 24.5 69.2 12.50 25 – [51]
PEMEC_20 1.08 53.9 58 – 15 – [51]
PEMEC_30 0.59 29.4 62 8.33 15 – [51]
PEMEC_40 0.49 24.5 64.5 9.17 15 – [51]
PEMEC_50 0.39 19.6 67 10 15 – [51]
SOEC_20 2.16 64.68 89.4 7.08a 20 – [51]
SOEC_30 0.59 17.64 92.9 6.30a 20 – [51]
SOEC_40 0.49 14.7 92.9 6.30a 25 – [51]
SOEC_50 0.39 11.76 92.9 6.30a 30 – [51]
PEMFC_20 1.27 63.7 50 1.25 10 – [51]
PEMFC_30 1.08 53.9 50 1.25 10 – [51]
PEMFC_40 0.93 46.55 50 1.25 10 – [51]
PEMFC_50 0.78 39.2 50 1.25 10 – [51]
SOFCC_20 3.23 161.7 58 1.67 20 – [51]
SOFCC_30 1.96 98 60 1.61 20 – [51]
SOFCC_40 1.37 68.6 60 1.61 20 – [51]
SOFCC_50 0.78 39.2 60 1.61 20 – [51]
S_und 0.00001 0.0008 100 – 30 100 [50,52]
S_tank_Cen 0.000037 0.0017 98 – 22 30 [50,52]
S_tank_deCen 0.000066 0.003 98 – 22 5 [50,52]

aHere the Cb-value determines the amount of heat used.

Fig. 4. Resource potentials.

In addition to the resource potentials other essential limits and
ratios are introduced in the Balmorel model. The LimitsForFuels add-
on is applied for: (1) Biogas, biomethaneUP, and biomethaneH" with all
three fuels used for the capacity bound; (2) Syngas, SNGUP, and SNGH2

with straw and wood pellets used for the capacity bound; (3) Straw,
syngas, SNGUP, and SNGH2 with straw used for the capacity bound; (4)
Wood pellets, syngas, SNGUP, and SNGH2 with wood pellets used for
the capacity bound; and (5) Straw, wood pellets, syngas, SNGUP, and
SNGH2 with straw and wood pellets used for the capacity bound.

The conversion rate from straw and wood pellets to thermal gas is
set to 0.6 according to [60,61].

3.2. Scenarios

Two main scenarios are constructed as story-lines for two plausible
energy futures. The first scenario, called Marathon, is a scenario rep-
resenting the long-haul energy transition represented by continuously
and linearly declining CO2-emissions from today towards zero-emission
electricity and district heating systems by 2050. The second scenario,

called Late Sprint, represents a future where the countries are only
restricted to meet the national CO2-emission reduction targets by 2030
and 2050, which by 2030 equals a reduction of 43% compared to
2005 for the Emission Trading (ETS)-scheme, and for the non-ETS
scheme equals 39%, 38%, and 40% for Denmark, Germany and Swe-
den, respectively [62]. Like in the Marathon scenario, a zero-emission
electricity and district heating system must be met in 2050. This way,
‘‘late sprints’’ appear in the years shortly before 2030 and 2050 in
order to satisfy the national agreed CO2-emission obligations. The
two scenarios differ in the CO2-emission reduction pathways, and in
the fossil fuel prices, which are adopted from [55] towards 2050, as
shown in Table 3, where also the assumed prices for biomass [63] and
renewable gas [13,22,64] are shown. For wood chips, it is assumed that
the price depends on the amount used and thus, a step-wise price curve
is applied in the modelling. In the table, the medium wood chip price
is displayed. It reflects the assumed price if the amount of wood chips
used today in the respective countries. The price for biomethaneH2

and SNGH2 does not include the cost of the required hydrogen since
these costs are determined endogenously in the model depending on
the electricity price.
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Table 2
Ratio of energy contents of input and output of the hydrogenation.

Raw gas Hydrogen Hydrogen/Gas input (Ratio)

Biogas 50 54 1.08
Syngas 53 54 1.02

Table 3
Future fuel prices used in the two main scenarios in e2018/GJ.

Fuel 2020 2025 2030 2035 2040 2045 2050

Marathon Natural gas 6.48 7.43 7.33 8.13 8.92 8.92 8.92
Coal 2.44 2.23 4.56 3.24 1.91 1.91 1.91
Lignite 1.17 1.17 2.44 1.81 1.17 1.17 1.17

Late Sprint Natural gas 6.48 7.86 5.31 5.57 5.84 5.84 5.84
Coal 2.44 2.65 2.55 2.60 2.65 2.65 2.65
Lignite 1.17 1.17 1.17 1.17 1.17 1.17 1.17

Biomass prices Straw 5.82 6.13 6.45 6.56 6.65 6.65 6.65
Wood waste 6.07 6.07 6.07 6.07 6.07 6.07 6.07
Wood chips 6.73 7.11 7.54 7.73 7.89 7.89 7.89
Wood pellets 8.93 9.29 9.79 9.93 10.03 10.03 10.03
Biogas 10.84 10.84 10.84 10.84 10.84 10.84 10.84
BiomethaneUP 12.85 12.85 12.85 12.85 12.85 12.85 12.85
BiomethaneH2 11.59 11.59 11.59 11.59 11.59 11.59 11.59
Syngas 12.46 12.46 12.46 12.46 12.46 12.46 12.46
SNGUP 24.04 24.04 20.37 20.37 20.37 20.37 18.53
SNGH2 14.56 14.56 14.52 14.52 14.52 14.52 14.52

Table 4
Parameters for sensitivity analysis.

Short name Description Change

C Costs for all hydrogen technologies −30%
E Emission factor for biogas −20.75 kgCO2-eqv per GJ [65]
F Fuel price for renewable gas −30%
P Reduction of biomass potential −90% for biomass and biogas

3.3. Sensitivity analysis

Sensitivity analyses are carried out to clarify the robustness of the
optimised model results. The sensitivity assessment is facilitated by
varying the main input parameters according to the metrics presented
in Table 4. The costs for hydrogen technologies and future fuel prices
for renewable gas have been chosen as parameters, as hydrogen tech-
nologies and renewable gas production technologies are early in their
development stage. The CO2-emission factor for biogas is chosen as
parameter to reflect an uncertainty in the actual CO2-emission factor
from biogas. Lastly, the biomass potential has been chosen to reflect
the uncertain availability of biomasses in the future energy system
as the competition between sectors increases — the availability of
biomass directly affects the availability of renewable gasses in the
energy system. The sensitivity analyses are performed on both the
Marathon and Late Sprint scenarios, for each parameter individually (C,
E, F, P), giving a total of eight sensitivity analyses to be performed. The
name of the sensitivity scenario is thus a combination of the scenario
and the parameters varied, e.g. the Late Sprint scenario varying fuel
prices is Late Sprint-F.

4. Results and discussion

4.1. Main scenarios

In Fig. 5, the primary energy usage for electricity and district
heating systems in the Late Sprint and Marathon scenario is illustrated.
The main difference is in the pathway towards 2050, where Late Sprint
utilises most primary energy. Furthermore, more coal and less wind
is utilised in the Late Sprint compared to the Marathon. In 2020, less
natural gas is used compared to 2030, due to higher CO2 allowances
(more coal and lignite) and a higher nuclear energy production in
Germany. The energy mix in the two scenarios differs both in the

pathway towards 2050, but also in the 2050 system. This picture
appears, because of lower fossil fuel prices in Late Sprint and the
fact that CO2-emission limits are continuously tighter in Marathon;
thus more wind and solar is deployed instead of coal, lignite and
natural gas. In 2030, although both scenarios have the same emission
restriction, less renewables are deployed in Late Sprint. This can further
be explained by the five-year foresight mechanism used in this study:
in Marathon, the steady, continued reduction of CO2-emissions is taken
into account also in 2035 and leads to more investment in renewables,
while Late Sprint keeps as many fossil fuels in the system as possible as
no restriction in the future is yet influencing the investment decision.
This leads to significant higher climate impact: the accumulated CO2-
emissions are 1.6-times higher in the Late Sprint scenario. Thus, one
intermediate CO2-emission target, like in Late Sprint, and running the
model with a partial foresight of five years do not seem to be sufficient
for motivating a linear reduction until the zero-emission target in 2050.

In the year 2050, biomethaneUP and syngas are utilised for genera-
tion of electricity and district heating. In both scenarios, the available
biogas is upgraded and subsequently some of the available syngas
is additionally produced and consumed. This reflects the order of
renewable gas options being taken. Biogas is the cheaper option, but
raw biogas has the disadvantage of having to be consumed steadily
instead of being able to exploit the huge storage of the natural gas
grid. Thus, biomethaneUP provides more flexibility to the system. It
can be stored in the gas grid and it can be used in already existing
natural gas plants. The application in industry and transport would also
be possible, however, is not within the scope of this study. Due to the
modelling assumptions, syngas provides more flexibility to the system
than biogas, since it does not have to run at least at 90% of capacity.
The additional flexibility the conversion to SNGUP would offer, is not
the chosen option considering the additional costs.

The reason for a significant lower amount of raw biogas used in
2020 than in reality in 2017 – although there would be already installed
biogas plants available – is that the support and subsidies payed for
biogas and its co-benefits are not included in the model assumptions.
In 2030, in both scenarios around 4 TWh of biogas are applied which
helps to reach the CO2-emission reduction target, but none is used
before. In both scenarios, a small amount of woodchips is used already
in 2020 and 2030 (about 4 TWh), and in 2050, 14 TWh are consumed
in Marathon and 16 TWh in Late Sprint. At this amount the woodchips
are still within the cheapest price step and thus have a price below
woodwaste.

In 2050, no CO2-emissions are allowed for any of the scenarios.
Moreover, differences in fossil fuels prices do not influence the CO2-
emission free system configuration. Despite these even conditions, the
fuel consumption differs slightly: in Late Sprint, 28 TWh of straw are
used, mainly instead of wind compared to Marathon. The required ‘‘late
sprint’’ from fossils to zero CO2-emissions causes the system to still
rely stronger on fuels instead of more electrification and a stronger
integration of the sectors and the countries’ electricity systems. In the
Late Sprint, a fast deployment of renewable generation capacity is
needed from 2045 to 2050 both in the electricity and district heating
systems. Since heat was available from CHP-plants until 2045 in the
Late Sprint scenario, the system has not been pushed to an early
deployment of power-to-heat technologies. Evidently, more wind, solar
and power-to-heat capacity is installed in Marathon. Another indication
that the systems in the Marathon are stronger integrated, is the addi-
tional installed transmission capacity. In Marathon, the already existing
capacity is increased by 63% compared to 35% in Late Sprint (Table 5).
In a more interconnected power system, like Marathon, more wind
power can be integrated and distributed, and thus is preferred over
e.g. straw and syngas. The five-year-foresight additionally emphasises
profitability of wind power in combination with transmission capacity
for Marathon already in earlier years than 2050. However, the fact that
also in Marathon biomethaneUP and syngas are utilised to some extent,
emphasises the benefit of a diversity of solutions to the system.
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Fig. 5. The fuel usage in the two scenarios.

Table 5
Additional transmission capacity as a percentage of the existing and planned
transmission capacity [%].

Base C E F P

Marathon 63 63 59 39 98
Late Sprint 35 35 36 30 47

4.2. Sensitivity analysis

The fuel consumption of different gasses in four different sensitivity
analyses additional to each main scenario, is displayed in Fig. 6. Fig. 7
illustrates the sum of new capacity of different gas technologies during
the whole model horizon, comparing the scenarios and sensitivity
analyses. Lastly, Fig. 8 shows the sum of electricity, heat, and hydrogen
storage capacities installed in the system towards 2050.

The cost reduction of all hydrogen technologies (electrolyser, stor-
age, fuel cell) by 30% (sensitivity C) results in an increase in the
use of hydrogen for upgrading biogas with more than 30% and for
upgrading syngas in 2050 with 10% for Marathon and 22% for Late
Sprint. This indicates that hydrogen gets an attractive option in zero-
emission systems if biogas availability is limited and the price of using
hydrogen gets lower in comparison to syngas and biogas.

Accounting for negative CO2-emissions of biogas (sensitivity E) has
the effect of coal replacing 9 TWh natural gas in 2040 in the Marathon
scenario. This is due to the additional CO2-emission option generated
by a tiny amount of biogas leaving room for more coal emissions and
thus leading to this fuel shift. In 2050, natural gas uses up the negative
emissions of upgraded biogas resulting in net zero emissions again. This
only takes place in Late Sprint, where the system is in stronger need for
system balancing, relying on fuels and having less wind and solar and
transmission capacity installed.

A significant fuel price reduction of renewable gas (sensitivity F)
results in a significant amount of renewable gas already in 2040, if
CO2-emission reduction targets are in place (Marathon-F). In 2050, it
more than doubles (increase by 38 TWh) the use of syngas compared
to the base scenario. In that case, the use of hydrogen is not as
attractive in the system configuration anymore; the use of hydrogen for
upgrading biogas and syngas is reduced with 24% from the Marathon
base scenario and 51% from the Late Sprint base scenario. Furthermore,
the fuel price reduction for renewable gas and its resulting higher

application reduces the need for additional transmission capacity and
only 39% extension of existing grid capacity is installed instead of 63%
in the base Marathon scenario (see Table 5).

Reducing the available bioenergy sources (biomass and biogas) to
10% of the base case (P) significantly changes the picture for 2050.
The scarce resource is consequently exploited as much as possible by
adding hydrogen to all available biogas in the Late Sprint scenario,
generating biomethaneH2, where in the Marathon scenario a small
amount is upgraded to biomethaneUP. Part of the biomass is used for
producing syngas, of which all is boosted with hydrogen to SNGH2.
Furthermore, 48–59 TWh of hydrogen are used for flexible electricity
generation. The increased use of hydrogen comes along with additional
hydrogen storage capacity (see Fig. 8) since the possibility of flexible
generation of electricity is of high value as a flexibility measure for
the system, and only then the costs for hydrogen generation pay off.
Another sign of the increased need for additional flexibility options in
case of bio-energy scarcity is the increase of additional transmission
capacity to 98% of existing (63% in Marathon base — see Table 5).

In general, it is a robust finding that more gas is used in the Late
Sprint scenarios. In 2030, the natural gas use is almost doubled to
194 TWh in Late Sprint compared to 112 TWh in Marathon. Although
there are slight variations between the sensitivity analyses, they do not
change this difference between the two scenarios, see Fig. 6. In 2040,
it is still 25% more natural gas use in most of the sensitivity analyses.
In combination with the 2030 reduction target, the lower gas price in
Late Sprint has a strong effect in additional usage of gas. However, the
total installed capacity of power plants running on methane is similar
in the Late Sprint and Marathon scenarios (see Fig. 7), with a focus on
electricity generation, thus the gasses have stronger role in flexibility
and balancing in the Marathon scenario. In 2050, except for the fuel
price reduction scenario, 11%–28% more renewable gas is used in the
Late Sprint scenarios. It primarily replaces wind power and is mainly
used for electricity generation.

Although in 2030, it is still attractive to use some raw biogas, for a
zero-emission system, upgrading and thus using the storage options of
a gas grid, appears to be the best option from socio-economic energy
system view, under the explained conditions. The choice between
syngas and hydrogen, which do not use the methane grid in these
scenarios, then depends on the development of the technology costs,
which seem to be close. Restricted availability of biogas and biomass
resources evidently causes the maximum utilisation possibility of the
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Fig. 6. Sensitivity analyses: Fuel consumption of gasses in the Marathon (M) and Late Sprint (LS) scenario. For explanation of C,E,F,P see Table 4.

Fig. 7. Sum of new capacity 2020–2050 in GW — gas technologies. In Methane backpressure (BP), condensing (CND) and extraction (EXT) natural gas, biomethaneUP, biomethaneH2,
SNGUP and SNGH2 can be applied.

biogas in the form of increasing the methane yield by adding hydrogen.
For syngas, not all of the biomass is used up, but still, the yield is
increased by adding hydrogen to it.

So far, the description summarised the results for all countries. A
look at the country-wise distribution reveals, that it is only Germany
using its biogas resources up to the limit in all scenarios and sensitivity
analyses for the year 2050. Denmark and Sweden use biomethaneUP to
the highest extend when negative CO2-emissions are accounted for (E).
In the case of the Late Sprint scenario, 7.8 TWh of biomethaneUP are
used in Denmark and 4.3 TWh in Sweden. That amount corresponds to
80% of the amount available in Denmark and 41% in Sweden. Reduced
fuel costs (F) in Late Sprint reduces the use of biomethaneUP in Den-
mark and eliminates the amount used in Sweden. Reduced fuel costs (F)
and low biomass potential (P) are the only cases when syngas is pro-
duced in Denmark (0.6–1.6 TWh). The results in this study summarises
the utilisation of natural and renewable gas in electricity and district
heating systems. In addition to these results, consumption of natural
and renewable gas in other sectors, such as industry and transportation,
can potentially take up the remaining part of the available renewable
potential.

5. Conclusion

Renewable gas options should not be neglected when modelling
pathways to CO2-emission neutral energy systems. The presented meth-
ods for modelling renewable gasses are helpful tools for assessing
the role of renewable gasses under different circumstances. Results
show that CO2-emission reduction targets that are steadily applied,
decrease the role of natural and renewable gas and strengthen the
role of wind and solar in combination with additional transmission
capacity even when hitting the same end target in terms of zero CO2-
emissions in 2050. However, the scenarios and sensitivity analyses
generally show, that the electricity and district heat systems benefit
from a diversity of flexibility and technology options: transmission and
renewable gasses complement each other. An integrated electricity and
district heat system profits from a certain portion of gas in the system,
although the percentage could be minor. Countries with large amounts
of hydro-power, like Norway and Sweden, and countries with strong
interconnections to these countries, like Denmark, have a lower need
for flexible gas generation technologies than Germany. The assumption
that only a small part of the available bio-energy is available for
electricity and district heat systems strengthens the role of hydrogen.
Despite its high technology costs, hydrogen can take a role as a storage
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Fig. 8. Sum of new storage capacity 2020–2050 in GWh.

medium and for exploiting the scarce bio-resource to its full extent via
methanation.

This study only takes into account the potential role of renew-
able gas in the electricity and district heat sector. A higher need for
renewable gas technologies, which may arise in the transportation
sector and industry was not included. In order to analyse that, a
more detailed modelling of other sectors such as industry [66] and
transportation would be required. The sensitivity scenario with limited
biomass availability indicates that if less renewable gas is available for
the electricity and district heat sectors, these sectors will rely more on
the use of hydrogen — both for use in fuel cells and for upgrading of
biogas and syngas. The characteristics of the gas transmission systems
are not considered, but rather it was assumed that the grid is usable
as today, assuming no bottlenecks. Further research is required to be
able to assess the critical amount of gas necessary to keep the gas grid
functional.
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