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Abstract

This study conducts an integrated energy system assessment to evaluate pathways for using locally dis-
tributed sustainable biomass resources in the conversion to renewable gas and liquid biofuels in future
integrated energy systems. A modelling framework with a detailed spatiotemporal representation is used,
optimising the usage and transportation of local biomass resources for producing renewable gas and renew-
able liquid fuels through the OptiFlow model, along with the comprehensive power and district heating
model Balmorel, integrating short-term dynamics in the long-term planning horizon. Results for a fossil-
independent Danish energy system by 2050 show that production of bio-jet fuel in Denmark would impose
high pressure on national biomass resources. Electrofuels, such as biomethanol, have economic viability and
promising potentials. The results regarding renewable gas production show that anaerobic co-digestion of
a mixed feedstock to produce biogas, which is further upgraded to biomethane using water scrubbing for
CO2 removal, would be the preferred option. Biorefineries are located near larger cities to benefit from
economy of scale and access to large district heating networks, as excess heat from biorefineries could supply
up to 21% of the national district heating demand. On the contrary, biogas plants would be located in the
countryside, as the costs of transporting manure are a determining factor. Therefore, our study provides
a novel modelling approach, which enable optimisation of geographical distributed resources for renewable
gas and liquid fuel production, while taking synergies across energy vectors in account.
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1. Introduction

The Paris Agreement aims at limiting the increase of average global surface temperature in this century
to well below 2◦C above pre-industrial levels, and even to pursue efforts to keep the raise to 1.5◦C [1].
The Special Report on Global Warming of 1.5◦C highlights that global greenhouse gas (GHG) emissions
must peak within this decade and carbon-neutrality must be achieved between 2050-2070, in order not to
surpass the 2◦C [2]. Therefore, climate change mitigation requires a profound and urgent transition based
on renewable-based energy production, energy efficiency, electrification, and an increase in carbon sinks
[3, 4, 2].

In a carbon-neutral energy system, the emissions from all the sectors of the system must be zero, including
those hard-to-abate sectors, such as high-temperature process heat demand, heavy-duty road transport,
shipping, aviation, and peak power demand [5]. Variable renewable energy (VRE), e.g. wind and solar, are
expected to play important roles in decarbonising the power system [6], with the support of strengthened
power transmission capacity [7] and electricity storage systems [8]. Furthermore, electrification might in-
crease substantially, especially for light-duty road transport [9] and heating [10]. Nevertheless, those sectors
that cannot be electrified might, to some extent, use renewable gas, liquid fuels, or solid biomass resources
in order to accomplish the carbon-neutrality goal.

Various energy transition pathways emphasise that large amounts of bioenergy are required to supply en-
ergy in the future [2, 11]. The Special Report on Global Warming of 1.5◦C [2] estimates that bioenergy
use increases by 1-5% per year between 2020 and 2050 at a global level, where primary energy supplied by
bioenergy would range from 40-310 exajoule (EJ) yr−1 by 2050. This wide range reflects technological un-
certainty and different strategic mitigation portfolio choices. All carbon-neutral systems have a substantial
reliance on bioenergy; however, the study by Rogelj et al. (2018) summarize that ”there are other configura-
tions with less reliance on bioenergy that are not yet comprehensively covered by global mitigation pathway
modelling”, such as renewable-based power-to-X (PtX) and electrolytic hydrogen [12].

The contribution from natural gas varies significantly across global energy transition scenarios, ranging from
22 to 267 EJ yr−1 by 2050 in the 1.5◦C scenarios, compared to a level at 100-110 EJ yr−1 by 2010 [2]. The
discrepancies in the potential contribution from gas to the primary energy mix is explained by differences
in gas supply across models, which influences the costs and availability in the alternative socio-economic
pathways (Ibid.). Therefore, across global energy transition pathways, there are high uncertainties related
to the potential contribution from both bioenergy and gas to future supply mix, owing to differences in
preferences for supply pathways across models [2, 3, 13], which is partly due to the fact that elecrofuels are
not represented comprehensibly in most of the models.

Gas, renewable gas and liquid fuels, and the already-existing infrastructure can potentially play a key role
in facilitating an effective and cost-efficient energy transition. Renewable gas and liquid fuels can 1) be
used in various sectors, including those where decarbonization is challenging, due to its versatility as energy
carriers [14, 15, 16]; 2) be used in conversion technologies to produce liquid biofuels and electrofuels, e.g.
through biomass-to-liquid combined with power-to-liquid [17]; 3) facilitate system integration [18, 19]; and
4) serve as a flexible resource, both in the short and long term, e.g. due to large gas storage facilities, flexible
production of hydrogen, and flexible generation of electricity and heat in peak-load situations [18, 19].

The role of renewable gas and liquid fuels in future energy systems has not been covered distinctly in
the scientific literature, which leaves the question of their potential contribution to carbon-neutral systems
unanswered. This potential could be assessed through different methodological approaches, such as top-down
or bottom-up models. Considering techno-economic bottom-up models, conversion of biomass to renewable
gas and liquid fuels can be modelled with different spatial details, varying from global integrated assessments
models (IAM) to local supply chain models.

Supply chain models often optimise the design of the upstream segment of a specific biomass-to-biorefinery
supply chain, but leave out the optimal usage of resources in a wider perspective than what is best for
that specific supply chain [20]. De Meyer et al. [21] highlight that the review of the biomass-for-bioenergy
supply chain methods ”points to opportunities for development of an integrated, holistic approach to optimise
decisions in the field of biomass supply chain and management”, particularly for co-optimising simultaneously
multiple biomass supply chains.

Global IAMs integrate modelling of different sectors, including agriculture, forestry and energy, where the
resource potential is endogenously determined based on ecological (e.g. requirements to leave residues on
land) and economic constraints (e.g. uses of biomass resources for non-energy purposes) [22]. Nevertheless,
the technical representation and spatial resolution is less detailed, transport of resources is not included
endogenously [22], and the models often underestimate VRE potentials by imposing constraints [7], which
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might induce a higher diversion of biomass resources towards supply of electricity and heat. Detailed
modelling of the prospective increase in VRE generation becomes critical to ensure that sustainable biomass
is used in those harder-to-abate sectors.

Energy system models are powerful tools, which have been used to assess energy transition scenarios and
pathways. Comprehensive literature reviews of energy systems models have been conducted [23, 24, 25], and
in general, characterise energy systems models into simulation and optimisation models. Each modelling
approach has advantages and disadvantages. While simulation models simulate energy scenarios quickly,
optimisation models compute the least-cost configuration of the energy system, often with higher computa-
tional times [26, 23, 25].

Energy simulation models have been applied to assess the role of bioenergy, renewable gas and renewable
liquid fuels for future energy and transportation systems globally, in socio-economic blocks, such as the
European Union [27]; for regional assessments, such as in the Nordic countries [28, 29, 30]; and for national
analyses, such as in Denmark [31, 32, 33, 34, 35, 36, 37, 38]. Energy optimisation models have been applied
to find the optimal utilisation of renewable gas and renewable liquid fuels in a global perspective [13, 3], for
the EU and Nordics [39], or nationally [40, 41, 42, 43, 44].

Results from the studies show that biomass is mostly converted into liquid biofuels in the future to supply the
long-haul transportation services. Biofuel conversion technologies. e.g. fermentation to produce bioethanol
for cars, and thermal gasification process followed by Fischer-Tropsch synthesis to produce biodiesel, to
supply the long-haul transportation is found in [37, 38, 29, 40]. Börjesson et al. [42] et al. investigate the
future of biofuels in road transport, using an energy system optimisation model for the analysis. They
find that second generation biofuels can play an important role in a system with stringent medium-term
climate targets, especially methanol and biomethane. Hagberg et al. [41] assess bioenergy futures using
an optimisation model for analysing scenarios for biofuel production pathways. They find improved system
cost-efficiency; however, in the long-term and with ambitious energy and climate targets, bioenergy for
biofuel production is not varied significantly, since the biofuel quantities are decided by supply-side related
constraints i.e. bioenergy potentials, and on the demand-side i.e. biofuel demand in the transportation
sector. The above mentioned studies do not include the possibility to use electrofuels in their modelling
frameworks and scenarios. However, electrofuels also show a promising future to satisfy the needs for liquid
and gas biofuels, as the electrolysis technology matures and due to limited availability of sustainable biomass
resources, or other carbon sources [31, 32, 33, 34, 28, 40]. Mathiesen et al. [31, 32, 33] investigate 100%
renewable energy transport scenarios towards 2050 with a several conversion pathways represented including
electrofuels pathways. However, the use of an energy system simulation tool depict the user-defined system
configuration and thereby the resulting energy mix. Results from the previous studies stresses the need
for including an extensive representation of conversion technology pathways in energy system modelling to
enable the technologies to compete for the more affordable pathway.

In addition to the highlighted results in the literature, we review the methodological frameworks used
to model bioenergy, renewable gas and renewable liquid fuels, which is presented in the Supplementary
Material A. The focus of this overview is the Nordic region, as it is a region with high ambitions on reducing
GHG emissions, abundant renewable energy resources and substantial infrastructure with a well-functioning
Nordic power market, high share of district heating in Denmark and Sweden, as well as a gas infrastructure
covering most parts of Denmark. Planning for decarbonised integrated energy systems has lead to a strong
tradition of using regional and national energy system models in the Nordics.

While simulation tools tend to apply hourly representations [28, 29, 31, 32, 33, 35, 36, 30, 37, 38], optimisation
models often aggregate time into temporal slices [13, 3, 39, 40, 41, 42, 43, 44], which can be problematic
when investigating systems with high integration of VRE generation. Moreover, none of the reviewed
energy systems assessments encompasses endogenous optimisation of the utilisation, and transportation
across geography, of all the locally distributed biomass resources. Independent of the modelling type, spatial
resolution is poor, with national biomass potentials, and few district heating areas. This is problematic, as
the sustainable biomass is locally distributed across geography, and the transportation cost of, for example,
manure is expected to be a determination of the production and location of biogas plants. Moreover, detailed
spatial representation is relevant in countries where heat is supplied via local district heating networks, and
for a thorough assessment of, for example, the future potentials for an energy efficient utilisation of excess
heat from biorefineries. A first attempt to include a high spatiotemporal optimisation of the bioenergy use
in energy systems is the study conducted by Venturini et al. (2019), which focuses on the utilisation of
straw in the Danish energy system, and takes the transportation of this resource between municipalities
into account. However, the fuel demand in the transport sector is computed with low spatial resolution
and thereby neglecting fuel production costs computed with high spatial modelling. The study, moreover,
excludes the transportation of crucial resources, such as manure, deep litter, organic waste and grass, for
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renewable gas production, as well as only including a limited representation of electrofuels, which might
have a promising potential for fuelling the future transportation sector.

Based on the review, a research gap is identified in terms of studies, which perform energy systems modelling
to analyse the role renewable gas and renewable liquid fuel in future integrated energy systems, which take
into account the following important features; 1) detailed spatial resolution of the bioenergy resources,
transportation and use as well as district heating demand and production; 2) extensive representation
of conversion technologies for producing renewable gas (including hydrogen) and renewable liquid fuels
(including PtX); 3) power market modelling for a larger region e.g. the North European region, in order
to endogenously compute future electricity mix and prices; and 4) endogenous investment and operation
optimisation of the system to analyse the role of renewable gas and renewable liquid fuels in future integrated
energy systems.

This study contributes to the research field in two ways. First, this study bridges the identified research
gap by developing a modelling framework that implements the above highlighted crucial modelling features,
including investment and operation optimisation of the utilisation and transportation of locally distributed
sustainable biomass resources for the production of renewable gas and renewable liquid fuels, in future energy
system with a detailed spatiotemporal representation. Secondly, the study apply the developed modelling
framework to investigate the role of renewable gas and liquid fuel production pathways in various future
system configurations. To conduct this analysis, we model sustainable biomass (manure, deep litter, organic
waste, grass and straw, wood chips and wood pellets) utilisation for renewable gas production (biogas,
syngas, biomethane, synthetic natural gas (SNG), and hydrogen), as well as renewable liquid fuel production
(methanol, biodiesel, ethanol, biooil and biokerosene, where methanol and biokerosene can be produced using
PtX conversion technologies), in the generalised spatio-temporal network model OptiFlow [45]. OptiFlow
is co-simulated with the comprehensive power and district heating optimisation model, Balmorel [46, 47],
enabling optimisation of the energy mix and endogenous computed electricity prices for the region, as well
as allowing a holistic system perspective and positive synergies across energy sectors.

A case study of Denmark in a Northern European context is chosen as a real-life application of the developed
modelling framework. This region is chosen, as the Nordics have high GHG emission reduction goals. The
Danish Government [48] has announced a long-term vision of achieving a fossil-independent energy system
by 2050. Moreover, Denmark has the highest share of wind power generation [39], and the transition of
the gas system already appears, as the Danish TSO, Energinet, reported that in July 2018, 18.6% of the
national monthly gas consumption was satisfied by biomethane, and that it is expected that more than
10% of the gas consumption will stem from biogas by 2019 [49]. The future Danish energy system, as a
case study, is therefore interesting to investigate, also seen from a global perspective, due to its long-term
energy and climate policy targets, increased generation from distributed renewable energy sources, high
share of heat provided by district heating networks, limited domestic residual biomass resources, as well as
the foreseen challenges in the context of decarbonising the heavy-transport and industrial sector as well as
ensuring balancing of electricity production from VRE technologies.

Following the introduction, section 2 presents the methodology developed and applied in this study to
model the potential role of renewable gas and renewable liquid biofuels in the Danish energy system by
2050. Section 4 describes the data assumptions applied to conduct the scenario analysis. Sections 5 and 6
present the results obtained by the Balmorel-OptiFlow co-simulation and discuss the impacts of the results.
Finally, section 7 contains the conclusions.

2. Methodology

Bottom-up energy system analysis is applied for evaluating the role and impacts of renewable gas and
renewable liquid fuel production in the Danish energy system by 2050. Bridging the identified research
gaps, the modelling framework in this study applies a detailed spatial resolution, which is required to
represent the production of renewable gas and renewable liquid from local sustainable biomass resources,
taking into account the transportation of resources across geography. Moreover, high spatial resolution is
required to represent disaggregated district heating networks, as heat cannot be exchanged between district
heating networks (unless neighbouring networks become connected), and to assess the trade-offs between
transport of resources, economies of scale, and biorefinery location next to district heating networks, which
could efficiently use the excess heat provided.

Modelling the future Nordic-German energy system, with a focus on Denmark, calls for representative
temporal profiles, as the system integrates high shares of variable renewable energy sources. The modelling
framework developed and applied in this study encompasses the above requirements by modelling the local
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biomass resource for renewable gas and renewable liquid fuels in the the generalised spatio-temporal network
optimisation model, OptiFlow. This model is co-simulated with the Balmorel model, which facilitates the
required detailed modelling of the power and district heating systems. This modelling framework explores
synergies between renewable gas and renewable liquid fuel production, and the power and district heating
networks.

The spatial resolution of the modelling framework, as applied in this study, consists of three different layers:

• Countries, which represent the political boundaries of countries, and specific targets, e.g. caps on
GHG emissions might be set at a country-level.

• Regions that are part of countries, and represent zones for unconstrained power transmission, regions
might be connected to other regions from the same or a different country for power trade.

• Areas that are part of regions, and represent district heating networks and availability of resources.
District heating networks are assumed to be isolated, but resources might be transported through
defined transport means and thereby connect areas.

2.1. Balmorel

Balmorel is an open-source energy system optimisation model, and in this study it includes the electricity and
district heating sectors. The model relies on a bottom-up modelling approach, and is a deterministic, partial
equilibrium model, which assumes perfect competition, and economic rationality [46]. The Balmorel model
entails a comprehensive representation of technical components in the current energy system, e.g. electricity
and heat generation technologies, and power transmission lines. Balmorel computes the conversion of energy
sources to electricity and district heating, the storage of heating and electricity, and the transmission of power
through interconnections. The Balmorel model allows simultaneous optimisation of both investments and
operational decisions for dispatch [47].

The objective of Balmorel is to maximise social welfare, which is equivalent to minimising the total cost
of the system when assuming inelastic energy demands, as applied in this study for simplicity. Balmorel
can be run in several modes, e.g. economic dispatch, unit commitment, discrete binary investments for
economy of scale, and myopic or perfect foresight within a year and between years. In this paper, Balmorel
is run optimising simultaneously the economic dispatch and investments, by minimising the total costs for
satisfying the district heating and power demands, using a perfect foresight approach within the year of
optimisation. A simplified version of the main equations used in Balmorel for electricity and district heating
generation are described below. The nomenclature is found in Appendix.

Minimize

z =
∑
a∈A
t∈T
g∈G

cvOP
g · pa,t,g +

∑
a∈A
g∈G

cfxOP
g · (pexa,g + pnewa,g ) +

∑
a∈A
g∈G

cCAP
g · pnewa,g +

∑
r,r′∈Rex

r,r′

cCAP
r,r′ · ptrnewr,r′ (1)

Subject to

pa,t,g ≤ kga,t,g · (pexa,g + pnewa,g ) ∀ a ∈ A, t ∈ T , g ∈ Gdis (2)

pa,t,g + pcurta,t,g = kga,t,g · (pexa,g + pnewa,g ) ∀ a ∈ A, t ∈ T , g ∈ Gnd (3)

ptransr,r′,t ≤ ktrr,r′,t · (ptrexr,r′ + ptrnewr,r′ ) ∀ r, r′ ∈ Rex
r,r′ , t ∈ T (4)

∑
a∈AR

r

g∈Gel

pela,t,g +
∑

r′∈Rim
r′,r

er′,r · ptransr′,r,t −
∑

r′∈Rex
r,r′

ptransr,r′,t = delr,t ∀ r ∈ R, t ∈ T (5)
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∑
g∈Gdh

pdha,t,g −
∑

g∈GSt

pdh,toST
a,t,g +

∑
g∈GSt

pdh,fromST
a,t,g = ddha,t ∀ a ∈ A, t ∈ T (6)

Equation 1 represents the objective function, and as a result of the optimisation, the total cost for satisfying
the electricity and district heating demand, z, is minimised. The variable costs of operation of the technology
g, including costs related to fuel consumption and environmental taxes, are given by cvOP

g ; and the amount
of commodity associated to those costs, produced or consumed by a specific technology g, located in the area
a, at each time period, defined by the temporal slice t, is given by pa,t,g. The annualised capital expenditures
in technology g are defined in cCAP

g , which takes into account the discount rate and the economical lifetime of
the investments, which are defined by the variable pnewa,g , which represents the capacity installed of technology
g in area a.

Equation 2 represents the constraint of flow of a commodity, pa,t,g, given by the installed capacity of
technology g in the area a, and the availability of the plant at that specific time period t. However, when a
plant is non-dispatchable, e.g. wind or solar, the production of the technology g in the area a is fixed at each
time period t, but with the possibility to curtail some generation, pcurta,t,g, as shown in Equation 3. Equation
4 describes the limits to power transmission between interconnected regions r − r′ given by the capacity of
the lines, ptrexr,r′ + ptrnewr,r′ , and their availability at the time period t.

Equation 5 ensures that the electricity demand, delr,t, is met in all regions (geographical areas a are aggregated
into transmission regions r) and time periods. Electricity might be transmitted between regions; ptransr,r′,t shows

the amount of electricity exported from region r ∈ R to a connected region r′ ∈ Rexp
r,r′ , and the variable ptransr′,r,t

denotes the amount of electricity imported, including losses, from the region r′ ∈ Rimp
r′,r towards r during

the time period t. Similarly, Equation 6 represents that all the district heating demand, ddha,t, is satisfied in
all areas and time periods, but without the possibility of heat exchange between areas.

All the variables, excepting the total costs of the system z, are non-negative. Availability of resources,
including fluctuation of variable energy; such as wind, solar or hydropower; water storage in hydro reservoirs
or heat storage, as well as technical restrictions, e.g. related to operation of combined heat and power plants,
are not described in the equations above. However, they are all constraints in the optimisation in Balmorel.

Renewable gasses (such as biogas, syngas, biomethane and bio-SNG) are currently included to a limited
extent in Balmorel, given by exogenous potentials and prices, and the usage of biomass for energy conversion
is only modelled for thermal processes. This means that the production of renewable gasses is not explicitly
modelled, but is represented by a fuel price in Balmorel, which could be equivalent to their production
cost or their market value [50]. Studies evaluating the role of hydrogen in future energy systems have been
conducted by developing a hydrogen add-on to Balmorel [51, 52]. The general network optimisation model,
OptiFlow, is fully integrated within Balmorel to represent renewable gas and use of local biomass resources
within energy systems in a more detailed way.

2.2. OptiFlow

OptiFlow is a spatio-temporal network optimisation model, which may represent any network flow related
to e.g. energy, mass, economy or emissions. It is a deterministic partial equilibrium model built upon a
bottom-up approach. OptiFlow is an open-source tool that allows modelling of networks with high user-
defined spatial and temporal resolution, which might be important in systems with locally distributed
production and consumption, and with high shares of generation from variable renewable energy sources,
such as Denmark.

OptiFlow can perform optimisation based on a multi-criteria approach for any selected flow of the network.
However, in this study, the model is hard-linked with Balmorel; and therefore, both objective functions
are integrated to minimise the total system costs. In this study, OptiFlow optimises simultaneously the
transportation of resources and products, as well as investments and operations of different technologies for
their transformation and storage, subject to defined boundary conditions, such as the surrounding energy
system. OptiFlow optimises the location, size and operation of conversion plants, depending on e.g. costs
of transporting local biomass resources, their seasonal availability, and the district heating demand.

The model is formulated as a generalised network model, based on node-arc relationships. The applied
terminology applies processes (P ) as the nodes, connected through flows (F ) as the arcs. A process p
represents any physical or mathematical conversion process, including movements across the spatiotemporal
dimensions, such as storage or resource transportation. A flow f might represent any stream and its
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properties (e.g. fuel in mass units, fuel in energy units, ash from waste, etc.), including monetary or emissions
flows. The topology of the connections between nodes and arcs is described through the set RAPPF

a,p,p′,f , which
defines that a flow f goes from the process p to the process p′ in the area a. The nomenclature related to
OptiFlow is found in the Appendix.

Processes are classified into source (PSo), sink (PSi), buffer (PB), interior (P I), transport (PT ) and storage
(PSt) processes. The Buffer processes represent the relationship with the background system or the boundary
conditions. Variables in OptiFlow are indexed to the three dimensions of the model: space (area a), time
(time t) and the network (processes p and flows f). In a buffer process p ∈ PB , flows can enter, Va,t,p′,p,f ,
and/or leave, Va,t,p,p′′,f , the systems boundary. The sign of the buffer process net flow, V B

a,t,p,f , can be

positive, negative or zero, as expressed in Equation 7. In addition, the net buffer flow, V B
a,t,p,f , might also

be linked, through soft or hard-linkages, to other models, as the energy tool Balmorel. Source processes are
buffer processes that only have flows entering the network, such as, resources or feedstocks. In contrast, sink
processes are buffer processes that only have flows leaving the system, such as demands, waste, or products
that are sold to the market. The direction of the flow from source processes and to sink processes are known
beforehand, unlike the net flow from buffer processes, whose sign is unknown.

V B
a,t,p,f =

∑
p′′∈P

|(a,p′,p,f)∈RAPPF
a,p′,p,f

Va,t,p′,p,f −
∑
p′∈P

|(a,p,p′′,f)∈RAPPF
a,p,p′′,f

Va,t,p,p′′,f

∀a ∈ A, t ∈ T , p ∈ PB, f ∈ F (7)

OptiFlow allows multiple flows to enter and/or leave interior processes, where they can be transformed to
other flow or flows, mixed into one flow or split in several flows with the same or different characteristics than
the inlet flow. Flows can either enter or leave a specific process with fixed or variable ratios. A simplified
mathematical formulation for the conversions in interior processes is expressed in Equation 8, where the
parameter cAPFF

a,p,f,f ′ describes the relationships of transformation, splitting or joining of a flow f into a flow
f ′ in the process p in the area a.

∑
p′∈P

|(a,p′,p,f)∈RAPPF
a,p′,p,f

∧(a,p,f,f ′)/∈R1many

a,p,f,f′

Va,t,p′,p,f · cAPFF
a,p,f,f ′ +

∑
p′∈P

|(a,p′,p,f)∈RAPPF
a,p′,p,f

∧(a,p,f,f ′)∈R1many

a,p,f,f′

Va,t,p′,p,f

=
∑
p′′∈P

|(a,p,p′′,f ′)∈RAPPF
a,p,p′′,f′

∧(a,p,f,f ′)/∈R1many

a,p,f,f′

Va,t,p,p′′,f ′ +
∑
p′′∈P

|(a,p,p′′,f ′)∈RAPPF
a,p,p′′,f′

∧(a,p,f,f ′)∈R1many

a,p,f,f′

Va,t,p,p′′,f ′ · cAPFF
a,p,f,f ′

∀a ∈ A, t ∈ T , p ∈ P, f ∈ F , f ′ ∈ F (8)

On the left side of the equation there are the flow or flows f entering the process p from the process or
processes p′, Va,t,p′,p,f , and on the right side there are the flow or flows f ′ leaving the process p towards the
process or processes p′′, Va,t,p,p′′,f ′ . The parameter cAPFF

a,p,f,f ′ multiplies the input flow, i.e. f , to get the flow
f ′ through transformation and/or combination of one or more flows f in the process p. However, when a
flow f is split into several flows f ′ in the process p, which is defined through the set R1many

a,p,f,f ′ , the parameter

cAPFF
a,p,f,f ′ multiplies the output flows f ′.

The user decides those processes whose flow might be limited by the already installed capacity, mex
a,p, and

an endogenously optimised capacity, V CAP
a,p , through the set XAP

a,p , as shown in Equation 9. The model
only optimises and restricts the capacity of those processes p within the area a that are part of that set.
Furthermore, the capacity of the flow is calculated based on the flow f to the process p, which might be an
input or an output flow, according to the sets XF−in

p,f and XF−out
p,f , e.g. in a biorefinery the capacity could

depend on the amount of input biomass or the amount of RE fuel produced, as defined by the user.

Va,t,p′,p,f ≤

{
mex

a,p′ + V CAP
a,p′ , if p′, f | XF−out

p,f ∀ p′ /∈ PSt

mex
a,p + V CAP

a,p , if p, f | XF−in
p,f ∀ p /∈ PSt

∀{a ∈ A, t ∈ T , f ∈ F | (a, p′, p, f) ∈ RAPPF
a,p′,p,f ∧ (a, p) ∈ XAP

a,p } (9)
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OptiFlow enables transportation of resources across connected geographical areas by different transportation
means, as shown in Equation 10. Specific flows f can be transported from an area a to another area a′ by
means of different transportation types defined as transport processes PT , e.g. road transport by trucks,
which is described through the set RAAPF

a,a′,p,f , and represented with the variable V transport
a,t,a′,p,f .

Va,t,p′,p,f +
∑
a′∈A

|(a′,a,p,f)∈RAAPF
a′,a,p,f

V transport
a′,a,t,p,f =

∑
a′∈A

|(a,a′,p,f)∈RAAPF
a,a′,p,f

V transport
a,a′,t,p,f + Va,t,p,p′′,f

∀{a ∈ A, t ∈ T , p ∈ PT , p′ ∈ P, p′′ ∈ P, f ∈ F | (a, p′, p, f) ∈ RAPPF
a,p′,p,f ∧ (a, p, p′′, f) ∈ RAPPF

a,p,p′′,f} (10)

OptiFlow enables the definition of a flow enforcement, e.g. fixed relationships between two input flows f
and f ′ to the process p, Va,t,p′,p,f and Va,t,p′′,p,f ′ respectively, defined through the parameter eIn2in−Fx

a,p,f,f ′ .
Equation 11 shows fixed relationships between incoming flows, which can be used to define input ratios to
a specific process, auxiliary consumption of a flow, etc.

Va,t,p′,p,f = Va,t,p′′,p,f ′ · eIn2in−Fx
a,p,f,f ′ ∀{a ∈ A, t ∈ T , p ∈ P, p′ ∈ P, p′′ ∈ P, f ∈ F , f ′ ∈ F |

(a, p′, p, f) ∈ RAPPF
a,p′,p,f ∧ (a, p′′, p, f ′) ∈ RAPPF

a,p′′,p,f ′} (11)

Moreover, OptiFlow allows intra-seasonal and inter-seasonal storage processes. Equation 12 illustrates a
combined inter-seasonal and intra-seasonal storage in OptiFlow, where the stored volume of flow f (e.g.
hydrogen) in a storage process p ∈ Pc−St (e.g. hydrogen storage), V c−St

a,t+1,p,f is equal to the amount of

flow stored in the previous time slice, V c−St
a,t,p,f , plus the amount of flow sent to storage from a process p′,

Va,t,p′,p,f , minus the amount of flow that leaves the storage to a process p′′, Va,t,p,p′′,f . It is assumed that
the same storage level is maintained at an annual level. The equation related to capacity of storage facilities
is equivalent to Equation 9, but using the amount of stored flow V c−St

a,t,p,f .

V c−St
a,t+1,p,f = V c−St

a,t,p,f + lt ·
[ ∑
p′∈P

|(a,p′,p,f)∈RAPPF
a,p′,p,f

Va,t,p′,p,f −
∑
p′′∈P

|(a,p,p′′,f)∈RAPPF
a,p,p′′,f

Va,t,p,p′′,f

CAPFF
a,p,f,f

]
∀ a ∈ A, t ∈ T , p ∈ Pc−St, f ∈ F

(12)

In order to provide some information about data chronology, the parameter lt is introduced, which states
the chronological duration in hours of each t-slice, regardless the fact that this time slice might be repeated
in cycles. The user must inform the model if the resolution is at an hourly basis (lt = 1), every two hours
(lt = 2), etc.

Based on the above model description, OptiFlow allows a flexible modelling of complex networks with a
detailed temporal and spatial resolution, as defined by the user. Therefore, it is a suitable tool for modeling
the complete chain/network representing renewable gas and liquid fuel production and its integration within
energy systems.

2.3. Linkage of OptiFlow and Balmorel

OptiFlow can operate as a stand-alone model or as a fully integrated add-on within the Balmorel model.
In this study, OptiFlow is co-simulated with Balmorel, as shown in Figure 1, to represent the couplings
and ensure a simultaneous optimisation of renewable gas and liquid fuel production, and the electricity and
district heating sectors.

By hard-linking OptiFlow and Balmorel, simultaneous exchanges of metrics between both models take place
through some selected buffer variables in OptiFlow and balance equations in Balmorel:

1. Exchange of monetary flows (investment and operation costs) through the objective function, by adding
the term V B

a,t,p,f for p ∈ PEcon, where PEcon ⊆ PB , and f ∈ FMoney, where FMoney ⊆ F , i.e. the
net flow in OptiFlow of money, to the right side of the Equation 1, as illustrated below. Furthermore,
the capital cost, cCAP

p , associated to investments in processes p is included as well the transport cost,

ctransp , per unit of flow transported, V transport
a,a′,t,p,f , and distance, jdista,a′,p, between area a and a′.
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Figure 1: Modelling framework of the co-simulation of Balmorel and OptiFlow

Minimize z =
∑
a∈A
t∈T
g∈G

cvOP
g · pa,t,g +

∑
a∈A
g∈G

cfxOP
g · (pexa,g + pnewa,g ) +

∑
a∈A
g∈G

cCAP
g · pnewa,g +

∑
r,r′∈Rex

r,r′

cCAP
r,r′ · ptrnewr,r′ +

+
∑
a∈A
t∈T

p∈PEcon

f∈FMoney

V B
a,t,p,f +

∑
a,p|XAP

a,p

cCAP
p · V CAP

a,p +
∑
t∈T

a,a′,p,f |(a,a′,p,f)∈RAAPF
a,a′,p,f

ctransp · jdista,a′,p · V
transport
a,a′,t,p,f (13)

2. Electricity and district heating generation and consumption are linked to the electricity and heat
balancing equations in Balmorel, using the terms V B

a,t,p,f in OptiFlow for the buffer process p ∈ PEl,

where PEl ⊆ PB , and f ∈ FEl, where FEl ⊆ F , i.e. the net flow of electricity (generation and
demand); and for p ∈ PDH , where PDH ⊆ PB , and f ∈ FDH , where FDH ⊆ F , i.e. the net flow of
district heating (generation and demand). These net flows are added to the left side of the Equations
5 and 6 in Balmorel, i.e. electricity and district heating balances, as shown in the following Equations.

∑
a∈AR

r

g∈Gel

pela,t,g +
∑

r′∈Rim
r′,r

er′,r · ptransr′,r,t −
∑

r′∈Rex
r,r′

ptransr,r′,t +
∑
a∈A
t∈T

p∈PEl

f∈FEl

V B
a,t,p,f = delr,t ∀ r ∈ R, t ∈ T (14)

∑
g∈Gdh

pdha,t,g −
∑

g∈GSt

pdh,toST
a,t,g +

∑
g∈GSt

pdh,fromST
a,t,g +

∑
a∈A
t∈T

p∈PDH

f∈FDH

V B
a,t,p,f = ddha,t ∀ a ∈ A, t ∈ T (15)

OptiFlow and Balmorel interact with the background system with respect to, e.g. fuel prices, and both use
the same common exogenous parameters. In this study, OptiFlow interacts with the background system
with regard to availability of biomass resources and renewable gas as well as hydrogen and liquid biofuel
production, which are constraint to exogenous demands, but excluding their transmission or transport
towards their end-use demand. Balmorel is constrained by the spatio-temporal availability of some resources
(e.g. wind, solar, solid biomass, etc.), and exogenous demands of electricity and district heating.

3. Modelling of renewable gas and renewable liquid fuel production in Balmorel-OptiFlow

3.1. Geographical and temporal dimensions in the optimisation models

This study looks into the snapshot of one year, 2050. The snapshot year is modelled using four representative
weeks at an hourly resolution, to ensure a chronological temporal resolution. The four representative weeks,
which is denoted as seasons, S, are: S08, S22, S36, S49. These weeks are chosen based on an evaluation
of the respective profiles for wind, solar PV, power and district heating demands. The profiles for the
four weeks are representative for the full year profiles with; Figures supporting the choice are presented
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in the Supplementary Information D. Moreover, Balmorel-OptiFlow is deterministic in the sense, that it is
assuming a perfect foresight approach within the year of optimisation.

As the Danish power market is part of an increasingly connected power grid, electricity dispatch is modelled
on the Nordic (Norway and Sweden), and German markets, i.e. a part of the NordPool market.

Conducting energy analysis of systems characterised by high shares of wind resources and district heating
calls for a high spatial resolution to model investments in transmission capacity requirements and, to a
certain degree, disaggregated district heating networks. Moreover, a detailed spatial resolution is needed
when investigating the role of bioenergy in future energy systems, as energy resources are distributed locally
and the transportation costs per energy unit is significant, especially for wet resources, e.g. manure [53, 54].
The Danish district heating system consists of more than 400 district heating networks [55], but is represented
using 36 district heating demand areas in Balmorel, where 34 areas represent unique district heating networks
and the two remaining areas represent the aggregated demand in rural areas, for Eastern and Western
Denmark, as illustrated in [56]. Biomass resources are distributed with a higher spatial resolution, 98 areas,
representing potentials for each municipality in Denmark, where transport takes places between geometric
centres of each area by assuming euclidian distances, as illustrated in Figure 2. Transportation of resources
can appear by different transportation means, however, only transportation by trucks is included in this
study. The biomass is transported by truck to the respective areas, where energy conversion i.e. biorefineries
or renewable gas production facilities, is allowed. Biogas plants can be installed in all the 36 energy conversion
areas i.e. the 36 district heating areas, while biorefineries can be installed in the six large district heating
areas, as these plants benefit from economy-of-scale as well as being connected to district heating networks,
where excess heat can be sold to generate additional revenue streams. The spatial resolution is detailed for
Denmark; however, only few aggregated district heating areas are modelled in the surrounding countries.

(a) District heating areas in Balmorel and OptiFlow.
The figure shows the Danish district heating demand
by 2050.

(b) Transport of biomass resources by truck between
the resource areas in OptiFlow, which represent Dan-
ish municipalities (transport by ship is omitted in this
map).

Figure 2: Geographical representation in the Balmorel-OptiFlow modelling framework applied in this study. Conversion
technologies can be installed in the 36 district heating demand areas in Balmorel-OptiFlow (34 areas are unique district
heating networks and two areas represent aggregated demands from smaller networks). Biomass resources are distributed with
a higher spatial resolution, 98 areas corresponding to municipalities. Transport takes places between geometric centres of each
area by assuming euclidian distances.
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3.2. Description of renewable gas and renewable liquid fuel production modelling in OptiFlow

The simultaneous socioeconomic optimisation of Balmorel-OptiFlow finds the least-cost system for satisfying
defined end-use energy demands, under given scenario conditions, i.e. different background behaviours. The
socio-economic assessment excludes taxes, subsidies, and other externalities from the optimisation.

In this study, OptiFlow is used to model the energy value chain from locally available residual biomass
resources i.e. manure, deep litter, organic waste, grass, and straw, which are further explained in Section
4.1. Afterwards, resources are transported by road towards the storage and/or conversion facilities. Wood
chips are modelled using a national potential and assuming a price where the transportation cost is already
included. In addition to domestic biomass resources, wood pellet imports are also considered and it is
assumed that their price already includes the transport to the gate. During the biomass conversion process,
electricity, heating and fuel/s that satisfy exogenously given end-use demands are produced.

In the introduction section, we highlighted results from previous literature, which showed that biomass is
used for production of liquid fuels to supply the in particular long-haul transportation services. Biofuel
conversion technologies. e.g. fermentation to produce bioethanol for cars, and thermal gasification process
followed by Fischer-Tropsch synthesis to produce biodiesel, as well as methanol, biokerosene and electrofuels
was found to take a part in the transport energy mix. These conversion technologies are therefore included
in the modelling framework. The network modelled in OptiFlow is shown in Figure 3.

Figure 3: The network implemented in OptiFlow: electricity and district heating production are linked to the Balmorel model
(Equations 14 and 15), biomass resources are linked to the background system through domestic potentials and prices, and
renewable gas and liquid biofuel production are related to the background system through exogenous demands.
BioSNG: bio synthetic natural gas, CHP: cogeneration, FT: Fischer-Tropsch, TG: Thermal gasification.

This study applies two levels of temporal resolution. Biomass resources are transported to conversion
plants on a weekly basis. The conversion from biomass resources to renewable gas or renewable liquid fuels
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is modelled with a higher temporal resolution, e.g. hourly, in order to represent variations in electricity
and district heating production, and consumption caused by fluctuating endogenous electricity and district
heating prices, whose market is cleared in the Balmorel model, while avoiding over-capacity.

3.2.1. Modelling of anaerobic digestion in OptiFlow

The biogas modelling framework in OptiFlow distinguishes between inputs to and outputs from the anaerobic
digestion plant. Feedstocks to anaerobic digestion are assumed to be collected and transported on a weekly
basis (S-level in OptiFlow), as the hourly profile is not relevant, thus decreasing the computational time.
Nevertheless, biogas use is represented with a more detailed temporal resolution (T -level in OptiFlow), e.g.
hourly, in order to take into account the variability of, e.g. endogenous electricity and district heating prices
from Balmorel.

Feedstocks are collected in different areas a, assuming an average transport distance of 10 km within the
area where they are generated, and might be transported towards other areas a′, according to the Equation
4, where the anaerobic digestion facility is optimally located. Prior to entering the anaerobic digestion
plant, some feedstocks must undergo a pre-treatment process, e.g. sanitation for manure and deep litter,
and mechanical extrusion for straw due to its high lignin content [57].

OptiFlow can endogenously optimise co-digestion rates; however, this must be subject to some constraints.
The dry matter content or the viscosity of the co-digestion mix can cause practical challenges in the operation,
i.e. stirring and prevention from forming swim layers. These challenges in the operation appear in situations
where the dry matter content in the total mix exceeds a maximum limit of 13% [58, 59]. Therefore, the
input feedstock in the co-digestion is optimised subject to the dry matter constraint. This constraint is
implemented through Equation 8, where there are multiple inlet Flows f , i.e. the feedstocks, to the Process
p, i.e. the anaerobic digestion plant.

Biogas from the anaerobic digestion plant can be stored in a gas storage balloon intra-seasonally, i.e. across
T , but limited by the fact that it is not compressed (due to the relatively high CO2 content); therefore, it
cannot be stored across S. Biogas can be directly used, after desulfurization, in a gas engine in order to
provide electricity and district heating. Biogas can also be upgraded through methanation, i.e. catalytic
reaction with hydrogen, or through CO2 removal via water scrubbing. Biogas upgraded to natural gas
quality, biomethane, can be injected to the existing natural gas grid in order to satisfy various end-use
demands, but which are outside the boundaries of the Balmorel-OptiFlow system of this study.

3.3. Energy and mass balances of renewable gas and renewable liquid fuel technologies

The main theoretical framework applied to calculate proportions of inflows for a given energy conversion is
presented below, using methane and methanol syntheses as examples.

Biogas can be upgraded to biomethane in two distinct ways, by removal of CO2 or via methanation, i.e.
hydrogenation of the CO2, which is reduced to methane [60]. After the anaerobic digestion process, it is
assumed that the biogas content is 62% methane and 38% carbon dioxide. By methanation, the amount of
methane is approximately 1.5 times higher per unit of biogas from anaerobic digestion than the biomethane
supplied by removal of CO2 [61].

To produce bio-SNG using thermal gasification, the water-gas shift reaction with hydrogen injection is
utilised to obtain a molar ratio of hydrogen to carbon monoxide of 3:1, which is the optimal stoichiometry
to produce methane in the presence of a catalyst [62]. Hydrogen injection prior catalytic methanation boosts
the energy content of the cleaned raw syngas, which results in a double amount of bioSNG [61]. The energy
balance yields that 44% of the desulfurized syngas and 56% of hydrogen are combined.

Methanol is produced as an electrofuel, from hydrogen and desulfurized syngas. Carbon monoxide from the
syngas and hydrogen (from the syngas and additional injection) react over a catalyst to produce methanol.
The composition of the desulfurized syngas obtained from the thermal gasification process yields a hydrogen
to carbon monoxide ratio of the raw syngas of 1.27 (calculated by mole fraction) [63, 64]. By hydrogen
injection, the hydrogen level raises. Calculations show that the ratio between cleaned syngas and hydrogen
is 2.22 (calculated by mole fraction); i.e. the energy input to methanol synthesis unit has to be 69% cleaned
syngas and 31% hydrogen.

Figure 4 summarises the fix relationships between incoming flows, which will ensure optimal reaction con-
ditions, i.e. the parameter eIn2in−Fx

a,p,f,f ′ in Equation 11. Furthermore, Figure 4 also shows the relationships
between flows leaving the CO2 removal, methanation and methanol syntheis processes, and their entering
flows, i.e. cAPFF

a,p,f,f ′ from Equation 8.

12



Figure 4: Enforced fix relationships between hydrogen and the other incoming flow that ensure optimal conditions (numbers
on the left), and relationships between output flows and the main incoming flow, biogas or syngas (numbers on the right).
Methanation of biogas and syngas, and the methanol synthesis, are modelled as separate processes in OptiFlow as also illustrated
in the figure. The process for producing biojet using additional hydrogen injection along with thermal gasification and Fisher-
Tropsch synthesis is visualised as one process, which is corresponding to how it is modelled in OptiFlow.

4. Data assumptions

Fuel potentials and prices, technology development and planned decommissioning of existing energy plants,
energy demands and emissions targets are among the exogenous inputs to the Balmorel-OptiFlow model,
and is introduced in the following subsections.

4.1. Bioenergy resources and prices

This study analyses the role that available Danish residual biomass resources, grass and wood chips as well
as imported wood pellets could play in the future energy system through production of renewable gas and
liquid fuels. Table 1 presents the estimated potentials and costs for these bioenergy resources by 2050.

Table 1: Biomass resource potentials and prices in Denmark by 2050.

Input type Potential Reference Price Reference

PJ mio ton e/GJ e/ton

Straw 54.0 3.7 [40] 6.8 102.0 [65]
Wood chips 41.6 2.6 [40] 7.9 128.0 [65]
Wood pellets Import 9.8 193.6 [65]
Manure 17.6 38.0 [53] 0.0 0.0 [59]
Deep litter 6.4 3.0 [53, 66] 0.0 0.0 [66, 59]
Grass 2.7 0.5 [53, 66] 7.1 38.7 [66]
Organic waste 3.6 0.9 [53, 66] 8.0 32.7 [66]
Other biogas re-
sources

5.0 [67]

The available bioenergy resources for biogas production are geographically distributed across the 98 areas
in OptiFlow, based on the study by [53], which includes slurry, deep litter and dry manure from pigs, cattle
and poultry (see Figure 5a). The geographical availability of grass from natural areas as well as the spatial
distribution of organic waste from households and industries, which could potentially go towards anaerobic
digestion, is also based on [53]. It is assumed that resources remain constant up to 2050.
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The geographical distribution of straw is based on the analysis performed by [40], considering the amount of
straw currently diverted to energy or left-on-field from winter wheat, spring barley, rye, winter barley and
oats. It is assumed the same agricultural level by 2050 in Denmark than in 2016 (see Figure 5a).

As already introduced in Section 3.2, transport of wood pellets and wood chips is outside the systems
boundaries of this study, hence a spatial distribution profile is not needed, and fuel costs in Table 1 already
include the transport cost to the gate of the facility where they are used.

Modelling of 1st generation biofuels through dedicated energy crops, such as rapeseed, or food crops diverted
to energy purposes, such as sugar beets, is not considered in this study, as the potential development of
dedicated energy crop farming in Denmark is highly uncertain [40].

(a) Potential available manure for biogas production. (b) Potential available straw for energy.

Figure 5: Main resource potentials for energy production (the potential for other resources can be found as Supplementary
Material C).

Biomass resources can be transported between centroids of resource areas, as illustrated in Figure 2b.
Resources are allocated at a municipality level; therefore, to simulate that resources are transported from
the harvesting location to the energy conversion plant, a distance of 10 km is implemented for transportation
within the resource area. Low energy content resources, such as manure, are naturally more expensive to
transport per energy unit, and thus is chosen as the determining factor for the minimum distance the
resources are transported in OptiFlow. Thus, a common distance of 10 km for transporting manure to a
large energy conversion plant is chosen [59, 40, 68].

4.2. Energy demands

Balmorel-OptiFlow performs a least-cost optimisation for the energy system in order to satisfy exogenously
defined end-use demands for electricity, district heating, gas and liquid biofuels. Nevertheless, a weakness
of the current Balmorel-OptiFlow data set up is the lack of optimisation on the end-use side, i.e. trade-offs
between an increase in the energy efficiency or an increase in the energy demand. Although, in the OptiFlow
model this could be integrated in a further stage without any modification of the mathematical code. In order
to overcome these shortcomings, the TIMES-DK model is used [69]. TIMES-DK optimises the complete
energy system, although with less detailed geographical and temporal dimensions than Balmorel-OptiFlow,
including the energy service demands of the end-use sectors. Therefore, the results related to electricity,
district heating, gas and liquid biofuel demands in Denmark by 2050 from TIMES-DK are set as exogenous
data in Balmorel-OptiFlow.

The end-use electricity and district heating demands by 2050 for Denmark are based on results from a 1.5
degree carbon budget scenario in TIMES-DK. This scenario represents a future where the Danish carbon
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emissions are within the Paris agreement carbon budget, i.e. 500 Mt CO2 accumulated from 2018 until
2050, where the budget is calculated based on a weight of 50% on population and 50% emissions [70].
Import of biomass, i.e. wood pellets, is allowed to satisfy energy demand, and the scenario is a result of
a socioeconomic optimisation. The end-use energy demands for the remaining countries in Balmorel are
adopted from the Nordic Energy Technology Perspectives [39], as they are not represented in TIMES-DK.
In this base scenario, the total electricity demand in Denmark is 277 PJ, excluding the electricity demand
for district heating (e.g. heat pumps) or hydrogen production. This demand is a 245% higher than the
demand from 2017 [71], due to an electrification of the transport and industrial sectors as well as an increase
in demand from data centres (classical electricity demand = 37 PJ; transportation = 56 PJ, industry =
137 PJ and data centres = 47 PJ). While the classical electricity demand by 2050 remains around the same
level as today, the electricity demand in the industry doubles. Due to the high uncertainty related to future
Danish electricity demands by 2050, scenarios that vary these quantities are assessed. The district heating
demand by 2050 is 143 PJ, given by an expected expansion of the district heating networks but with an
energy efficiency increase in households. In this way, the results from the scenario show an increase in
district heating demand of 30% compared to the level of today [71]. Spatiotemporal profiles for electricity
and district heating demands in Denmark, Norway, Sweden, and Germany are based on [56].

Demands for renewable gas and liquid fuels depend on the background conditions, represented through
different scenarios that illustrate plausible futures, and which are presented in Section 5.

Figure 6: Modelling framework for the scenario setup: TIMES-DK provides exogenous demands for Balmorel-OptiFlow
for electricity (excluding electricity demand for district heating and hydrogen production, which is endogenously optimised),
district heating, gas and liquid fuels end-use demand. Balmorel-OptiFlow optimises the least-costly way to satisfy the energy
demands from TIMES-DK.

4.3. Techno-economic data for renewable gas and renewable liquid fuel production technologies

As presented in Figure 3, this study assesses the role of the following energy technologies: anaerobic digestion,
including feedstock pre-treatment, and biogas upgrading through CO2 removal, which in this study is
facilitated using water scrubbing, or methanation, using a chemical catalytic process; biogas engine for
electricity and heat production; thermal gasification, including the possibility of syngas upgrading with
hydrogen; Fischer-Tropsch synthesis of syngas; methanol from thermal gasification and from power (catalytic
reaction with CO2); biooil from hydrothermal liquefaction (HTL); and 2nd generation ethanol production
(hydrolysis + fermentation). Hydrogen, used for biogas or syngas upgraded, is assumed to be produced
through solid oxide electrolyser cells (SOEC). Furthermore, intra-seasonal biogas storage, and inter-seasonal
hydrogen storage tanks are considered.

The techno-economic data for the renewable gas and liquid fuel production technologies considered in this
study are presented in Supplementary Material B. However, to provide an overview of the main parameters
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implemented in OptiFlow, the levelised cost of energy (LCoE) is calculated as a proxy for production costs
of the conversion technologies. The results from the LCoE calculations are shown in Figure 7. Additional
LCoE calculations can be found in the Supplementary Material B, e.g. illustrating the impact of different
feedstocks for anaerobic (co-)digestion, and of varying electricity price estimates.

(a) LCoE: renewable gas. (b) LCoE: renewable liquid fuel.

Figure 7: LCoE calculation of renewable gas and liquid production by 2050. Investment costs are annualised using a discount
rate of 4% and assuming an economic lifetime of 20 years. The techno-economic data are adopted from various sources (see
Supplementary Material B) [72, 73, 66, 64, 61]. Biogas production is based on anaerobic co-digestion of manure and deep
litter, assuming 10 km of transportation to biogas plant. The abbreviation Biomethane - CO2 refers to biogas upgraded to
biomethane via CO2 removal and biomethane H2 refers to biomethane produced via methanation of the biogas. Biomass
resources used for liquid fuel production is the cheapest available source, i.e. straw for biomethanol, biodiesel, bioehtanol, and
wood for biooil. Electricity and district heating prices are endogenously calculated in Balmorel. The electricity prices fluctuates
over time, while the district heat price varies across district heating areas. In this LCoE calculation, approximated prices based
on the endogenous computed electricity and district heating prices are used. The electricity price used is 40 e/MWh, and heat
price is 8.05 e/GJ, which are prices that are in line with estimates from the national authorities [65]. Fossil natural gas and
gasoline prices are from [65]. Additional LCoE calculations are provided in the Supplementary Material B.

4.4. Electricity and district heating technologies

Conducting an integrated energy system analysis, assumptions for the development of the power and district
heating systems are important due to the cross sector synergies with the production of renewable gases and
liquid fuels. Balmorel is a technology-rich bottom-up model, where the existing Danish stock of power plants,
cogeneration and heat-only boilers for DH is based on [74, 56]. Plants are assumed to be decommissioned
according to their technology lifetime. Endogenous investment decisions are based on a comprehensive
database for future technology development, which includes techno-economic parameters, such as investment
costs, operation and maintenance costs, conversion efficiencies, full load hours for VRE technologies, and
ramping rates. Data are largely based on technology catalogues e.g. [75, 76]. A thorough description of the
techno-economic parameters can be found in the Supplementary Information B to the study conducted by
Pizarro Alonso et al. (2018) [56].

Denmark is well connected to adjacent electricity markets, i.e. Germany, Norway and Sweden, allowing
electricity to be traded across borders. The configuration of the energy mix in the surrounding countries
is therefore crucial for the optimised energy mix in Denmark. Inter-connectors between electricity trading
regions simulated in this study are based on the ENTSO-E projections towards 2030 [77], where for example,
Denmark is expected to have a capacity of 8640 MW to adjacent power markets - excluding the Viking
Link to the UK and the Cobra cable to the Netherlands, as this is outside the geographical scope of this
study, and the realisation of the link is currently debated in the Danish society. Moreover, Balmorel is
allowed to endogenous optimising investments in additional transmission capacities, using costs estimates
for interconnectors, based on data from [39].

5. Scenarios

There are many plausible pathways towards a fossil-independent energy system by 2050. Therefore, several
scenarios are conducted, as summarised in Table 2 and 3, to investigate various futures for renewable gas
and liquid fuel demands as well as to evaluate the synergies across energy carriers.
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The scenarios follow a story line, starting from commercially available technologies and imports of demanded
liquid fuels to a future system where emerging technologies are commercially available, enabling domestic
energy demand to be supplied by Danish resources. Accordingly, the scenarios follow an order, the chal-
lenging sectors are decarbonised step-by-step, ending with scenarios where also all heavy transportation is
supplied by renewable energy sources.

Energy demands, i.e. electricity, district heating, and gas and liquid biofuels, correspond to the least-cost
solution for the 1.5◦C scenario computed by the TIMES-DK model [70]. This scenario in TIMES-DK results
in a liquid biofuel demand (excluding biojet fuel) of 30 PJ, where 10 PJ are used for maritime transport, 5
PJ in heavy transport, and 15 PJ in heavy transportation in agricultural sector as well as 58 PJ of biojet
demand for aviation. Moreover, the Danish demand for biomethane and bioSNG is forecasted to be 25 PJ
for the industrial sector.

Table 2: Description of the scenarios implemented in Balmorel-OptiFlow.

Scenario Description

Base line High gas demand, in particular in the industrial sector. Anaerobic digestion plants are com-
mercially available and biogas is used to supply the gas demand, as this scenario represents a
future where thermal gasification technologies are not commercially deployed. Liquid fuels for
the transportation sector and biojet are imported.

Liquid biofuel High liquid biofuel demand for heavy transport due to uncertainties related to the degree of
electrification that can be achieved in the transportation sector. Gas demands are reduced as
electrification of the industrial sector increases. Biojet fuel is imported. The thermal gasification
technology is commercial, and can be used in the production of liquid fuels and BioSNG.

More EV High electrification of the transportation which results in a reduced demand for liquid biofuels.
BioJet Biojet fuels is produced in Denmark, simulating a future where all liquid fuels required to supply

Danish transportation demands are produced in Denmark.
H2 As the BioJet scenario, but with a breakthrough of hydrogen use for vehicles.

Table 3: Main inputs for modelling renewable gas and renewable liquid fuel production in the different scenarios.

Scenarios Biomethane Liquid biofuel for BioJet Exogenous Exogenous
and SNG heavy transport demand hydrogen electricity
demand and shipping demand demand

(PJ) (PJ) (PJ) (PJ) (PJ)

Base line 75 217
Liquid biofuel 25 75 247
More EV 25 30 277
BioJet 25 30 58 277
H2 25 30 58 40 257

Note: More electrification of the industrial sector is simulated by an increase in electricity demand by 30 PJ. The

electrification of the heavy transport sector i.e. trucks, results likewise in an increased electricity demand by 30 PJ.

Finally, a breakthrough of hydrogen vehicles results in an an increase of 40 PJ hydrogen, and thus 20 PJ decrease of

electricity demand.

6. Results

This section presents the main results from the least-cost optimisation in Balmorel-OptiFlow, which include
Sankey energy flow diagrams, production mix for energy conversion, and detailed results regarding location
specific production and transportation of domestic resources.

6.1. Future energy systems

Balmorel-OptiFlow optimises simultaneously investments and dispatch dynamics, in order to satisfy the total
energy demand of a fossil-independent Denmark in the least-costly way, including the fact that Denmark
is a high interconnected country with regard to power transmission, and thus, expanding the geographical
boundaries to the other Nordic countries and Germany.
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By 2050, the integrated Nordic and German electricity system would have a high share of VRE sources, with
approximately 43% wind and 25% solar PV, where hydropower, mainly from Norway and Sweden, could
satisfy 28% of the total electricity demand in the simulated system. This would support the balancing of
the systems when the residual demand is higher, i.e. high electricity demand and limited production from
VRE sources. The remaining 5% of the electricity generation mix is primarily supplied by thermal capacity,
i.e. biomass, waste, geothermal, and biogas.

The energy flows from resources, through conversion technologies to end consumers computed for the Base
line and BioJet scenario representing a plausible Danish energy system by 2050, is visualised in Figure 8.

Figure 8: Danish energy system by 2050 in the Base line (a) and BioJet (b) scenario. The Sankey diagram reports the
energy flows for the electricity, district heating, gas and liquid fuel systems; from resources (both domestic and imported) to
conversion processes (e.g. power plants, biorefineries) and the energy services provided to the background system.

Figure 8 illustrates a Danish electricity generation portfolio dominated by VRE sources, where wind consti-
tutes around 70% and solar PV accounts for 25% of the electricity generation. Due to the high penetration of
VRE generation, electricity prices tend to be volatile, which provides the incentive for flexible power-to-gas
or power-to-heat technologies to produce hydrogen or heat in periods with low electricity prices. Denmark
is currently well connected to adjacent power markets through interconnectors, and Balmorel endogenously
invest in transmission capacity as a part of the least-cost optimisation. The variations in the production
from the high share of VRE in Denmark is integrated through the various flexibility resources, where in
particular interconnectors is an affordable way to integrate the high share of VRE. The investment decision
in transmission capacity in Balmorel is calculated to approximately a doubling of the installed capacity in
the period between 2030 and 2050 across all scenarios, where the build-out is towards the North, to Sweden
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and Norway. The additional investments in transmission capacity is a consequence of the significant increase
in electricity demand, and the high shares of VRE generation. Using the interconnectors, Denmark is con-
nected to flexible generation to the North i.e. flexible hydro power generation, and to the south, i.e. thermal
capacity. Back-up capacity is thereby a part of the optimised Nordic+German region. The modelling of the
energy market in Balmorel is at an hourly time resolution, where intra-hour variations not is considered but
are supposed to be handled in the reserve market.

The scenario setup illustrates various potential futures, which yield a variety of plausible energy mix for
district heating purposes. The degree of electrification of the district heating sector as well as the efficient
utilisation of excess heat depends on the simulated scenario. In the Base line scenario heat pumps would
account for 58% of the district heating production in Denmark, while excess heat accounts for 21%, of which
data centres would account for 15%, excess heat from biomethane production would constitute 5%, and the
remaining part would be excess heat from other industries, as reported by [78]. In the BioJet scenario,
efficient utilisation of excess heat plays a larger role, as excess heat would take a share of 35%, where
biorefineries would provide 21%, excess heat from data centres would provide 13%, and the remaining part
would be excess heat from other industries. The remaining district heating for both scenarios is produced
so that waste incineration from municipal solid waste would provide 16%.

Focusing on the production of renewable gas and liquid biofuels, the exogenously fuel demand adopted
from TIMES-DK for the aviation sector and the gas demand are met using national biomass resources and
import of wood pellets in the BioJet scenario. As straw is the cheapest and most available biomass resource,
gasification with Fischer-Tropsch synthesis for biojet production uses preferentially straw over wood chips.

As shown in Figure 8, biomethane is produced to satisfy the gas demand of 25 PJ, from a variety of resources,
illustrating the economic-benefit of mixing resources in the total feed-stock, i.e. co-digestion, in the anaerobic
digestion process. The biogas is upgraded by CO2 removal using water scrubbing, and the biomethane is
injected into the gas network.

6.2. Renewable gas and renewable liquid biofuel production in Denmark by 2050

Results related to renewable gas and liquid biofuel production obtained by co-optimising OptiFlow and
Balmorel in the different scenarios, are presented in Figure 9.

Figure 9: Renewable gas and liquid biofuel production by 2050 in Denmark for the investigated scenario pathways.

Figure 9 shows, in general, that anaerobic digestion is preferred over SNG production via thermal gasification
when gas demands are 25 PJ. This is due to cheaper production costs (under the data defined in Section 4),
and because domestic resources used in gasification could actually be used to produce other biofuels, while
some of the resources used in anaerobic digestion, i.e. manure, deep litter and organic waste need a waste
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management treatment, which is provided during the anaerobic digestion. Therefore, anaerobic digestion
should be viewed not only as a process to produce biogas, but to handle waste in an environmentally sound
way. The waste management treatment, and also changes in diets and meat consumption, are, however,
outside the scope of this study. However, more attention on the agricultural sector and its emissions can
potentially also change the picture for the future of renewable gas production. The field of waste management
treatment is a research area, where emissions are accounted for. Several strategies can impact the emissions,
for example, the time in the stable, and the associated release of methane emissions to the atmosphere and
thereby also the potential for biogas production. Although, the waste management treatment is outside the
scope of this study, it has potential for further investigations in future research. Particular, in the light of
even more ambitious national and international reduction targets on GHG emissions, which also stresses the
need for emission reduction strategies in sectors such as the agricultural sector.

In addition, the fact that biogas is preferentially upgraded through a CO2 removal process shows that the
gas demand at 25 PJ could be satisfied with the domestic available resources, without the need to boost
their production with H2. Therefore, if the gas price is high enough at an international level, it could open
up the possibility to export gas or increase national gas consumption, by boosting domestic production
with hydrogen upgrading, which also can be indicated in the scenario with higher gas demand i.e. Base
line. Furthermore, according to Figure 7a and results presented in the Supplementary Material B, biogas
production via methanation upgrading is slightly more costly than via CO2 removal; therefore, it seems that
this result would be sensitive to the evolution of electricity prices, and to a certain extend of electrolysis
technology, e.g. their capital costs and efficiency. Moreover, the results might also be sensitive to the need
for carbon in future energy systems.

Figure 9 shows that biomethanol is produced as an electrofuel in scenarios with demand for liquid biofuels,
i.e. demand for road heavy transport, agriculture and shipping, which is in line with previous findings doc-
umented in the literature [34, 31, 32, 33]. Biomethanol is produced downstream to the thermal gasification
process, using straw as the preferred feedstock. Hydrogen is produced to achieve the optimal stoichiometric
ratio in the methanol synthesis. However, as illustrated in 7b, the LCoE of biooil from hydrothermal lique-
faction and biodiesel from thermal gasification are only marginally higher than the LCoE of biomethanol.
All the liquid fuels are in competition for supplying the maritime demand, and biodiesel and biomethanol
compete to supply the heavy transport sectors. Therefore, uncertainties related to the development of the
technologies and fuel prices might change the optimal production pathway, as differences among alternative
routes are small.

The results underline that Denmark has the potential to be a producer of electrofuels in the future. Denmark
has some systems conditions that can benefit the production of electrofuels, i.e. high shares of variable
renewable electricity generation that can be efficiently integrated, resulting in low electricity price periods,
and large district heating networks across the country.

Figure 10 presents the energy resources used for the production of renewable gas and renewable liquid fuels.
Straw is the cheapest biomass resource and is therefore the preferred feedstock in the thermal gasification
plant to produce biofuels, either biojet or biomethanol. For biogas production, feedstocks are mixed in the
anaerobic digestion. The general finding from the results is, that performing co-digestion is economically
attractive, which is also in line with the LCoE calculations, and previous studies e.g. [59]. Biogas co-digestion
is the optimal option due to the fact that all the most efficient resources (e.g. Table 1 in Supplementary
Material B) have higher dry matter contents of 13%, which is the established limit. Therefore, substrates
are co-digested with manure, at the optimal share adequate for anaerobic digestion. The use of straw in
biogas production is found in scenarios with high gas demand and no liquid biofuel production in Denmark
for heavy transport, agriculture, shipping or aviation.

Wood pellets are imported in those scenarios where biojet and liquid biofuels for transportation means are
domestically produced. Alternatively, instead of importing wood pellets, biofuels could be imported, as in
the Baseline scenario.

Finally, different endogenous demands for hydrogen appear across the simulated scenarios. Hydrogen is used
in the production of biomethane or to electrofuels such as biomethanol. In the Base line scenario, hydrogen
is produced in large quantities in order to be able to supply the gas demand with the domestically available
resources, boosting biogas production, as well as to optimise the hydrogen to carbon monoxide ratio in the
methanol synthesis reaction from syngas.

6.3. Geographical location of renewable gas and renewable liquid fuel production

The Balmorel-OptiFlow modelling framework has the advantages of allowing integrated assessments of the
production of renewable gas and liquid biofuels with a high spatial resolution. In this way, the geographical
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Figure 10: Energy resources used in the conversion to renewable gas and renewable liquid fuel production by 2050 in Denmark
for the different scenarios.

location of the conversion plants is an outcome from the socio-economic optimisation. Figure 11 visualises
the geographical location for production of biogas (11a) and biojet (11b).

Figure 11 shows that biogas is primarily produced in Western Jutland, where most of the livestock farms are
located. The biorefineries are located in connection to the six large district heating networks, where excess
heat can efficiently be utilised in the district heating network.

Economy of scale is important when investing in biorefineries. Therefore, the computed capacities of the
renewable gas and liquid biofuel technologies from the different scenarios are compared to and deemed within
the standard capacities of biorefineries.

Excess heat can supply a substantial share of the national district heating demand. Figure 12 visualise
the spatial location of excess heat from biorefineries (12a) and excess heat from biorefineries, data centres
and industries (12b). More information regarding available industrial excess heat can be found in [40].
Regarding the potentials of excess heat from data centres, it is still highly uncertain where those will be
located. In TIMES-DK, the potential maximum generation of excess heat from data centres is 29 PJ by
2050. In this study the potential production is split equally between the five large district heating networks
in Western Denmark i.e. Odense, Aarhus, Aalborg, Esbjerg, Herning, and Central Jutland (e.g. Kolding and
Fredericia). OptiFlow facilitate the optimisation of the location of renewable gas and liquid fuel conversion
plants.

Excess heat would constitute 35% of the national district heat generation by 2050 in the BioJet scenario.
Figure 12, shows that excess heat significantly contributes to the district heating supply in specific locations,
in particular, in the larger district heating networks around the biggest cities in Denmark. Nevertheless, the
significant continuous generation of excess heat yield a higher reliance of thermal storage facilities.

Biogas production from anaerobic digestion uses mainly manure in the feedstock mix. Manure has a high
content of water, and thus a low energy-content. This results in high costs per unit of energy for manure
transport; therefore, in order to minimise transport costs biogas plants show a tendency to be located near
the generation of manure, i.e. in the rural to medium-size networks. The findings showing that biogas plants
are located at rural and medium-size networks requires that the plants can be connected to the Danish gas
pipeline infrastructure or be connected directly to a consumer. The Danish gas pipeline infrastructure covers
a large geographical area and connects local producers and consumers across the country. The findings, that
biogas plants are located at rural and medium-size networks, are in line with what is currently happening
in Denmark as well as results from previous research, which has identified potential locations of future
biogas plants, based on a detailed mapping of resource potentials with high spatial details (5 km grid cells),
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(a) Biogas production in the Base line scenario (b) Biojet production in the BioJet scenario

Figure 11: Danish biogas and biojet production by 2050 in the Base line and BioJet scenario, respectively.

as well as the grid connection ability [54]. Our findings are based on the current situation of the gas
infrastructure, however, the future of the gas pipeline infrastructure is uncertain, due to declining national
gas consumption. The results found in this study can therefore change in situations where the configuration
of the gas infrastructure changes.

6.4. Transportation of bioenergy resources

Balmorel-OptiFlow optimises the transportation of biomass resources across the country. The dominant
resource, in mass and weight, in the biogas plants is manure. Manure has a low energy content, and
thus high transportation costs per energy unit. Scenarios with low biogas production preferably uses the
local manure resources, with only a very limited transportation of manure between resource areas. Higher
energy content resources, such as food waste, tend to be economic viable to transport over longer distances.
Moreover, a high fraction of food waste is collected in the larger cities, where biogas plants usually are not
built as they are far away from other co-substrates, and thus food waste is transported to other areas.

In the Base line scenario with high biogas production, almost all the domestic biomass resources for biogas
production are used. In this scenario manure is also transported between areas, i.e. more than 10 km.

6.5. Scenarios for Denmark’s electricity and district heating systems by 2050

The scenario story-lines varies not only in the pathways for the production of renewable gas and liquid
biofuels, but also in the generation of electricity and district heating. It is therefore interesting to investigate
the systems effects in the electricity and district heating system caused by the different scenarios, see Figure
13. The generation mix for electricity and district heating for the Base line scenario is visualised in Figure
13a, and the discrepancies between the Base line and the remaining scenarios are illustrated in 13b.

In general, Figure 13 shows that increased electricity consumption (from electrolysis and heat pumps) is
met by increased investments in wind generation technologies, i.e. offshore wind turbines, as the potential
for onshore wind is already fully exploited. In the scenarios where biojet fuel is not produced in Denmark,
less excess heat from the biorefinery process is available in the district heating network, which would be
compensated by an increased utilisation of the excess heat from data centres, less need for cooling down
the heat in periods where demand is low, and, especially, heat pumps. The increase in production from
heat pumps yields higher electricity consumption, which is met by increased wind generation. In the Liquid
Biofuel scenario, the increased demand for liquid biofuel results in a higher production of biomethanol;
however, as biojet is not produced in Denmark, the results of the scenario show a lower stream of excess
heat from the biorefineries to the district heating network compared to the BioJet and H2 scenarios, which
is compensated by increased production of heat pumps and less need to cool down heat.
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(a) Excess heat from biorefinery processes in Opti-
Flow in the BioJet scenario

(b) Excess heat from biorefineries, data centres and
industries in the BioJet scenario

Figure 12: Supply of excess heat in the district heating networks by 2050 in the BioJet scenario.

The modelling framework enable assessments of future energy systems with high temporal resolution. Figure
14 shows the Danish electricity generation, trade, price and hydrogen production by 2050 for the two of
the representative weeks in the Liquid Biofuel scenario. This figure illustrates how the dynamics in the
electricity systems affects power-to-hydrogen production.

Figure 14 presents results for two representative weeks, namely, week 22 which is a summer week, and week
49 which is a winter week. In week 22, solar PV generates electricity during day hours and export the
reminder to adjacent electricity markets, while night hours is characterised by import of electricity and high
electricity prices. During these high electricity prices, the production of hydrogen stops. Similar dynamic
can be observed in week 49, which is characterised by high generation from wind turbines.

23



Figure 13: Danish electricity and district heat production by 2050. (a) visualise electricity and district heating in the Base
line scenario, while (b) presents the differences in production between the simulated scenarios and the Base line scenario. The
construction of the scenarios include exogenous modifications in the exogenously defined electricity demand, which represents
the progress in technological developments, where a larger share of the industrial sector (30 PJ) as well as the transportation
sector is electrified (30 PJ). In the H2 scenario a breakthrough of hydrogen vehicles results in an an increase of 40 PJ hydrogen,
and a 20 PJ decrease of electricity demand. All the exogenous changes in the electricity demand are specified in the figure.

Figure 14: Danish electricity generation, trade, price and hydrogen production at an hourly time resolution for two of the
representative weeks i.e. week 22 and week 49, by 2050 in the Liquid Biofuel scenario. The two weeks are chosen as they
represent two different situations. Week 22 is chosen as solar PV is mainly producing electricity and electricity trade appear
in with import during night hours, and export during day hours. In week 49, high production from wind dominate the Danish
electricity generation. The high share of VRE yield fluctuating electricity prices, which has an effect on the operation of
electrolyzer, i.e. producing hydrogen in low price periods, and stop the production in high price hours.
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7. Conclusions

This study conducted an integrated energy system assessment for evaluating pathways for using locally
distributed sustainable biomass resources in the conversion to renewable gas and liquid biofuels in future
Danish energy systems, while taking into account the spatial and temporal system integration across energy
vectors. To conduct the integrated energy system analysis, the study developed and applied a modelling
framework, where optimisation of the usage and transportation of local biomass resources for producing
renewable gas and renewable liquid fuels was implemented in the generalised spatio-temporal network flow
model, OptiFlow. OptiFlow was integrated within the comprehensive power and district heating optimi-
sation model, Balmorel, which allowed a holistic system perspective and positive synergies across energy
carriers and sectors.

The results of the co-optimisation of OptiFlow and Balmorel represent an energy system, where investments
and operations optimisation was undertaken for the integrated energy system, under exogenous scenario
conditions, which represent plausible energy futures, including renewable gas and liquid biofuel demands
in Denmark by 2050. The results showed that to satisfy renewable gas demands, anaerobic co-digestion of
a mixed feedstock to produce biogas was the preferred option, where the biogas was further upgraded to
biomethane using water scrubbing for CO2 removal. However, in scenarios with high demand for renewable
gas, methanation of the biogas was utilised to boost the biomethane outcome from the biomass resource.

Straw can be used as energy resource in various conversion technologies, and thus the competition was
investigated. Straw was used in biorefinery plants for the production of biojet fuel, in scenarios where
biojet fuel was demanded from production in Denmark. In scenarios where biojet fuel was not produced in
Denmark, a fraction of the available straw resource was used in biogas production and in thermal gasification
plants. Electrofuels, such as biomethanol, showed promising economic viability, in scenarios with high biofuel
demand and in scenarios where biojet fuel was produced outside Denmark. Future research could therefore
investigate the role of electrofuels in future energy systems, by extending the modelling framework developed
in this study by including an extensive representation of electrofuel production pathways.

Excess heat accounted for 35% of the heat supplied to the district heating network in the BioJet scenario, of
which, excess heat from biorefinery processes constituted 21%. This illustrated the synergies across energy
sectors. Moreover, the geographical location of conversion plants was determined in OptiFlow. Biorefineries
were located near larger cities enabling a connection to large district heating networks. While biogas plants
were located in the country side, as the costs of transporting, in particular, manure was the determining
factor. The results showed that the low energy content fuel, such as manure, were preferable used locally,
while higher shares of the remaining biomass resources were transported across areas.

The results from the energy system assessment illustrated the benefit from fully integrating OptiFlow within
Balmorel. As a part of the co-simulation, power-to-hydrogen technologies in Optiflow were influenced by
the endogenous computed electricity prices. Moreover, excess heat generated by biorefineries in OptiFlow
was significant (not marginal). The excess heat generation from conversion technologies in OptiFlow was
geographical specific and was in competition with other district heating supply technologies to supply the de-
mand, which was specified in Balmorel. The modelling framework in Balmorel was improved by the linkage
with OptiFlow, as the new modelling framework enabled results, which had a detailed geographical repre-
sentation and dynamically optimised the use of excess heat. Moreover, the combined modelling framework
provided information regarding the location of renewable gas and liquid fuel conversion technologies.

Thereby, this study bridges the research gap by the developed and applied modelling framework, which
allowed optimisation of the locally distributed sustainable biomass usage and the production of renewable
gas and liquid biofuels in the Danish energy system, while taking into account the spatial and temporal
integration between energy systems.
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A. Löschel, D. McCollum, S. Paltsev, S. Rose, P. Shukla, M. Tavoni, B. van der Zwaan, D. van Vuuren, Assessing
transformation pathways, Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group III to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (2014) 413–510URL https://www.ipcc.
ch/pdf/assessment-report/ar5/wg3/ipcc wg3 ar5 chapter6.pdf.

[4] J. Rogelj, G. Luderer, R. C. Pietzcker, E. Kriegler, M. Schaeffer, V. Krey, K. Riahi, Energy system transformations
for limiting end-of-century warming to below 1.5 C, Nature Climate Change 5 (6) (2015) 519–527, ISSN 17586798, doi:
\let\@tempa\bibinfo@X@doi10.1038/nclimate2572.

[5] Energy Transition Commission, Mission Possible: Reaching net-zero carbon emissions from harder-to-abate sectors by
mid-century., 2018.

[6] H. Wang, W. Chen, Modeling of energy transformation pathways under current policies, NDCs and enhanced NDCs to
achieve 2-degree target, Applied Energy 250 (2019) 549–557, ISSN 18729118, 03062619, doi:\let\@tempa\bibinfo@X@
doi10.1016/j.apenergy.2019.05.009.

[7] A. R. Pizarro-Alonso, H. Ravn, M. Münster, Uncertainties towards a fossil-free system with high integration of wind
energy in long-term planning, Applied Energy 253 (2019) 113528, doi:\let\@tempa\bibinfo@X@doi10.1016/j.apenergy.
2019.113528.

[8] F. J. de Sisternes, J. D. Jenkins, A. Botterud, The value of energy storage in decarbonizing the electricity sector, Applied
Energy 175 (2016) 368–379, ISSN 18729118, 03062619, doi:\let\@tempa\bibinfo@X@doi10.1016/j.apenergy.2016.05.014.

[9] B. K. Sovacool, L. Noel, J. Kester, G. Zarazua de Rubens, Reviewing Nordic transport challenges and climate policy
priorities: Expert perceptions of decarbonisation in Denmark, Finland, Iceland, Norway, Sweden, Energy 165 (2018)
532–542, ISSN 18736785, 03605442, doi:\let\@tempa\bibinfo@X@doi10.1016/j.energy.2018.09.110.

[10] I. Sheikh, D. Callaway, Decarbonizing space and water heating in temperate climates: The case for electrification, Atmo-
sphere 10 (8) (2019) 435, ISSN 20734433, doi:\let\@tempa\bibinfo@X@doi10.3390/atmos10080435.

[11] IEA, World Energy Outlook 2018, Iea (2018) 1 – 661URL https://www.iea.org/weo2018/electricity/.
[12] S. Brynolf, M. Taljegard, M. Grahn, J. Hansson, Electrofuels for the transport sector: A review of production costs,

Renewable and Sustainable Energy Reviews 81 (2018) 1887–1905, ISSN 18790690, 13640321, doi:\let\@tempa\bibinfo@
X@doi10.1016/j.rser.2017.05.288.

[13] IPCC, Climate Change 2014: Mitigation of Climate Change, Cambridge University Press, ISBN 9781107654815, doi:
\let\@tempa\bibinfo@X@doi10.1017/CBO9781107415416, URL http://www.ipcc.ch/report/ar5/wg3/, 2014.

[14] D. E. Agency, Gasinfrastrukturen - Den fremtidige anvendelse af gasinfrastrukturen (Gas infrastructure—The future usage
of the gas infrastructure) URL https://ens.dk/sites/ens.dk/files/EnergiKlimapolitik/gasinfrastrukturen - analyse 2014
web.pdf.

[15] Energinet.dk, Gassens rolle i omstillingen (Role of gas in the transition) (november), URL https : // www.
energinet.dk/-/media/Energinet/Analyser-og-Forskning-RMS/Dokumenter/Analyser/Baggrundsnotat---Gassens-rolle-
i-omstillingen---2016.pdf.

[16] Dansk Energi, Gassystemets fremtid og udfasning af naturgas (Future of the gas system and phase-out of natural gas
Analyse nr (17) (2015) 1–61, URL https://www.danskenergi.dk/∼/media/DE MJE/Analyser/Analyse17-Gassystemets-
fremtid-og-udfasning-af-naturgas.ashx.

[17] H. Blanco, W. Nijs, J. Ruf, A. Faaij, Potential for hydrogen and Power-to-Liquid in a low-carbon EU energy system using
cost optimization, Applied Energy 232 (2018) 617–639, ISSN 18729118, 03062619, doi:\let\@tempa\bibinfo@X@doi10.
1016/j.apenergy.2018.09.216.

[18] P. Meibom, K. B. Hilger, H. Madsen, D. Vinther, Energy comes together in Denmark: The key to a future fossil-free
Danish power system, IEEE Power and Energy Magazine 11 (5) (2013) 46–55, ISSN 15407977, doi:\let\@tempa\bibinfo@
X@doi10.1109/MPE.2013.2268751.
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Sets used in Balmorel and OptiFlow

A Areas

R Regions

S Seasons

T Time periods in a season

Sets for Balmorel

AR
r Subset of areas in region r ∈ R

G Technologies

Gdh Subset of technologies that produce district
heating

Gdis Subset of technologies that are dispatchable

Gel Subset of technologies that produce electric-
ity

Gnd Subset of technologies that are not dispatch-
able

GSt Subset of storage technologies

Rexp
r,r′ Subset of regions that region r ∈ R can ex-

port to

Rimp
r,r′ Subset of regions that region r ∈ R can im-

port from

Variables for Balmorel

pnew
a,g Investment in technology g in area a

ptrans
r,r′,t Transmission of electricity between region r

and region r′ in the time period t

ptrnew
r,r′ Investment in power transmission capacity

between Region r and r′

pa,t,g Commodity level in area a of technology g in
the time period t

pcurta,t,g Commodity level in area a of technology g in
the time period t that is curtailed

pdh,fromST
a,t,g Heat from storage in area a of technology g

in GSt in the time period t

pdh,toST
a,t,g Heat sent to storage in area a of technology

g in GSt in the time period t

z Total cost of the system for satisfying the en-
ergy demands

Parameters for Balmorel

cCAP
g Annualised investment cost of technology g

cCAP
r,r′ Annualised investment cost of power trans-

mission line from r to r′

cfxOP
g Fix Operational cost of technology g

cvOP
g Variable operational cost of technology g

ddha,t District Heating demand in the area a in the
time period t

delr,t Electricity demand in the region r in the time
period t

kga,t,g Availability of the technology g in the area a
in the time period t

ktr
r,r′,t Availability of the transmission line between

the region r and the region r′ in the time
period t

pexa,g Existing capacity of technology g in area a

ptrex
r,r′,t Existing power transmission capacity be-

tween region r and region r′ in the time pe-
riod t

Sets for OptiFlow

R1many
a,p,f,f ′ Flow f that goes inside a process p, where it

is transformed into more than one flows f ′ in
the area a

F Flows

P Processes

PB Subset of buffer processes p

PT Subset of transport processes p

Pc−ST Subset of combined inter-seasonal and intra-
seasonal storage processes p

PSi Subset of sink processes p

PSo Subset of source processes p

RAPPF
a,p,p′,f Topology of flows f from process p to process

p′ in the area a

RAAPF
a,a′,pT ,f

Flow f that can be transported from the area

a to the area a′through the transport process
pT

XAP
a,p Process p in area a whose capacity is endoge-

nously optimized

XF−in
p,f Process p whose capacity is endogenously op-

timized according to the input flow f

XF−out
p,f Process p whose capacity is endogenously op-

timized according to the output flow f

Variables for OptiFlow

V CAP
a,p Endogenous capacity of the process p in the

area a

V B
a,t,p,f Net flow f from the buffer process pB in the

area a during the time period t

Va,t,p,p′,f Flow f from the process p to the process p′

in the area a during the time period t

V transport
a,a′,t,p,f Flow f that is transported from the area a

to the area a′ through the transport process
pT during the time period t

Parameters for OptiFlow

cAPFF
a,p,f,f ′ Relationship between the flow f and the flow

f ′ in the process p in the area a

cCAP
p Annualised investment cost of process p

eIn2in−Fx
a,p,f,f ′ Fix bound between the two input flows f and

f ′ to the process p in the area a

jdist
a,a′,p Distance between the area a and the area a′

by the transport process p

lt Length in hours of the temporal slice t

mex
a,p Exogenous capacity of the process p in the

area a
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Supplementary Material A:
Literature overview of energy systems modelling of bioenergy,

renewable gas and renewable liquid fuels

Rasmus Bramstoft, Amalia Pizarro Alonso, Ida Græsted Jensen, Hans Ravn, Marie Münster

A literature overview of energy systems modelling of bioenergy, renewable gas and renewable liquid fuels is
made. The literature overview consist of 14 reviewed studies, which are chosen because they use energy system
modelling to assess future pathways for supplying transportation demands with various renewable fuels. The
different studies use different modelling approach, uses different temporal and spatial resolution, and include a
varying amount of conversion pathways for fuel production. The studies in the literature overview is the Nordic
region, as it is a region with ambitious targets on reducing GHG emissions, large renewable energy resources
and substantial infrastructures, including gas, district heating and electricity, which is well-functioning in the
Nordic power market region. The Nordic region has a strong tradition of using regional and national energy
system models to conduct energy planning for future energy systems.

A brief description of the studies and their main conclusions is made before we categorise the studies into
categorise in order to identify research gaps.

The Danish Energy Agency [1] has conducted energy scenarios for four plausible futures towards 2050, i.e.
two scenarios with high reliance on electrification and deployment of wind generation, and two scenarios with
varying dependency on imported biomass resources. Results indicate that the achieving a Danish energy
systems by 2050 without import of biomass is challenging, but possible. The study find use of biofuels in
the transportation sector, which is primarily fuels based on thermal gasification process followed by Fischer-
Tropsch synthesis i.e. biodiesel and biokerosene and some bioSNG.

EA Energy Analyses in collaboration with University of Southern Denmark [2], conduct three scenarios, 1)
base line, 2) liquid based, 3) gas based transportation scenarios. The findings are in line with the findings
from the Danish Energy Agency [1], however, the study falls short on, among others, the amount of energy
conversion pathways for fuel which can supply the transportation sector.

Mathiesen et al. [3, 4, 5] investigate 100% renewable energy transport scenarios towards 2050 with a several
conversion pathways represented including more fuel production pathways, such as electrofuels. They use an
energy system simulation tool depict the user-defined system configuration and thereby the resulting energy
mix. As a consequence of this modelling approach the studies find a high share of electrofuels in the transport
energy mix. However, LCoE calculations are made showing promising production potentials in Denmark, due
to the Danish conditions with regard to electricity market, high share of VRE, and district heating networks,
along with the challenges with limited biomass availability.

The energy system simulation tool STREAM has been used for analysing various transportation scenarios.
Skytte et al. (2016) [6] analyse the use of electrocity or hydrogen for transportation, but are still using biodiesel
for supplying heavy and long haul-transportation services. The Danish Board of Technology (2012) [7] use the
model for analysing future Danish energy systems. The model setup only include limited produciton pathways
for liquid biofuels. Bramstoft and Skytte (2017) [8] extend the model to include more biofuel production
pathways, such as biokerosene and electrifuels (methanol/DME). They found that electrifying a high portion
of the transportation sector is cost-efficient, and a careful use of domestic biomass resources to only cover the
most challenging services would benefit the system. The study conducted by Skytte and Bramstoft (2017) [9],
find similar results for the Finish energy system by 2050.

Börjesson and Ahlgren (2012) [10] optimises the transport sector as an integrated part of the energy system.
They find a methanol pathways to be the most promising to substitute oil use. Other pathways such as biodiesel
and ethanol additionally increases the total system costs. Börjesson [11] et al. investigates the future of biofuels
in road transport again using a similar modelling approach. They find that second generation biofuels can play
an important role in a system with stringent medium-term climate targets. Moreover, they find methanol and
biomethane as promising fuels. Börjesson [12] also analyses bioenergy futures in Sweden here under evaluating
the system effects of CO2 reduction and fossil fuel phase-out policies. They find a significant increase at 63%
use of biomass in 2050 compared to 2010. Hagberg et al. [13] are likewise analysing bioenergy futures using
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an optimisation model for analysing scenarios for biofuel production pathways. They find improved system
cost-efficiency, however, in the long-term and with ambitious energy and climate targets, bioenergy for biofuel
production is not varied significantly, since the biofuel quantities are decided by supply-side related constraints
i.e. bioenergy potentials, and on the demand-side i.e. biofuel demand in the transportation sector.

The previous mentioned studies have been lacking details regarding the spatial optimisation of bioenergy.
However, Venturini et al. (2019) [14] conduct a first attempt to include a high spatiotemporal optimisation
of the bioenergy use in energy systems. They focus on the utilisation of straw in the Danish energy system,
and take the transportation of this resource between municipalities into account. The fuels demand for
transportation fuels is, however, a result from an optimisation with low spatial resolution, which thereby
exclude fuel production costs calculated in the model with high spatial modelling. The study, moreover,
excludes the transportation of crucial resources, such as manure, deep litter, organic waste and grass, for
renewable gas production, as well as only include a simplified modelling of few electrofuels, which might have
promising potentials to fuel the future transportation sector.

The modelling framework applied to model bioenergy, renewable gas and renewable liquid fuels in the national
specific energy system models are reviewed and categorised into; model type, country in focus, spatial resolu-
tion, temporal resolution, modelled fuels, and whether transportation of resources is a part of the modelling.
The focus of this overview is countries within the Nordic region, as energy system models have a long tradition
of being used for national and local energy planning, due to the complex and integrated energy systems, which
combines large potentials of sustainable bioenergy, with integrated power, district heating and gas systems.
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Table 1: Overview of national energy systems modelling of bioenergy, renewable gas and renewable liquid fuels categorised into: model, model type, country in focus, spatial resolution for bioenergy,
temporal resolution, included fuels and electrofuels. Local endogenously optimised transportation of resources was only found in the study conducted by Venturini et al. [14]. However, transportation
of crucial resources, such as manure, deep litter, organic waste and grass, for renewable gas production, was not taken into account.

Study Model Model Type Country in focus Biomass potentials

Danish Energy Agency (2014) [1] RAMSES Simulation Denmark Not specified; seems to be national potentials
EA Energy Analyses (2016) [2] PETRA, Balmorel Simulation Denmark National potentials, for manure potential is split into

east and west
Mathiesen et al. (2014) [3] EnergyPLAN Simulation Denmark Not specified; seems to be national potentials
Mathiesen et al. (2009) [4] EnergyPLAN Simulation Denmark Not specified; seems to be national potentials
Mathiesen et al. (2015) [5] EnergyPLAN Simulation Denmark Not specified; seems to be potentials
Skytte et al. (2016) [6] STREAM Simulation Denmark National potentials
The Danish Board of Technology (2012) [7] STREAM Simulation Denmark National potentials
Bramstoft and Skytte (2017) [8] STREAM Simulation Sweden National potentials
Skytte and Bramstoft (2017) [9] STREAM Simulation Finland National potentials
Börjesson and Ahlgren (2012) [10] MARKAL Optimisation Sweden Not specified; seems to be national potentials
Börjesson et al. (2014) [11] MARKAL Optimisation Sweden Not specified; seems to be national potentials
Börjesson et al. (2015) [12] MARKAL Optimisation Sweden Not specified; seems to be national potentials
Hagberg et al. (2016) [13] MARKAL Optimisation Sweden Not specified; seems to be national potentials
Venturini et al. (2019) [14] TIMES-DK- Balmorel-OptiFlow Optimisation Denmark TIMES-DK - national potentials; OptiFlow: straw

potentials at municipal level
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Study Temporal resolution Fuels Electrofuels

Danish Energy Agency (2014) [1] 3-hour time steps SNG, ehtanol, biodiesel, biokerosene, hydrogen, electricity
EA Energy Analyses (2016) [2] yearly Biogas, ethanol, biodiesel
Mathiesen et al. (2014) [3] hourly Biogas, ethanol, biodiesel, methanol/DME, - electrofuels

(methanol/DME, syn-jetfuel), electricity
Yes

Mathiesen et al. (2009) [4] hourly Biogas, ethanol, biodiesel, methanol/DME, - electrofuels
(methanol/DME, syn-jetfuel), electricity

Yes

Mathiesen et al. (2015) [5] hourly Biogas, ethanol, biodiesel, methanol/DME, - electrofuels
(methanol/DME, syn-jetfuel), electricity

Yes

Skytte et al. (2016) [6] hourly Biogas, ethanol, biodiesel, methanol, hydrogen, electricity
The Danish Board of Technology (2012) [7] hourly Biogas, biofuels, hydrogen, electricity
Bramstoft and Skytte (2017) [8] hourly Biogas, SNG, Ethanol, Biodiesel, methanol/DME, biokerosene,

hydrogen, electrofuels (methanol/DME), electricity
Yes

Skytte and Bramstoft (2017) [9] hourly Biogas, ethanol, biodiesel, methanol, hydrogen, electricity
Börjesson and Ahlgren (2012) [10] While most energy carriers are represented on an annual basis,

heat and electricity are further represented with three seasonal
periods (heat and electricity) and two diurnal periods (electricity
only).

Biogas, SNG, ethanol, biodiesel, methanol, DME, RME, elec-
tricity

Börjesson et al. (2014) [11] While most energy carriers are represented on an annual basis,
heat and electricity are further represented with three seasonal
periods (heat and electricity) and two diurnal periods (electricity
only).

Methane, ethanol, biodiesel, methanol, DME, electricity

Börjesson et al. (2015) [12] While most energy carriers are represented on an annual basis,
heat and electricity are further represented with three seasonal
periods (heat and electricity) and two diurnal periods (electricity
only).

Biogas, SNG, Ethanol, FT-liq (biodiesel, methanol, DME), elec-
tricity

Hagberg et al. (2016) [13] While most energy carriers are represented on an annual basis,
heat and electricity are further represented with three seasonal
periods (heat and electricity) and two diurnal periods (electricity
only).

Biogas, SNG, ethanol, FT-liq (biodiesel, methanol, DME), elec-
tricity

Venturini et al. (2019) [14] 32 time-steps in TIMES-DK; Balmorel-OptiFlow 672 Biogas, ethanol, biodiesel, biomethanol, biokerosene, - electro-
fuel (biokerosene), hydrogen, electricity

(Yes)
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Based on the literature overview, we have seen that there is a need to include an extensive representation
of conversion technology pathways in energy system modelling to enable the technologies to compete for the
more affordable pathway. Some of the studies exclude conversion pathways in the modelling, which have shown
promising potentials in other studies. This stresses the need for including a sufficient representation of different
conversion pathways.

We thereby strive to include the most promising conversion technologies, which in the literature overview has
been identified to: biodiesel, bioethanol, biokerosene, biooil, and electrofuels (biomethanol and biokerosene),
as well as biomethane and bioSNG.

The following paragraph is from the original article, but serve as argumentation for the identified research
gaps in the methodology for modelling bioenergy, renewable gas and renewable liquid fuels.

While simulation tools tend to apply hourly representations [1, 2, 3, 4, 5, 7, 6, 8, 9], optimisation models
often aggregate time into temporal slices [13, 11, 12, 10, 14], which can be problematic when investigating
systems with high penetrations of VRE generation. Moreover, none of the reviewed energy systems assess-
ments encompasses endogenous optimisation of the utilisation, and transportation across geography, of all
the locally distributed biomass resources. Independent of the modelling type, spatial resolution is poor, with
national biomass potentials, and few district heating areas. This is problematic, as the sustainable biomass
is locally distributed across geography, and the transportation cost of, for example, manure is expected to be
a determination of the production and location of biogas plants. Moreover, detailed spatial representation is
relevant in countries where heat is supplied via local district heating networks, and for a thorough assessment
of, for example, the future potentials for an energy efficient utilisation of excess heat from biorefineries. A first
attempt to include a high spatiotemporal optimisation of the bioenergy use in energy systems is the study
conducted by Venturini et al. (2019), which focuses on the utilisation of straw in the Danish energy system,
and takes into account the transportation of this resource between municipalities. However, the fuel demand
in the transport sector is computed with low spatial resolution and thereby neglecting fuel production costs
computed with high spatial modelling. The study, moreover, excludes the transportation of crucial resources,
such as manure, deep litter, organic waste and grass, for renewable gas production, as well as exclude potential
promising fuels for the transport sector, such as electrofuels.

Based on the review, a research gap is identified in terms of studies, which perform energy systems modelling
to analyse the role renewable gas and renewable liquid fuel in future integrated energy systems, which take
into account the following important features; 1) detailed spatial resolution of the bioenergy resources, trans-
portation and use as well as district heating demand and production; 2) extensive representation of conversion
technologies for producing renewable gas (including hydrogen) and renewable liquid fuels (including PtX); 3)
power market modelling for a larger region e.g. the North European region, in order to endogenously compute
future electricity mix and prices; and 4) endogenous investment and operation optimisation of the system to
analyse the role of renewable gas and renewable liquid fuels in future integrated energy systems.
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Table 1: Techno-economic parameters for biogas conversion technologies. The techno-economic parameters for each resource
represent the costs of and including pre-treatment.

Investments O&M costs Energy Density Dry Matter Source
e/ton e/ton GJ/ton %

Manure 32.2 2.9 0.464 6% [1]
Deep litter 15.3 5.7 2.120 28% [1]
Straw 42 8.6 8.440 85% [1]
Organic waste 4.9 5.4 4.096 37% [1]
Grass 29.3 8.6 5.453 58% [1]

Table 2: Techno-economic parameters for liquid biofuel conversion technologies. TG: Thermal Gasification; FT: Fischer Tropsch;
HTL: Hydrothermal Liquefaction.

Main fuel Process Inputs Shares Outputs Shares Inv OM Source
% % MEUR/MW EUR/MW

Bioethanol Fermentation Straw 100% Bioethanol 41% 0.89 68191 [2, 3]
Heat 24.6%
Electricity 3.0%

Biodiesel TG-FT Dry biomass 100% Biodiesel 39% 1.89 53424 [2, 3]
Heat 21.3%
Electricity 3.0%

Biooil HTL Dry biomass 100% Biooil 86% 0.95 150954 [2, 3]
Heat 0%
Electricity 5.3%

Biokerosene TG-FT Dry biomass 100% Biokerosene 40% 1.33 58590 [2, 3]
Biofuel 16.8%
Heat 21%
Electricity 3.6%

Biokerosene TG-FT + H2 Dry biomass 100% Biokerosene 40% 1.33 58590 [2, 3]
Hydrogen 34% Biofuel 23.2%

Heat 25.0%
Electricity 3.4%
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Table 3: Techno-economic parameters for technologies.

Main fuel Process Inputs Shares Outputs Shares Inv OM Source
% % MEUR/MW EUR/MW

Syngas TG Dry biomass 100% Syngas 75% 0.6300 25236 [4]
Heat 15%

Hydrogen Electrolysis Electricity 100% Hydrogen 79% 0.3564 10746 [5]
Heat 21.3%

Biomethanol Methanol synthesis Syngas 100% Biomethanol 114% 0.1764 5281 [4]
Hydrogen 45% Heat 10.8%

Bio SNG Methanation Syngas 100% Bio SNG 200% 0.4932 24613 [4]
Hydrogen 128% Heat 17%

Bio SNG Dry biomass 100% Bio SNG 63% 1.4900 40536 [5]
Electricity 9% Heat 35%

Biomethane Water scrubbing Biogas 100% Biomethane 100% 0.4176 10335 [5]

Biomethane Methanation Biogas 100% Biomethane 150% 0.4932 24613 [5]
Hydrogen 60.5% Heat 17%

Figure 1: LCoE of producing biogas for each of the energy resources.
Note: As the maximum dry matter content is 13%, biogas cannot be produced from monodiegestion of those resources indicated
by * i.e. only manure can produce biogas via monodiegestion.
Key point: Using mono-digestion of manure results in the highest cost of producing biogas, while higher energy content resources
are cheaper.
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Figure 2: LCoE of producing biogas for co-digestion of energy energy resources.
Note: The shares of the visualised codigestion processes: Manure / Deep litter (69.4% / 30.6%); Manure / Straw (91.5% / 8.5%);
Manure / Organic waste (78.0% / 22.0%); Manure / Grass (87.0% / 13.0%). It should moreover be noted that the feedstock
can mixed in more ways than presented in this LCoE calculation, as it is only a maximum limit that is defnied in the modelling
framework.
Key point: Using co-digestion of a mix of two energy resource inputs yields lower costs of producing biogas compared to mono-
digestion of manure. The mix of manure and deep litter results in the lowest LCoE. These resources are often collected from the
same location. Using a feedstock of manure and straw results in the highest LCoE of the co-digestion plants.

Figure 3: LCoE of producing hydrogen using a SOEC electrolysis. The LCoE calculations are made using varying estimates for
electricity prices (El P) and full load hours of operation (FLH).
Key point: The electricity price is the dominant factor for the costs of producing hydrogen via a SOEC electrolysis. The different
variations of shown in the figure show that the costs of producing hydrogen depends on the electricity prices, and full load hours.
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Figure 4: LCoE of producing renewable gas with natural gas quality. The average electricity price is 40 EUR/MWh.
Key point: Under the static input parameters, the LCoE calculations show that it is cheapest to upgrade biogas to biomethane
via CO2 removal by water scrubbing.
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Figure 1: Potential available manure for biogas production (data based on Birkmose et al. [2013]).

1



Figure 2: Potential available straw for energy (data based on Venturini et al. [2019]).

Figure 3: Potential available deep litter for biogas production (data based on Birkmose et al. [2013]).
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Figure 4: Potential available organic waste for biogas production (data based on Birkmose et al. [2013]).

Figure 5: Potential available grass for biogas production (data based on Birkmose et al. [2013]).
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Four representative weeks are chosen to represent full year profiles for production and consumption. The
profiles used for the selection is wind, solar PV, electricity demand, residual electricity demand, and district
heat demands. In this study, we have chosen the following weeks, which we denote as seasons, S: S08, S22,
S36, S49. The yearly profiles are presented in Figure 1 and Figure 2. The duration curve profiles for solar PV,
wind, electricity demand and district heating are presented in Figure 3. This supplementary material presents
the profiles for Denmark West, where the district heating profile represents a larger city.

Figure 1: Selected weeks - yearly profiles for electricity and district heating demands

Figure 2: Selected weeks - yearly profiles for solar PV and onshore wind
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Figure 3: Selected weeks - duration curve for solar PV, onshore wind, electricity demand and district heating demand
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