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Abstract

A radical adjustment to current energy systems will be imperative in achieving the Paris Agreement. This
paper analyses the holistic 2050 Danish energy system and particularly its future transport sector, which
aims to be fossil fuel independent. Using a linear optimisation tool (Balmorel-OptiFlow), the role of electro-
fuels is analysed at a high temporal and geographic resolution for the Nordic+German region. Electrofuel
technologies have been investigated and incorporated into the energy model creating a comprehensive cata-
logue of alternative fuel pathways. Results reveal an energy system with a high reliance on variable energy
sources. Electrofuels that utilize biomass have been found to be more economically attractive compared to
electrofuels using carbon capture. Biomass costs, fuel demands, and electricity prices drive the competi-
tion between the evaluated alternative fuel pathways. Carbon capture technologies are found to not play
a role in the production of transport fuels unless future biomass resources are more limited or costly then
expected. Additionally, it has been found that temporal resolution can greatly affect results when modelling
alternative fuel pathways. The study concludes that electrofuels - particularly those using biomass - can
play a prominent role in future transport sectors.
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1. Introduction

With increasing global pressure to reduce emissions and combat climate change, since the Paris Agreement
was signed in 2016, drastic emission cuts continue to be announced by countries, regions, and cities [1].
As of September 2019, when the United Nations Secretary-Generals Climate Action Summit occurred, 65
countries and the European Union have now committed to net-zero carbon dioxide emissions by 2050 [1].
In order for these ambitious targets and plans to be achieved, innovative transformations and technologies
need to be implemented in current energy systems.

The removal of fossil fuels from power sectors have proven to be an effective and successful mode of reducing
emissions [2]. The exploitation of low carbon energy sources such as wind, solar, sustainable biomass, and
hydropower has resulted in technological and economic advancements. However, electricity demands in the
future are expected to increase as other sectors, such as industry and transport, shift towards electrification,
weaning off of fossil fuels [2].

The global transport sector accounts for 20.5% of the total carbon dioxide emissions and relied on fossil
fuels for 95% of its energy in 2014 [3]. Although electrification can aid, if low carbon electricity generation
prevails, not all transport modes can be transformed, such as heavy transport [4]. Thus, non-fossil based
fuels will be necessary if a fully decarbonised transport sector is desired.

The use of non-fossil based fuels (hereafter referred to as alternative fuels), will be necessary in curbing the
use of fossil fuels in the transport sector. Biofuels, a variety of alternative fuels, can be used in the transport
sector as a substitute to fossil fuels. Flexible pathways and advancements in production techniques have
resulted in the exploitation of biomass for the creation of biofuels in many of today’s current energy systems
[5]. However, sustainable biomass potentials and future costs are highly uncertain and other fuel pathways
may be necessary to achieve a fossil fuel independent transport sector [4].

New fuel technologies, such as electrofuels, are a budding alternative. Electrofuels are fuels produced via
a carbon or nitrogen source with hydrogen produced from an electrolyser. The carbon source can come
from biomass, further exploiting the limited biomass potential, or from carbon capture. With electricity
being the primary source of energy for electrofuels, the cost of electricity is a key parameter in their future
economic feasibility [6, 7, 8]. Additionally, with the projected increase in variable energy sources, electricity
price fluctuations may benefit technologies that can act accordingly [9].

Per a literature review, it has been found that a substantial number of previously studies have analysed the
potential of electrofuels, using various methods and approaches. Techno-economic assessments and levelised
cost analyses have been used to investigate the future of electrofuels [4, 6, 8, 10, 11]. Notably, Malins
(2017) [10] concludes that electrofuel production in Europe may not be economically feasible with currently
projected electricity prices. In addition to this finding, Lehtveer et al. (2019) [12] finds that electrofuels may
not be cost effective unless carbon storage is limited. Electrofuels have also been investigated by applying
energy and thermodynamic investigations [13, 14, 15]. Fu et al. (2010) [14] analyses biomass-independent
fuels and concludes that in order for such fuels to be cost competitive, low electricity prices or cheap solar
energy is crucial. The German Environmental Agency [16] analysed the environmental impact of electrofuels
in comparison to biofuels and Philibert (2018) [17] found electrofuels could aid in grid balancing. At the EU
level, the European Commission (2018) [18] underlines the need for electrofuels in various decarbonisation
pathways. Adding to this, the modelling approach applied for the simulations in this report are simplified
and aggregated, and calls for improved modelling frameworks and further investigations of the potential role
of electrofuels in energy transition pathways. Energy system models can be appropriate tools for assessing
the future role of energy technologies. Previous studies have initiated detailed representation of alternative
fuel production in future energy systems [7, 19, 20]. Using a national energy system simulation model with
high temporal and low geographical resolution, Ridjan et al. (2013) [7], and Mathiesen et al. (2014) [19]
proposes a mix of CO2-jetfuel (25 PJ) and CO2-methanol (75 PJ) in their Ideal CEESA Proposal Scenario to
cost-effectively supply the transportation fuel demand of 2050. The model does however not include capacity
optimisation or endogenous identification of electricity prices in the system. In addition, Bramstoft et al.
(2019) [20] uses an energy optimisation model, with detailed spatiotemporal modelling of biofuel production,
while endogenously computing the electricity prices for the Nordic and German region. This study, however,
only includes a limited amount of fuel production pathways and lacks CO2 capture technologies.

From the aforementioned literature review, it is concluded that there is a potential for electrofuel production
in the future, but there is a need to investigate the barriers identified through more detailed modelling of
the relationship between the development of power market prices and the local availability of biomass.

Bridging the research gaps previously mentioned, this study explores potential alternative fuel production
pathways by using an integrated energy system approach. The inclusion of electrofuel technologies to the
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combined Balmorel-OptiFlow framework, where biofuel and some electrofuel technologies have previously
been implemented, is performed to understand which role these technologies could have to optimally decar-
bonise the transport sector. The Balmorel-OptiFlow model allows for both high geographical and temporal
resolution, differentiating this analysis from previously conducted studies.

The developed modelling framework is applied using Denmark as a case study, for the year 2050. Denmark
is of interest due to the stringent climate goals for the future and aims for a fossil fuel independent energy
system by 2050. With exorbitant wind potential, Denmark has the ability of producing electricity with no
fossil fuels. However, its transport sector, similar to the global average, relied on fossil fuels for 94% of its
energy [21]. Due to Denmark’s limited and valuable biomass potential, the use of electrofuels may prove to
be paramount in achieving its 2050 goals. The modelling framework developed and applied in this study is,
however, of global interest due to the global needs for promising pathways for decarbonising the transport
sector. The modelling framework is open source and can be flexibly applied to other countries, regions, and
challenges [22, 23, 24].

The relationship and production of biofuels and electrofuels is analysed while considering the limited biomass
and point source carbon dioxide potentials. A base scenario along with three sensitivity scenarios are
performed to understand how various characteristics will affect future energy systems, including electricity
demands, fuel demands, and biomass potentials. The geographical and temporal resolution in the model will
also be analysed to understand its effect on results. Additionally, it will be evaluated whether the limited
and geographically specific carbon dioxide point sources are a limiting factor in electrofuel production in
Denmark for 2050.

2. Model Framework

This study utilises three energy models to create a cohesive and comprehensive energy modelling environ-
ment. Balmorel is used to model the power and district heat sectors, OptiFlow models the fuel production,
and TIMES-DK is applied to define exogenous energy demands. Figure 1 displays the linkage between the
three energy models and the following sections describe their key characteristics and how the models work
in tandem.

Figure 1: Modelling framework applied in this study

2.1. Balmorel

Balmorel is an open source partial equilibrium model that can be used to support the analysis of combined
heat and power energy systems [25, 26]. Developed in Denmark in the late 1990s, it is a bottom-up model,
comparing competing technologies to identify investment options [26]. Balmorel can be used to interpret and
investigate the effects of, for example, energy policies and technology innovation in future energy systems.
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It is mathematically written to minimise energy system costs with associated inelastic exogenous demands.
The model contains a plethora of heat and electricity generation technologies, energy storage technologies,
and interconnection transmission investment opportunities.

Flexibility and transparency within the model allows for geographical and temporal resolution to be defined
and altered. Balmorel uses years, seasons, and time periods to denote temporal resolution in the model,
which can be easily changed, creating model flexibility. Geographically, the model consists of countries, which
contain regions that comprise of areas. High geographical resolution allows users to restrict and authorise
generation technologies, resources, and costs for specific locations. The interaction between distinct spaces
can be prohibited or permitted depending on user preferences. Countries are primarily used to define
government policies, the electricity network and transmission grid are characterised on the region level,
and areas are used for the district heating network, generation technologies, and potentials [26]. High
geographical resolution makes Balmorel a suitable model when analysing point source carbon dioxide and
the limited and distributed Danish biomass potential.

Balmorel uses an independent modelling system, GAMS, to find the optimal solution in conjunction with
associated primal endogenous variables for the defined geographical and temporal indexes [26]. Mathematical
equations are used to link generation technologies with markets, optimally minimising the total costs. As the
cost of electricity is expected to be the most important parameter in assessing the potential for electrofuels,
it is reasonable to use a model where electricity prices are not user inputs, but endogenously calculated for
each defined region and time slice based on generation costs and energy demands. Balmorel can be run in
several modes, depending on the desired analysis. For this study, Balmorel is operated in economic dispatch
mode with exogenous and endogenous investment opportunities with perfect foresight for the analysed year
(2050) [26].

2.2. OptiFlow

Another flexible feature of Balmorel are addons, which can be used to analyse particular aspects of an energy
system, test novel modelling techniques, and add new technologies or demands to the model without altering
Balmorel. OptiFlow is one of the many addons in Balmorel. OptiFlow is a generalised spatiotemporal net-
work optimisation model. It allows for technologies to have multiple inputs and outputs, which differentiates
it from the Balmorel model. Technologies are defined as processes while inputs and outputs are defined as
flows. Processes can be characterised based on any interacting flow. Storage processes can also be included,
which is of high importance when considering flexible production technologies, such as electrolysis. For this
paper, OptiFlow optimises fuel production based on exogenous demands while considering geographically
distinguished resources, transport costs, and technology characteristics. The addon is linked to Balmorel
via the electricity and district heating networks allowing OptiFlow to simultaneously optimise system costs
based on electricity price changes, district heating network locations, heat demands, etc.

2.3. TIMES-DK

Although the TIMES-DK model has less geographical and temporal resolution, it optimises the end use
energy demands by sector for the entire year. Results based on a 1.5 degree scenario are used to exogenously
defined energy demands in Balmorel-OptiFlow [20].

3. Fuel Technologies

Figure 2 displays how the aforementioned fuels are categorised in this paper. Alternative fuels are fuels that
do not use fossil resources. Biofuels are defined as any fuel that uses biomass as its primary energy source and
electrofuels are defined as any fuel that uses hydrogen as its primary energy source. Some fuel technologies
use both biomass and hydrogen and are consequently defined as electrofuels in this paper. These fuels use
the naming convention: e-biofuels.
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Figure 2: Defined fuel flowchart

The implemented electrofuel technologies along with the preexisting technologies in Balmorel-OptiFlow are
displayed in Figure 3. Alternative fuel production technologies compete for transport demands along with
a gas demand. Resources are simulated on a weekly resolution in order to model accurate biomass delivery
methods. Technologies are linked to the electricity and district heating grid creating a connection between
OptiFlow and Balmorel.

3.1. Carbon Dioxide Capture and Utilisation

Carbon dioxide can be captured and utilised from both point sources and via direct air capture technolo-
gies. In the model, point source technologies can capture carbon dioxide from waste incineration plants,
Aalborg Portland cement factory, and biogas upgrading technologies. Capturing carbon dioxide from these
point source technologies is thus geographically constrained by the location of said technologies. Direct air
capture technologies capture carbon dioxide from the air and thus are less geographically constrained. The
implementation of a low temperature direct air capture technology, oppose to a high temperature direct air
capture technology has been chosen as it can more efficiently utilise the district heating network. Different
energy demands are required for the various methods of capture and processing carbon dioxide. More details
can be found in the supplementary material.
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Figure 3: Flow diagram of the OptiFlow model
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4. Assumptions and Data

4.1. Technology Costs

Table 1 displays the implemented investment and operational costs.

Technology Investment O&M Efficiency Reference
[Me/GJ/h] [e/GJ/h] [%]

Point Source CO2 Capture 0.45 11.9 - [27]
Direct Air CO2 Capture 0.37 14.9 - [28]
Solid Oxide Electrolysis Cell 0.10 2.87 79 [29]

E-Fischer-Tropsch 0.10 3.93 59 [4]
E-Methanol Synthesis 0.18 6.31 81 [30]
E-Methanol Upgrading 0.07 2.60 80 [31]
Ammonia Synthesis 0.16 6.56 79 [32]

E-Biomethanol Synthesis 0.05 1.47 78 [33]
E-Biojet Plant 0.43 12.9 59 [33]

Hydrothermal Liquefaction 0.26 14.9 82 [33]
Thermal Gasification BioSNG 0.41 11.3 58 [33]
Thermal Gasification Syngas 0.28 5.56 85 [33]
Thermal Gasification to Synthesis 0.18 7.01 75 [33]
Biodiesel Plant 0.53 14.8 56 [33]
Ethanol Plant 0.25 18.9 41 [33]
Biojet Plant 0.39 11.8 57 [33]
Biogas Upgrading 0.09 2.39 95 [33]
Methanisation 0.14 6.84 93 [33]
Methane Synthesis 0.14 6.84 88 [33]

Hydrogen Storage Centralised 0.09 4.45 90 [34]
Hydrogen Storage Decentralised 0.17 7.95 90 [34]
Carbon Dioxide Storage 0.65 13.0 - [30]

Notes: Costs are input based. Input for CO2 capture, SOEC, and carbon dioxide storage
is defined as electricity, hydrogen for electrofuels and hydrogen storage, and
biomass or biogas for biofuel technologies. Efficiency is defined as the ratio
of output energy compared to input energy. Output heat or electricity is not
included in efficiency values.

Table 1: Costs for alternative fuel production technologies

4.2. Spatial and Temporal Resolution

The model is spatially divided into four countries (Denmark, Sweden, Norway, and Germany). Within the
countries, areas and regions have been defined based on district heating demands. The model aggregates
the 400+ Danish district heating networks into 36 district heating areas [35]. The distributed straw, ma-
nure, deep litter, organic waste, and grass potentials in Denmark are aggregated into 98 areas, one for each
municipality. Denmark has a much higher spatial resolution compared to the other included countries. Tem-
porally, the model is being run for the year 2050 with four representative weeks at an hourly resolution due
to computational time constraints. An analysis on how weeks were selected and how time aggregation affects
model results can be found in the supplementary materials. Energy demands, resource potentials (biomass
and CO2), and renewable energy profiles are defined at an hourly resolution, while emission constraints and
technology costs are defined with a yearly resolution.

4.3. Biomass and Carbon Dioxide Potentials

Besides ammonia, all of the modelled alternative fuels rely on biomass or carbon dioxide. Domestic biomass
potentials for 2050 are defined from Venturini et al. (2019) [22] Birkmose et al. (2013) [36] Energistyrelsen
(2016) [37] and are based on the availability in each Danish municipality. Additionally, wood pellets can
be imported with an associated cost. Biomass can be transported to and from defined areas in the model
at appropriate costs and distances adapted from GIS interactive mapping software with the assumption of
freight trucks with 27-ton capacities. Figure 4 displays how the defined areas are connected and the transport
routes. Straw, wood chips, and imported wood pellets can be used for the production of fuels, while straw,
manure, deep litter, organic waste, and grass are used for the production of biogas. The potentials and costs
for all defined biomass resources can be found in Table 2.
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Price Potential
[e/GJ] [PJ]

Straw 6.80 54
Woodchips 7.90 41
Woodpellets 9.80 ∞
Manure 0 17.6
Deep litter 0 6.4
Organic waste 8 3.6
Grass 7.1 2.7

Table 2: Fuel prices and potentials

Figure 4: Biomass resources can be transported between areas as show in this figure

Carbon dioxide potentials consider the power and heat sector, industrial sector, and biogas upgrading
facilities. Power and heat and industrial CO2 potentials are exogenously defined using a CO2 cost of 136
e/ton [38]. This CO2 cost is adapted from the International Energy Agency’s Nordic Energy Technology
Perspectives (NETP) 2016 report. The results indicate that the only power and heat technologies emitting
carbon dioxide in Denmark are municipality solid waste combined heat and power (CHP) plants at a rate
of 21.7 kg CO2/GJ [39]. The only industry emitter that is implemented in the model is Aalborg Portland
cement factory. It has been assumed that the factory will rely on CO2 neutral energy to supply heat in
2050. This greatly reduces the emissions, as coal and other fossil fuels are currently used to provide heat.
Therefore, the assumed available CO2 in 2050 is 1.3 Mt, compared to 2.2 Mt which was emitted in 2017
[40, 41]. Biogas upgrading technologies that are implemented in the Balmorel-OptiFlow framework also emit
carbon dioxide at a rate of 76 kg CO2/GJ [42]. Biogas upgrading technologies have the option of investing
in carbon dioxide capturing or emitting the carbon dioxide. Both can occur if it is deemed economically
optimal. Thus, the potential of usable carbon dioxide from biogas upgrading facilities is not an input, but
rather a result.
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Figure 5: Exogenously defined CO2 potentials

The direct air capture technology is able to be invested in any location in Denmark with district heating.
All carbon capture technologies are defined at the area resolution. Carbon dioxide cannot be transported
between areas or regions. However, the cost of transporting carbon dioxide via pipeline of 30km is included
in the cost of capturing and processing. Figure 5 displays the defined point source carbon dioxide potentials.

4.4. Energy Demands

Electricity demands are defined at a regional level and adapted from the TIMES-DK model for Denmark
and the 2050 Nordic Energy Technology Perspective for the other modelled countries [38]. An additional
electricity demand for transport has also been enacted of 56 PJ in Denmark due to projected electric car
market penetration from the TIMES-DK model. District heating demands are at the area level and compiled
from the TIMES-DK model and NETP [38]. Existing and planned (until 2030) electricity transmission
capacities are implemented in the model [38], however, investments are not restricted, allowing the model
to optimise additional interconnection between regions with appropriate costs.

Demand [PJ]
Maritime 10

Road 80
Aviation 58

Table 3: 2050 transport fuel demands

Demands for transport liquid fuels are based on decarbonising the entire Danish transport sector and adapted
from the TIMES-DK model. For simplification, demands have been categorised into road, maritime, and
aviation transport. It has been assumed that all rail transport is electrified. Only appropriate fuels can
fulfill specified demands (See Figure 3).

Additionally, a gas demand (25 PJ) has been implemented due to TIMES-DK results. The gas demand can
be fulfilled from biogas upgrading, methanation and thermal gasification. Table 3 displays the defined fuel
demands for the transport sector. A price for each fuel has been set; therefore, if it is economically beneficial
to produce more than the stated demand, it can occur. Fuel prices have been adapted from the DK-TIMES
model, which uses fuel costs from [3, 43, 44] and represent 2050 projected fuel costs.
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5. Scenarios

A base scenario and three sensitivity scenarios have been conducted. The sensitivity scenarios are compared
to the base model to understand how changes in input data affect results. Table 4 briefly describes the
differences between the analysed scenarios.

Table 4: Description of scenarios

Scenario Description
Base -

MoreEVs Increase in Danish electricity demand by 20 PJ
and a road liquid fuel demand of 20 PJ

ForeignEFuels Increase in electricity demand in Germany, Sweden,
and Norway due to electrofuel production

NoBiomassImport Biomass imports to Denmark are forbidden

The scenario, MoreEVs, analyses how a higher penetration of electric vehicles in Denmark will affect fuel
production and the overall energy system. A higher penetration of electric vehicles then expected could
be because of unforeseen technological improvements, cost reductions, government policies, etc.. The For-
eignEFuels scenario reveals how production of electrofuels in Germany, Sweden, and Norway could affect
the Nordic+German energy systems. The effects of restricting woodpellet imports to Denmark are studied
in the scenario NoBiomassImport and could occur if the source is deemed unsustainable or the price is
uneconomical.

6. Results

6.1. Electricity and District Heat Sector

The base results reveal a 2050 Nordic+German energy system that heavily relies on variable renewable
electricity as well a district heat network that utilises heat pumps, excess heat, and municipality solid
waste combined heat and power (MSW CHP) technologies, which is caused by the emissions targets and
technology development. Figure 6 displays the electricity and heat production results for both the entire
Nordic+German energy system along with the Danish energy system. To clarify, the Nordic+German results
are for the whole region, including Denmark. The Danish energy system has a much higher penetration of
variable electricity, primarily from wind (77%). A large utilisation of heat pumps is seen for both defined
regions. In Denmark, excess heat from data centers, industry, and fuel production technologies are also
utilised to satisfy the district heating demand.

Large electricity transmission capacities are invested in between defined regions. In particular, large in-
vestments occur between regions in Norway and the other modelled countries (e.g. 4.2 GW of electricity
transmission between the regions Denmark West and Norway South). Additionally, Norway and Denmark
are both net exporters of electricity, while Sweden and Germany are net importers.
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Figure 6: Electricity and heat production

Table 5 displays the electricity and district heating prices for each country. These are calculated as the
average cost of energy. As the average prices are calculated as long-term marginals, this increase reflects
the investments needed to supply the demand.

Electricity District Heating
[e/MWh] [e/MWh]

Denmark 38.5 19.0
Germany 46.7 22.2
Norway 32.4 19.4
Sweden 34.0 25.1

Table 5: Energy prices

6.2. Transport Fuel Production

Figure 7 displays the areas where fuel production occurs in the base scenario. As aforementioned, fuel
production technologies are allowed to be installed in connection with the six large district heating areas
in Denmark. Fuel production appear in all six areas. As techno-economic input parameters are valid for
certain plant size (economy-of-scale), a post evaluation is made to ensure that the obtained plant sizes
from the model results are valid for the implemented parameters. Figure 7 evidently shows a significant
higher fuel production in the Greater Copenhagen area, which corresponds to the largest demand for district
heating. This occurs since a higher proportion of heat can be sold to the district heating network, generating
additional economic revenue.

11



Figure 7: Base scenario fuel production

Figure 8 presents the fuel production results and the resources utilised. The base results along with the three
scenario are presented. The energy required to transport materials is not included. Electricity is considered
a resource and includes the energy required for the production of hydrogen with energy losses included.

Figure 8: Alternative fuel production (positive) and resource utilisation (negative)

The base results reveal the production of biofuels and e-biofuels to be the most economically optimal. The
carbon source for all produced fuels in the base scenario is from biomass. Therefore, no carbon dioxide
capture occurs. Almost the entire domestic straw and wood supply is utilised, in addition to an import of
128 PJ of wood chips. The maritime demand is fulfilled by biogasoline, bio-oil, and e-biomethanol. The
road demand is satisfied by e-biomethanol and biogasoline. Biojet fuel fulfils the aviation demand in the
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Base, MoreEVs, and ForeignEFuels scenarios.

The MoreEVs scenario analyses the effects a higher penetration of electric vehicles in Denmark would have
on fuel production in 2050. Only 58 PJ of wood pellets are imported as there is a smaller transport fuel
demand. The higher penetration of electric vehicles creates a more energy independent transport sector
where less biomass imports are needed.

The ForeignEFuels scenario analyses the effects a high production of electrofuels in Germany, Norway, and
Sweden would have on the Nordic+German energy system. Fuel production is consistent with the base
scenario. Similarly to the base scenario and MoreEVs scenario, there is no utilisation of the carbon dioxide
resources and biomass is the only source of carbon that is exploited.

The increase in electricity demand results in an increase in the average electricity price by 3-5% for each of
the modelled countries and an increase in electricity production (displayed in Figure 9).

Figure 9: Percent increase in electricity production by source - Base scenario vs. ForeignEFuels scenario

Figure 9 displays the percent increase in electricity production for the modelled countries comparing the base
scenario to the ForeignEFuels scenario. Although there is no change in the electricity demand in Denmark,
electricity production increases and Denmark becomes a significant exporter of electricity. These results
display a potential downfall electrofuels have, as a significant amount of electricity is necessary for their
production.

The NoBiomassImport scenario analyses the effects an independently fuelled Danish transport sector has
on the Nordic+German energy system. As displayed in Figure 8, there is a large penetration of electrofuels
in the Danish transport sector. The maritime demand is completely satisfied by ammonia. E-biojet fuel
is primarily used for the aviation demand, however there is a small fraction of jet fuel produced via the
electrofuel pathway using CO2 from Aalborg Portland cement factory. The road demand is fulfilled by
e-methanol, e-biogasoline, and e-diesel. These fuels are produced in five different areas in order to utilise
the distributed carbon dioxide and biomass potentials.

Additionally, the total wind capacity in Denmark has increased 27% in the NoBiomassImport scenario
compared to the base model due to a higher electricity demand in the production of transport fuels. As
expected, the entire Danish biomass potential is utilised. All of the potential carbon dioxide from the
industrial sector has been exploited and 71% of the power and heat sector carbon dioxide emissions have
also been utilised. In addition, there is significant investment in direct air capture in Esbjerg, Copenhagen,
Odense, Aalborg, and Aarhus.

6.3. Sensitivity Analysis

A sensitivity analysis was conducted to analyse how biomass prices effect fuel production results , which
are displayed in Figure 10. Base biomass costs can be found in Table 2. The figure shows that only a
slight increase in biomass prices reduces the production of biofuels and subsequently increases production
of nitrogen and carbon capture based fuels. Marginal changes in fuel production costs can be seen in the
LCOE supplementary material. However, even with a 600% increase in price, straw is still utilised for the
production of transport fuels.
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Figure 10: Fuel production compared to biomass costs. See Table 2 for reference biomass costs.

Two additional sensitivity analysis have been done regarding the spatial and temporal modelling methodol-
ogy. An investigation regarding straw resources in Denmark was conducted to see how the defined spatial
resolution of biomass affects fuel production results. It was found that fuel production results did not change
significantly, but the production locations did change. When defining the Danish straw resources on a coun-
try level instead of a municipality level, fuel is produced in only three locations: Copenhagen, Aarhus, and
Odense. Also an analysis into the temporal resolution of the model was conducted and reveals that even
when 48 time slices are used instead of 672, fuel production results do not change. However, changes to
the electricity price, power generation capacities, and electrolysis capacity are affected. Most importantly,
however, high temporal resolution gives clearer insight into the relationship between hydrogen production
and storage. The results for both of these analysis can be found in the supplementary material.

The levelised cost of energy for various alternative fuels have been calculated and compared with the cost of
fossil fuel prices for 2050 (supplementary material). The calculations reveal the small cost disparity between
alternative fuels in the future and the need for holistic models when drawing conclusions regarding their
future use. Calculations are made at various electricity prices and electrolysis parameters to display how
they affect results.

7. Discussion

Parameters associated with biomass (costs and potentials), electricity prices, and fuel demands are found
to be the most crucial when analysing the competition between alternative transport fuel pathways. Point
source carbon dioxide potentials were only a limiting factor when biomass imports were restricted similar to
results found by Mathiesen et al. 2014 [19]. Findings reveal that domestic biomass potentials are not enough
to create a fossil fuel independent transport sector, which is a similar to conclusions found in Venturini
et al. 2019 [22]. The production of e-biofuels in the base model indicates that the resultant electricity prices
are economically suitable compared to conventional biofuels. These fuels that rely on both hydrogen and
biomass are the most economically suitable and most optimally exploit the limited biomass potentials in
Denmark. Additionally, the production of alternative transport fuels proves to benefit the overall energy
system as it provides excess heat to the district heating network.

Higher electricity prices for Germany and Denmark, compared to Norway and Sweden, are consistent with
reports made by NETP 2016 [38], the Danish TSO Energinet [43], and the Danish Energy Association [45].
However, the NETP 2016 projects the Nordic countries to have electricity prices ranging from 50-60 e /MWh
in 2050 [38]. This large electricity price difference between the Nordic countries is inconsistent with findings
in this report and findings by Energinet. Energinet forecasts electricity prices between the Nordic countries
to be more consistent, with only a 3 e /MWh difference in price [43]. Results found in this study indicate
electricity price differences between the Nordic countries to be 6.1 e /MWh. The small price difference is
likely linked to high electricity transmission capacities that are invested in by the model. This could change
if the geographical scope was increased and additional countries were included. Danish Energy Association
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forecasts electricity prices using Balmorel for the years 2020-2035 and result in similar findings. Danish and
German electricity prices are similar and slightly higher than electricity prices in Norway and Sweden.

The carbon dioxide potentials exogenously defined in the model are only relevant when the import of biomass
is restricted (NoBiomassImport) or when biomass costs are increased. Additionally, it has been found that
even when reducing the carbon capture costs by 50%, the technologies are still economically unattractive
in the base scenario. Therefore, the energy demands required for capturing carbon dioxide is the primary
result of their economic infeasibility and not capital costs.

As revealed, excess heat created during the production of alternative fuels can be utilised for district heating,
reducing the need for other heat producing technologies. This unmasks the advantage of investing in areas
with a large district heating demand. However, the current regulatory framework needs to be modified to
not be an obstacle, but to create incentives for excess heat to be used in district heating networks. Current
framework taxes excess heat if sold to district heating network in an attempt to make primary production
more efficient, disincentivising the production of heat for the purpose of district heating.

The total electrolysis capacity for Denmark has been found to be 3.1 GWe. This is within the range
of projections made by Aalborg University, the Danish Energy Agency (DEA), and the Danish Society of
Engineers (IDA), where 2050 estimates are between 3-9 GWe [46]. The DEA projects solid oxide electrolysis
cell investment and operation costs to reduce five-fold between 2020 and 2050 [33]. Electrolysis investments
occur in Copenhagen, Odense, and Aalborg. Hydrogen storage is also invested in every location with
electrolysis, signifying their mutual dependency and importance in modelling storage technologies when
analysing alternative fuels.

Many of the alternative fuel technologies produce fuels that can be considered drop-in fuels. Drop-in fuels
are characterised as fuels that can be used with society’s current infrastructure. Fuels that have this
characteristic have an advantage when considering their integration into the energy system as transport
technologies do not have to adapt. This advantage is not implemented in the model. However, it may make
some fuels a more realistic option compared to others in 2050 even if costs are higher. For example, the
use of methanol in road transport would require alterations to all Danish internal combustion engines. This
may make biogasoline or biodiesel a better alternative when considering the alterations needed to convert
vehicles. The same problem arises with ammonia, as ships would need to be manufactured radically different
due to its low energy density.

Although the use of alternative fuels reduces the dependence on fossil fuels, their associated emissions and
climate impact must be considered. A fully decarbonised electricity grid not only in Denmark, but also
of its neighboring countries, needs to be achieved for electrofuels to have a greenhouse gas intensity lower
than traditional fossil fuels [10]. Emissions associated with electrofuel production are driven almost entirely
by the emissions intensity of the electricity used during hydrogen production (electrolysis) [10]. A well-
to-wheel study conducted by the EU’s Joint Research Centre has calculated a life cycle carbon intensity
of 1.3 gCO2e/MJ for the production of e-diesel when wind energy is used for electricity generation [10].
This is significantly lower compared to the carbon intensity of fossil diesel (94 gCO2e/MJ) [10, 16]. The
emissions intensity of biofuels ranges from 15 to 55 gCO2e/MJ depending on the biomass, fuel type, and
study [10, 16, 47, 48]. However, the German Environmental Agency states that when considering direct
land use changes, biofuels can have an emissions intensity of 100 to 700 gCO2e/MJ, which is higher than
the carbon intensity of most fossil fuels [16].

8. Conclusion

Using the 2050 Danish Energy System as a case study, the modelling of alternative fuel technologies is con-
ducted to assess an economically optimised fossil fuel independent energy system. The Balmorel-OptiFlow
framework has been used due to its potential for high temporal and geographical resolution energy modelling.
Additionally, it is a comprehensive and technology-rich energy system model, optimising both investment
and operation.

Results indicate a strong future relationship between the power and heat sector and the transport sector.
The power sector in Denmark heavily utilises variable renewable energy and a significant portion of the heat
sector is electrified. The base model reveals a Danish transport sector that relies on biofuels for 57% and
e-biofuels for 43% of its transport fuel demand. The entire domestic biomass potential is utilised in addition
to the import of biomass. An increase in electrofuel production by other neighboring countries, as modelled
in the ForeignEFuels scenario, results in an increase in electricity price due to an increase in electricity
demand. However, Denmark becomes a much larger electricity exporter as more of the offshore wind
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potential is utilised. A more energy independent transport system (biomass import restrictions) prompts
a high utilisation of point source carbon dioxide and direct air capture in Denmark. Allowing no biomass
imports also resulted in the production of 74 PJ of electrofuels and 73 PJ of e-biofuels.

The relationship between biomass prices and technology investments reveals that with only a slight increase
in biomass prices, there is a sharp decline in the production of biofuels. This exposes how sensitive biomass
prices are in the modelling results, especially in regards to imported woodpellets. However, straw is utilised
even when straw prices increase over 600%.

This study reveals that future transport sectors that use alternative fuels will be heavily dependent on
the power sector as electrolysis technologies are employed. As a result, countries will need to invest in
new electricity generation capacities in order to have inexpensive and renewable electricity that is both
economical and sustainable. The continuation of research into new and innovative fuel technologies needs
to flourish and the electrification of applicable transport modes are imperative. Moreover, countries with
the potential for low-cost electricity from solar PV or wind, and high security of electricity supply, may
prove to be large exporters of electrofuels and reduce the need for electricity storage. Cheaper energy costs
would also reduce the cost of carbon dioxide capture, reducing the need for biomass. This may prove to be
extremely beneficial for countries with limited biomass.

Results indicate that electrofuels that utilise biomass prove to be more economically attractive compared to
electrofuels using carbon capture. In all scenarios, the total production of e-biofuels and electrofuels is at least
26%. Additionally, electrofuel production can provide substantial heat to district heating networks, reducing
the need for heat only producing technologies. Furthermore, the point source carbon dioxide potential are not
a limiting factor and not fully utilised unless biomass costs are significantly higher compared to projections
used in this study. Ultimately, this study concludes that electrofuels can have an important role in future
fossil independent energy systems.
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[15] A. Goldmann, W. Sauter, M. Oettinger, T. Kluge, U. Schröder, J. R. Seume, J. Friedrichs, F. Dinkelacker, A study on
electrofuels in aviation, Energies 11 (2) (2018) 1–23, ISSN 19961073, doi:\let\@tempa\bibinfo@X@doi10.3390/en11020392.

[16] Power-to-Liquids Potentials and Perspectives for the Future Supply of Renewable Aviation Fuel, Tech. Rep., German
Environment Agency, Berlin, URL https://www.umweltbundesamt.de/en/publikationen/, 2016.

[17] C. Philibert, Electrofuels an introduction, Tech. Rep., Renewable Energy Division, International Energy Agency, 2018.
[18] European Commission, A Clean Planet for all A European long-term strategic vision for a prosperous , modern , compet-

itive and climate neutral economy, Tech. Rep. November, Brussels, 2018.

16

\let \@tempa 10.1002/wene.222
http://doi.wiley.com/10.1002/wene.222
www.iea.org/t&c/
www.fvv-net.de
\let \@tempa 10.1016/j.rser.2017.05.288
\let \@tempa 10.1016/j.rser.2017.05.288
https://linkinghub.elsevier.com/retrieve/pii/S1364032117309358
\let \@tempa 10.1016/j.energy.2013.01.046
\let \@tempa 10.1016/j.ejor.2015.04.020
http://dx.doi.org/10.1016/j.ejor.2015.04.020
\let \@tempa 10.1016/j.egypro.2016.10.115
\let \@tempa 10.1016/j.egypro.2016.10.115
www.sciencedirect.com
\let \@tempa 10.1021/acs.est.8b05243
https://pubs.acs.org/sharingguidelines
\let \@tempa 10.1016/j.energy.2015.08.099
http://dx.doi.org/10.1016/j.energy.2015.08.099
http://dx.doi.org/10.1016/j.energy.2015.08.099
\let \@tempa 10.1039/c0ee00092b
\let \@tempa 10.1039/c0ee00092b
www.rsc.org/ees
\let \@tempa 10.3390/en11020392
https://www.umweltbundesamt.de/en/publikationen/


[19] B. V. Mathiesen, D. Connolly, H. Lund, CEESA 100% Renewable Energy Transport Scenarios towards 2050, Tech. Rep.,
Aalborg Universitet, Aalborg, 2014.

[20] R. Bramstoft, A. Alonso, I. Jensen, H. Ravn, M. Munster, Modelling of Renewable Gas And Fuels In Future Integrated
Energy Systems, DTU Management .

[21] Eurostat, Denmark Energy Balance, URL https://ec.europa.eu/eurostat/web/energy/data/energy-balances, 2019.
[22] G. Venturini, A. Pizarro-Alonso, M. Münster, How to maximise the value of residual biomass resources: The case of straw

in Denmark, Applied Energy 250 (2019) 369–388, ISSN 03062619, doi:\let\@tempa\bibinfo@X@doi10.1016/j.apenergy.
2019.04.166, URL https://linkinghub.elsevier.com/retrieve/pii/S0306261919308281.
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1. Electrofuel Technology Catalogue

1.1. Carbon Dioxide Capture and Storage

Carbon dioxide is one of the primary components for many electrofuels, but before being used it needs to be
captured and processed. The sources of carbon dioxide can be categorised into two groups, point sources and
direct air capture (DAC). Additionally, the storage of carbon dioxide may be required due to low flexibility
downstream in some electrofuel pathways.

Figure 11: Carbon dioxide capture and storage flow diagram

1.1.1. Carbon Dioxide Capture

Depending on the source, various electricity and heat demands are required to capture and purify carbon
dioxide. The transportation of carbon dioxide can be done using pipeline networks as a super-critical fluid
[30].

Direct air capture (DAC) allows for a closed carbon loop system that may be optimal in the long term future.
The primary advantage of DAC is that it does not rely on other technologies to emit carbon dioxide and
thus there are no geographical limitations as long as there is an available energy supply. DAC is a relatively
new technology and only pilot testing has been achieved. Current costs for DAC are high compared to other
carbon capture methods, however significant cost reductions are expected in the future.

Direct air capture uses carbon scrubbing agents such as sodium hydroxide or potassium hydroxide [4]. Tech-
nologies are either categorised into low temperature or high temperature units, referring to the operational
temperature. A low temperature DAC unit is chosen for this model due to its ability to use heat via the
district heating network.

Point source capture can be from power generation technologies, industry, or fuel production technologies.
Point source capture technologies can be categorised as pre-combustion, post-combustion, or oxy-fuel com-
bustion [33]. Post combustion capture, the most mature technology, captures carbon dioxide from flue gas
through an absorption and desorption cycle [33]. Additional steps are done for purification reasons. This
process has been implemented in many power plants and industrial technologies globally, but with the pur-
pose of carbon capture and long term geological storage. Pre-combustion capture, as the name implies,
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removes carbon dioxide before the combustion process. This is more common for coal gasification and
natural gas plants [33]. Oxy-fuel removes nitrogen prior to combustion, creating a flue gas that comprises
of almost only water vapor and carbon dioxide. The carbon dioxide can then be processed similar to the
post-combustion method [33].

Modelled point source capture technologies are based off of post-combustion capturing techniques. This has
been chosen since it is applicable to the projected and modelled point sources of carbon dioxide in 2050,
municipal solid waste technologies and Aalborg Portland cement plant.

Additionally, there is the possibility of capturing carbon dioxide from biogas upgrading technologies. Biogas
upgrading technologies use biogas and upgrade it to natural gas standards [33]. Removal of carbon dioxide
from biogas upgrading technologies is a critical step. There are many techniques that can be used to remove
the carbon dioxide, but water washing and pressure swing adsorption (PSA) are the most commonly used.
Water washing scrubs the carbon dioxide and other unwanted elements (hydrogen sulphide, water, and other
contaminants) using a flow of water counter to a high pressure gas flow [33]. PSA uses a multistage process
where unwanted gas is adsorbed onto adsorbent surfaces [33].

Unit 2050 Note Reference
Energy Data
Input(s)

Electricity [GJ/tono] 0.66 [28]
Heat [GJ/tono] 3.97 [28]

Output(s)
Carbon Dioxide [ton/tono] 1.00 [28]

Financial Data
Investment [Me /(ton/hour)] 1.72 [28, 49]
Fixed O&M [ke /(ton/hour)/year] 68.7 A [28, 49]

Technology Data
Lifetime [year] 20 [28, 49]

Notes:
A: 4% of investment p.a.

Table 6: Technological and Financial Data: Direct Air Capture
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Unit 2050 Note Reference
Energy Data

Power and Heat Technologies
Input(s)

Electricity [GJ/tono] 1.06 [30]

Output(s)
Carbon Dioxide [ton/tono] 1 [30]

Industrial Technologies
Input(s)

Electricity [GJ/tono] 0.09 B [10]
Heat [GJ/tono] 3.35 B [10]

Output(s)
Carbon Dioxide [ton/tono] 1 B [10]

Financial Data
Investment [Me /(ton/hour)] 0.47 [27]
Fixed O&M [ke /(ton/hour)/year] 12.6 [27]
Variable O&M [e /ton] 30 A [27]

Technology Data
Lifetime [year] 20 [27]

Notes:
A: Includes costs for transport of carbon dioxide using onshore piping for 30 km
B: Values specific to capturing carbon dioxide from cement production

Table 7: Technological and Financial Data: Point Source Capture

1.1.2. Carbon Dioxide Storage

The short term storage of carbon dioxide uses similar techniques that are used to store compressed natural
gas [19]. Long term storage of carbon dioxide utilises underground caverns. However, this has not been
investigated due to low carbon dioxide potentials.

Unit 2050 Note Reference
Energy Data
Input(s)

Carbon dioxide [ton/tono] 1.02 [19]
Electricity [GJ/tono] 0.43 [19]

Output(s)
Carbon dioxide [ton/tono] 1 [19]

Financial Data
Investment [Me /(ton/hour)] 1.52 [4]
Fixed O&M [ke /(ton/hour)/year] 30.4 A [4]

Technology Data
Lifetime [year] 20 [4]

Notes:
A: 4% of investment p.a.

Table 8: Technological and Financial Data: Carbon Dioxide Storage
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1.2. Solid Oxide Electrolysis Cell and Hydrogen Storage

Hydrogen is a component in all electrofuels and its production costs are key when considering its economic
feasibility. Additionally, since many electrofuel technologies are not extremely flexible, hydrogen storage has
an important role in electrofuel production pathways.

1.2.1. Solid Oxide Electrolysis Cell

Solid oxide electrolysis cells (SOEC) are one way of producing hydrogen. This technology has been chosen
because of its projected costs and efficiency. Compared to low-temperature proton exchange membrane
electrolysis cells and alkaline electrolysis cells, SOEC has the advantage of a high reaction rate with projected
lower electrical energy requirements. The SOEC has an entire solid state structure, which avoids corrosion
problems and electrolyte handling. The operating temperature of a SOEC is within 500 ∼ 1000◦C[50].
Thus, the district heating network is not applicable in supplying the necessary heat. All of the required
energy comes from the electricity network.

Figure 12: Solid Oxide Electrolysis Cell [50].

The SOEC consists of a dense ionic conducting electrolyte made of YSZ (yttria stabilised by zirconia) or
ScSZ (scandia stabilised zirconia) and two porous electrodes. The electrolyte conducts the oxygen ions and
separates the gas [51]. Steam is fed to the porous electrodes and molecules of water will diffuse to the
reaction area when an electrical potential is applied. In the cathodeelectrolyte interface, the hydrogen gas
and oxygen ions will be produced. The hydrogen gas will be collected at the cathode surface. The oxygen
ions will pass through the electrolyte film to the anode and oxidise.

Figure 13: Power to hydrogen flow diagram

Currently not commercially available, SOECs are at an experimental stage. However, by 2050, SOECs are
projected to have cheaper costs and greater efficiencies compared to other electrolysis cell designs [33].
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Unit 2050 Reference
Energy Data
Input(s)

Electricity [GJ/GJi] 1 [29]

Output(s)
Hydrogen [GJ/GJi] 0.79 [29]

Financial Data
Investment [Me /(GJe/h)] 0.10 [29]
Fixed O&M [ke /(GJe/h)/year] 2.87 [29]

Technology Data
Lifetime [year] 20 [33]

Table 9: Technological and Financial Data: Solid Oxide Electrolysis Cell

1.2.2. Hydrogen Storage

Hydrogen storage technologies are dependent on the desired capacity size. Due to hydrogen’s extremely
low energy density at standard pressure and temperature, either high pressure or low temperature storage
vessels are required. Therefore, the electrolyser capacity should be optimised to reduce the need for storage.

Unit 2050 Reference
Energy Data
Input(s)

Hydrogen [GJ/GJi] 1 [29]

Output(s)
Stored Hydrogen [GJ/GJi] 0.9 [29]

Financial Data
Centralised Tank Storage
Investment [Me /(GJi/h)] 0.09 [34]
Fixed O&M [ke /(GJi/h)/year] 4.45 [34]
Distributed Tank Storage
Investment [Me /(GJi/h)] 0.17 [34]
Fixed O&M [ke /(GJi/h)/year] 7.95 [34]

Technology Data
Lifetime [year] 20 [29]

Table 10: Technological and Financial Data: Hydrogen Storage
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1.3. Methanol Pathway

Currently in most of the world, methanol is blended with conventional gasoline at low levels. However,
internal combustion engines can be converted to run exclusively on methanol with only slight modifications.
Additionally, methanol can be used as a hydrogen carrier and act as a fuel for fuel cell vehicles (currently
being produced by SerEnergy in Denmark) [33]. Lastly, methanol can be easily processed into other liquid
fuels (gasoline, diesel, jet fuel) that could act as drop-in fuels for most modes of transportation.

Figure 14: Power to methanol and methanol to fuels flow diagram

1.3.1. Power to Methanol

Power to methanol has a technology readiness level of 5 due to its limited commercial use. Methanol
synthesis operates at 300 ◦C with a pressure of 85 bars [33]. Therefore, continuous operation is advantageous
if significant efficiency losses are unwanted. For continuous operation to occur, a steady stream of hydrogen
and carbon dioxide is necessary, which might require storage technologies.

CO2 + 3H2 −→ CH3OH + H2O, ∆H◦ = −131kJmol−1 (1)

Unit 2050 Reference
Energy Data
Input(s)

Electricity [GJ/GJo] 0.37 [33]
Hydrogen [GJ/GJo] 0.84 [33]
Carbon Dioxide [ton/GJo] 0.07 [33]

Output(s)
Methanol [GJ/GJo] 1 [33]
Heat [GJ/GJo] 0.11 [33]

Financial Data
Investment [Me /(GJo/h)] 0.15 [19, 33]
Fixed O&M [ke /(GJo/h)/year] 5.32 [19, 33]

Technology Data
Lifetime [year] 20 [33]

Table 11: Technological and Financial Data: Power to Methanol
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1.3.2. Methanol to Drop-In Liquid Fuels

Fuels that can be used with already existing infrastructure (drop-in fuels) have a large advantage when
considering their potential in the future. Methanol can be upgraded into gasoline, jet fuel, diesel, and
liquefied petroleum gas (LPG). Based on the defined conditions, the desired ratio of hydrocarbons can be
achieved for the processing of methanol. When maximising the jet fuel output, the output is 81% jet fuel
(mass), 10% (mass) gasoline, and 9% (mass) LPG[4]. Equations 2 - 5 characterise the steps in producing
liquid fuels via methanol.

DME Synthesis: 2CH3OH −→ CH3 −O − CH3 + H2O (2)

Olefin Synthesis: CH3 −O − CH3 −→ (CH2)2 + 2H20 (3)

Oligomerisation: 0.5n(CH2)2 −→ CnH2n (4)

Hydrotreating: CnH2n + H2 −→ CnH2n+2 (5)

Methanol upgrading has a low technology readiness level. There are no current production facilities upgrad-
ing methanol in this manner. Additionally, jet fuel produced using methanol upgrading is not internationally
approved. Similar to methanol synthesis, upgrading methanol is done at high temperatures and pressures
[4]. This reduces the flexibility of the pathway.

Unit 2050 Note Reference
Energy Data
Input(s)

Methanol [GJ/GJi] 1 A, B [4, 31]

Output(s)
Jet fuel [GJ/GJi] 0.65 A, B [4, 31]
Gasoline [GJ/GJi] 0.08 A, B [4, 31]
LPG [GJ/GJi] 0.07 A, B [4, 31]
Heat [GJ/GJi] 0.1 C [4, 31]

Financial Data
Investment [Me /(GJi/h)] 0.07 D [4]
Fixed O&M [ke /(GJi/h)/year] 2.60 D, F [4]

Technology Data
Lifetime [year] 20 [4]

Notes:
A: Based on an efficiency of 85% from methanol to liquid fuels
B: Maximising jet fuel mode
C: Assuming 2/3 of heat can be captured
D: Based on a capacity of 65 MWfuel

E: Ratio based on total fuel output
F: 4% of investment p.a.

Table 12: Technological and Financial Data: Methanol to Fuels
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1.4. Fischer-Tropsch Pathway

Already approved by the ASTM, the primary regulator for aviation fuel standards, Fischer-Tropsch is the
most mature and readily available technology to produce drop-in electrofuels [16]. Using hydrogen and
carbon dioxide, a slurry of hydrocarbons is produced with a range of chain lengths [4]. Reverse water gas
shift (RWGS) reaction is used in order to produce the necessary carbon monoxide. The Fischer-Tropsch
process has been used globally for the production of liquid fuels, but with using coal or natural gas as the
energy feedstock.

Figure 15: Fischer-Tropsch flow diagram

CO2 + H2 −→ CO + H2O (6)

(2n + 1)H2 + nCO −→ CnH2n+2 + nH2O (7)

Heavy products from the Fischer-Tropsch synthesis are desired in order to maximise the yield of liquid fuels
[4]. Heavy paraffins can be cracked into lighter hydrocarbons [4]. Similar to the methanol pathway, the
desired ratio of products can be achieved through conditional changes. Naphtha is also produced from the
Fischer-Tropsch process, but is not considered as a usable transport fuel in this study. Naphtha is commonly
used to dilute heavy crude oil in order to reduce its viscosity.

One of the disadvantages of Fischer-Tropsch synthesis compared to methanol synthesis is longer start up
times. This could result in larger storage facilities for both hydrogen and carbon dioxide [4].
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Unit 2050 Note Reference
Energy Data
Input(s)

Electricity [GJ/GJe] 1.00 [11]
Hydrogen [GJ/GJe] 20.5 [11]
Carbon Dioxide [ton/GJe] 1.07 [11]

Output(s)
Diesel [GJ/GJe] 8.92 [11]
Jet Fuel [GJ/GJe] 3.74 [11]
Heat [GJ/GJe] 4.95 [11]

Financial Data
Investment [Me /(GJe/h)] 1.73 [4]
Fixed O&M [ke /(GJe/h)/year] 69.3 A [4]

Technology Data
Lifetime [year] 20 [4, 11]
Notes
A: 3% of investment p.a.

Table 13: Technological and Financial Data: FT: Power to Liquid Fuels
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1.5. Power to Ammonia

Although ammonia has not traditionally been used in the energy sector, the interest in ammonia as a
transport fuel is increasing due to its lack of carbon. Although slight modifications are necessary, ammonia
can be used in internal combustion engines, diesel engines, and gas turbines [52]. The only non-carbon
based fuel that has been investigated, ammonia has traditionally been used in the production of fertilizer
and urea. Currently produced from natural gas or coal, ammonia is almost exclusively created via steam
methane reforming (SMR) [32]. However, a power to ammonia pathway can be created with the use of an
electrolyser and air separation unit.

Figure 16: Power to ammonia flow diagram

The nitrogen is produced via the air separation unit, a mature technology as it is currently used for SMR
ammonia production. The separation of air (which is 78%N2) is commonly done cryogenically, where the air
is liquefied and then distilled [53]. Ammonia synthesis, also referred as Haber-Bosch, relies on an appropriate
ratio of hydrogen and nitrogen and thus a recycling stream is used to increase the conversion process. A
purge stream is also used to remove inert gases. Equation 8 represents the exothermic ammonia synthesis
reaction.

N2(g) + 3H2(g) −→ 2NH3(g), ∆H◦ = −91.8kJmol−1 (8)

The flexibility of the power to ammonia pathway is constrained by ammonia synthesis and the electrolyser
(depending on electrolyser technology choice) [32]. The Institute of Sustainable Process Technology states
that ramp up and down times are 25 minutes for ammonia synthesis and have a load range of 50% to 100%
[32]. Dynamic operation of ammonia synthesis can cause damage to the catalysts from thermal swings
caused by hydrogen embrittlement [32]. Thus, start ups and shut downs should be avoided for technological
reasons. A steady flow of hydrogen is necessary and may result in the need for a hydrogen storage technology.
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Unit 2050 Note Reference
Energy Data
Input(s)

Electricity [GJ/GJo] 0.22 [52]
Hydrogen [GJ/GJo] 1.19 [52]

Output(s)
Ammonia [GJ/GJo] 1 [52]

Financial Data
Investment [Me /(GJo/h)] 0.19 [32]
Fixed O&M [ke /(GJo/h)/year] 7.77 A [32]

Technology Data
Lifetime [years] 20 [54]

Notes:
A: 4% of investment p.a.

Table 14: Technological and Financial Data: Power to Ammonia
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Supplementary Material B:

Levelised Cost of Energy Calculations of Alternative

Transport Fuels

Mason Scott Lester, Rasmus Bramstoft, Marie Münster

1. LCOE Calculations

Levelised cost of energy (LCOE) calculations have been done as a way of comparing various fuel technologies.
A comparison between electrofuels, biofuels, and fossil fuels has been done. Fossil fuel costs are 2050
projections from [43].

A simplified method of calculating LCOE values has been chosen. The PMT Excel function is used to
calculate the levelised annual cost, which is an adaptation of Equation 9 [55].

LCOE =
1

q
∗ PV TC ∗ r

1− (1 + r)−n
(9)

where q is annual energy production, PVTC is the present value of total project costs, r is the discount rate,
and n is lifetime of the technology.

A discount rate of 4% has been used, which represents the financial risk from a socio-economic perspective.
Technology costs and lifetimes reflect the same costs that are implemented in the base model. The cheapest
carbon capture technology (industrial carbon capture) and weighted average biomass cost of 8.99 e /GJ
have been used with transport costs included. Hydrogen storage costs are not included. An electricity cost
of 38.6 e /MWh and district heat cost of 18.9 e /MWh are used for all technologies except electrolysis.
These prices represent the average electricity cost found in the base results.

Figures 17a - 17c display the LCOE of fuels compared to fossil fuel prices. Differences between the three
figures are in regards to the electrolysis electricity price and electrolysis full load hours (FLH).

1.1. Analysis and Discussion

The figures display the levelised costs of various alternative fuels in comparison to fossil fuels at different
electricity prices and FLH for the electrolysis. With low FLH and low electricity costs, the investment costs
and O&M costs represent a significant share of the overall cost of electrofuels. Although all alternative fuels
are more expensive than their fossil fuel counterparts, with an increase in FLH and increase in electricity
price, the biofuels become more cost competitive with electrofuels. As displayed in Figure 17c, when the
electrolysis is assumed to have 8000 FLH, the electricity cost represents a majority of the overall cost for
electrofuels.

The electrofuels that also utilise biomass are not as affected by the cost of electricity. These fuels were
primarily produced in all three scenarios. The production of these fuels may result in less risk as the cost is
driven by biomass and electricity costs as oppose to just electricity costs.

Frontier Economics in accordance with Agora Energiewende has developed three scenarios (Reference, Op-
timistic, Pessimistic) analysing the cost breakdown of synthetic fuels. The cost of synthetic fuels for 2050
is 32.1 e /GJ (Reference Scenario) with the assumption of low temperature electrolysis and off shore wind
energy for the northern Baltic region [56]. This is in range with the electrofuel LCOE results. The cost
breakdown is very similar to found results, where the overall cost is dominated by the cost of electricity for
hydrogen production. Frontier Economics finds investment and O&M costs to be slightly higher, however
this could be linked to the assumption of low temperature electrolysis. Carbon dioxide costs are 25% less
for capture from a cement plant compared to values used in this paper [56]. Costs for DAC are 115 e /ton
compared to 72 e /ton calculated in this report [56].

The German Environment Agency conducted an analysis on the feasibility of jet fuel production using
various electrofuel pathways. Results indicate that the methanol and Fischer-Tropsch pathways produce jet
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fuel at similar costs in 2050. The electricity cost is significantly influenced by the method of carbon dioxide
capture.

A report made by Cerology with funding from the European Climate Foundation, analyses the feasibility
of electrofuels in the future [10]. Similar cost breakdowns are presented, however the inclusion of electric-
ity investments are included. When considering the cost of electricity investments, the levelised cost of
electrofuels is greatly increased. This cost is reflected in the modelling results as an increase in electricity
technologies (wind and PV) is found. The report concludes that electricity costs of 30 e /MWh are needed
for electrofuels to be cost competitive with traditional fossil fuels [10].

Frontier Economics German Environmental Agency Cerology
Synthetic Liquid Fuel Jet Fuel E-diesel

Methanol Route FT Route
[e /GJ] DAC Point Source DAC Point Source
Investment 6.1 9.2 6.1 9.2 6.1 4.6
O&M 4.3 3.2 3.2 3.5 3.5 1.3
Electricity 21.7 22.1 17.5 22.1 17.5 18.2
Distribution 0.7 0.7 0.7 0.7
Total 32.1 35.2 27.5 35.5 27.8 24.1

Table 15: Summarised Electrofuel Cost Breakdown
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(a) Levelised cost of fuels with electrolysis electricity price at 10.7 e /MWh and electrolysis FLH at 2000

(b) Levelised cost of fuels with electrolysis electricity price at 19.8 e /MWh and electrolysis FLH at 4000

(c) Levelised cost of fuels with electrolysis electricity price at 30.1 e /MWh and electrolysis FLH at 8000
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1. Data and Model Validation

1.1. Week Selection

Due to computational time constraints, the entire year can not be modelled at an hourly time resolution.
Hourly time resolution is important due to storage technologies and technologies that act according to
electricity price changes (electrolysis). Therefore, four weeks have been selected to represent the entire year
(Note: In Balmorel, weeks are called seasons).

The four weeks have been chosen based on an analysis of electricity, district heating, and residual demands
and solar PV and onshore wind yearly variation data. Weeks that represent the whole year have been chosen,
i.e. weeks with high/low wind/PV production and high/low electricity and district heating demands. Grey
rectangles represent chosen weeks (08,22,36,50).

Figure 18: DK West yearly variation of electricity and district heating demand

Figure 19: DK West yearly variation of solar PV and onshore wind
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Figure 21: Full year data compared to selected weeks at hourly time resolution for all series

1.2. Geographical Resolution of Straw

In the base model, straw potentials have been defined for each Danish municipality. A sensitivity analysis
has been conducted to see the importance of this modelling characteristic. Thus, the entire straw potential
(54 PJ) is defined at the country level. In the base model, there are transport costs associated with the
transport of biomass between each of the defined areas. Therefore, for this test an average transport costs
of 0.11 e /GJ has been implemented which is adapted from [22].

Results reveal that there is very little significance in having straw defined with low resolution. The full
straw potential is utilised in both the base scenario and this sensitivity scenario. However, the investment
locations change. Fuel production occurs in areas with high district heating demand. Figure 22 displays
the fuel production for each area in Denmark. Figure 22a displays the base scenario results and Figure 22b
displays the low resolution results.
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(a) Base scenario (b) Low straw resolution

Figure 22: Fuel production

1.3. Temporal Resolution

The base model has a temporal resolution of 1 year with 4 seasons (weeks) each with 168 time slices. This
results in a total of 672 time slices representing the entire year. The base model has been ran at lower time
resolutions to understand its importance and effect on results. The same weeks have been used for all cases,
but the time slices within each week have been altered. The main advantage of a lower temporal resolution
is a reduction in computational time.

Figure 23: Result changes compared to base scenario results when analysing time resolution

The results for fuel production were consistent with each test when compared to the base scenario, except
for the lowest time resolution test where biojet fuel was produced. The electricity price and wind capacity
are affected the most by temporal resolution changes compared to the other tested results. The district
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heating network utilises almost the same amount of heat from fuel production in each test. The total
Danish electrolysis capacity used for the production of transport fuels is altered by the change in temporal
resolution. This is expected as the marginal electricity prices for each time slice heavily effects the hydrogen
production profile. The number of time slices that produce hydrogen in Copenhagen is only slightly affected
by the temporal resolution, except for the test with the lowest resolution.
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