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Preface
This thesis has been prepared at the Department of Management Engineering at the
Technical University of Denmark (DTU), in partial fulfilment of the requirements for
acquiring the PhD degree.
The work consists of three years of research and has been supervised by main supervisor
Marie Münster, Professor MSO at DTU, and co-supervisor Dr. Hans Ravn, RAM-løse edb.
The PhD study has been part of the interdisciplinary research project FutureGas
(https://futuregas.dk/), funded by the Innovation Fund Denmark. Part of the studies have
been conducted during a three month external research stay at the Sustainable Gas
Institute at Imperial College London.
The thesis consists of two parts. The first part introduces the background and motivation
for the study. Furthermore, it provides an overview of the applied and developed
methodologies and presents the achieved results and main conclusions. The second part
contains a collection of the eight research articles included in this thesis.
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Summary
Climate change and emissions of greenhouse gases (GHG) have received worldwide attention over the last
decades. The Paris Agreement is the global response to mitigate climate changes aiming at limiting the
increase of average global surface temperature. The specific aim is to keep temperature increases well below
2°C above pre-industrial levels, and even to pursue efforts to keep the raise to 1.5°C in this century. A
substantial transformation of the energy system is needed in the future to reduce GHG emissions from the
energy sector and combat climate change. The energy transition will have to head towards clean energy
production based on renewable and sustainable energy resources and/or increased use of carbon sinks. The
profound and urgent transition of the energy system will be challenging, in particular, in the hard-to-abate
sectors, such as high-temperature process heat demand, heavy-duty road transport, shipping, aviation, and
peak power demand.
Gas, renewable gas and the already-existing gas infrastructure may play a key role in facilitating an effective
and cost-efficient energy transition. Gas can: 1) be used in multiple ways in various sectors; 2) be used in
conversion technologies to produce liquid biofuels and electrofuels; 3) facilitate system integration by sector
coupling; 4) serve as a flexible resource, both in the short- and long-term, and provide flexible generation of
electricity and heat in peak-load situations.
This PhD study assesses the arising question of the future role that gas, renewable gas and the gas
infrastructure may have in the energy transition towards a climate-neutral Danish energy system. This PhD
study contributes to the research field within two main themes: i) improved integrated energy systems
modelling, and ii) comprehensive assessments of the future role gas may have in the energy system.
A central part of the research contribution from this PhD study is the development and improvement of
energy systems models and methodologies. The new modelling frameworks include a sufficient
representation of the gas system as an integrated part of future energy systems, and thereby allow holistic
energy systems assessments. The developments and improvements are primarily implemented in the
energy systems optimisation model, Balmorel, and encompasses:
1) Modelling of a comprehensive network from locally distributed available biomass resources, via
transportation of the resources to conversion plants, which produce renewable gas and
renewable liquid fuels including an extensive representation of electrofuel production pathways.
The production of renewable gas and liquid fuels is optimised while taking synergies between the
conversion technologies and the electricity and district heating into account;
2) Modelling of energy sectors, where the use of gas may play a role in the future, for example, the
industrial sector, while assessing the inherent uncertainty related to the use of gas in the future;
3) Modelling of different investment planning foresight horizons to assess the impacts that could
have on the energy system scenarios;
4) Modelling of gas flows in the gas transmission infrastructure, from the production of renewable
gas, through compressors, via transport of gas in pipelines, to large-scale storage facilities, short
term storage in line-packing, and to the end-consumer.
Thereby, the overall modelling frameworks developed in this PhD study enable integrated energy systems
modelling with a detailed representation of the chain from renewable gas production, via transport, storage
and to the end-use consumer.
The novel modelling frameworks developed during this PhD study fill research gaps regarding the modelling
of gas as an integrated part of future energy systems and enable comprehensive assessments of the role of
gas in a future energy system to be conducted. Results from this PhD study covers the gas supply chain: i)
production of renewable gas and liquid fuel; ii) gas flow in the gas transmission infrastructure; iii) end-use
sector demands.
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Results regarding renewable gas production pathways reveal that future Danish gas demands can be
covered by renewable gas. The results show that anaerobic co-digestion of a mixed feedstock to produce
biogas is the preferred option, where the biogas is upgraded to biomethane using CO2 removal in scenarios
with low gas demands. In a scenario with high gas demands, the biogas is upgraded by adding hydrogen in
a methanation process. By performing a high spatial energy system analysis, the results reveal that biogas
plants would be located in the countryside, as the cost of transporting manure is a determining factor.
Results regarding renewable liquid fuel production in a climate-neutral Danish energy system by 2050 show
that high liquid fuel demands in the transportation sector would impose high pressure on national biomass
resources, and hence a need for electrofuels or more sustainable carbon. Within electrofuels, particularly
those using biomass and hydrogen can play a prominent role to fuel future transport sectors. Furthermore,
results show that biorefineries would be located near larger cities to benefit from economy-of-scale and to
have access to large district heating networks in order to sell excess heat from biorefineries. The excess heat
from biorefineries could supply a significant share of the national district heating demand.
Results regarding the gas transmission infrastructure indicate that the system is operated without
constraints. This result is obtained since capacities in the gas transmission system have been prepared to
handle higher gas demands in the past, and are prepared for the addressed energy futures. Moreover, the
benefit of using the large-scale storages facilities in Denmark is illustrated through an analysis of a full year.
The operation of the storages depends on the scenario, where higher gas demands (domestic or in adjacent
markets) yield higher utilisation of the large-scale gas storage facilities. On the contrary, low gas demand
scenarios result in limited utilisation of the large-scale storage facilities. This finding opens the possibility for
converting one of the storage facilities, for example, to hydrogen storage, which might create value in the
future, particularly if high demands, e.g. electrofuel production arise, or if the hydrogen storage can be a
part of a new European hydrogen network.
Results for a Reference scenario complying with the Danish energy targets for 2030 and 2050 show a decline
in gas supply in the energy transition towards a climate-neutral energy system by 2050. Demands decrease
from a level today at around 100 PJ to around 55 PJ in 2050. In particular, a decreased use of gas in individual
heating in the residential sector, and for power and district heating supply is identified, while the gas used
in process heat in the industrial sector may contribute with an increasing share towards 2050. A global
sensitivity analysis followed by an uncertainty analysis using Monte Carlo simulations is performed to
elucidate the inherent uncertainties related to the future use of gas. The results from the analysis highlight
a significant spread in gas consumption levels in a Danish climate-neutral energy system. Finally, the results
presented in this PhD thesis show that gas and renewable gas may play a key role in a future climate-neutral
energy system. However, the configuration of the remaining energy system and the uncertainties related to
competing elements in the energy system yields high uncertainties related to the future use of gas in the
Danish energy system.
To summarise, this PhD study assesses the arising question of the future role gas may have in an energy
transition of the Danish energy system. Extensive modelling frameworks are developed during this PhD
study, which enables comprehensive assessments of the Danish energy system. This PhD study provides
future pathways for the Danish energy transition towards a climate-neutral system, with a detailed
representation of the gas system, i.e. renewable gas supply, transport and consumption, as an integrated
part of the future energy system.
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Sammenfatning
Klimaforandringer og drivhusgasudledninger har fået øget opmærksomhed verden over i de seneste årtier.
Paris aftalen er den globale respons for at begrænse klimaforandringerne og den globale opvarmning. Det
specifikke mål med Paris aftalen er, at holde den globale temperaturstigning under 2°C, sammenliget med
niveauet før den industrielle tidsalder, samt at forsøge, at holde den globale temperaturstigning under 1.5°C
i dette århundrede. Det kræver en betydelig omstilling af energisystemet for at reducere
drivhusgasudledningerne fra energisektoren og dermed begrænse klimaforandringerne. Energisystemet er
nødt til at gennemgå en omstilling til at producere energi, der er baseret på vedvarende energiressourcer
eller, at benytte metoder, som kan lagre kulstoffet. Den nødvendige og presserende omstilling af
energisystemet vil blive udfordrende. Der er visse sektorer hvor omstillingen til klima-neutrale løsninger vil
blive særlig udfordrende. Disse sektorer er, blandt andet, høj-temperatur proces varme i industrien, spidslast
produktion af elektricitet samt tung-tansport både på land, til vands og i luften.
Gas, grøn gas samt den allerede eksisterende gasinfrastruktur kan komme til at spille en central rolle i en
omkostningseffektiv omstilling af energisystemet. Gas kan nemlig: 1) blive brugt på mange måder og i
forskellige sektorer; 2) blive brugt i produktionen af flydende brændstoffer, heriblandt også electrofuels; 3)
integrere energisystemer og sektorer; 4) være en fleksible ressource, både som hurtigt responderende
brændsel og til at blive lagret over året, og gas kan også benyttes til at producere el og varme i spidslast
perioder.
Denne Ph.d. afhandling undersøger hvilken rolle gas, grøn gas og gas infrastrukturen kan have i omstillingen
af det danske energisystem mod at opnå et klima-neutralt energisystem. Denne Ph.d. afhandling bidrager til
forskningsområdet inden for to hoved temaer: i) forbedret modellering af det integreret energisystem; ii)
omfattende og dybdegående analyser af gassens rolle i fremtidige energisystemer.
Et centralt bidrag fra denne Ph.d. afhandling til forskningen er udvikling og forbedringer af energisystemmodeller og -metoder. De udviklede modeller inkluderer en tilstrækkelig repræsentation af gas systemet
som en integreret del af det fremtidige energisystem. Dermed tillader de udviklede modeller at der kan
udføres holistiske energisystemanalyser. De forbedrede modelleringsmetoder er primært implementeret i
energisystemmodellen, Balmorel, og de inkluderer:
1) detaljeret modellering af produktionskæden fra lokale biomasse ressourcer, transport af
ressourcerne til produktionsanlægget, som producerer grøn gas, flydende biobrændstof eller
electrofuels. Produktionen af grøn gas, flydende biobrændstof eller electrofuels, er sam-optimeret
med elektricitet og fjernvarme systemet;
2) modellering af de sektorer hvor gas kan have en rolle i fremtiden, samt at inkludere
modelleringsmetoder, der muliggøre en analyse af usikkerhederne behæftet til den fremtidige
brug af gasser til energiformål;
3) modellering af forskellige horisonter for investeringsplanlægning for at kunne undersøge hvilke
konsekvenser de kunne have for scenarier vedrørende fremtidige energisystemer;
4) modellering af gas flow i gastransmissionsinfrastrukturen, fra produktionen af grøn gas, igennem
kompressorer, og via gas transport i transmissionsrør, med kort-tid lagringsmuligheder i rørene
ved line-packing eller langtidslagring i de stor-skala gas lagre, for til sidst at blive brugt hos
slutforbrugeren.
De udviklede energisystemmodeller fra dette Ph.d. studie gør det dermed muligt, at udføre modellering af
energisystemet med en detaljeret repræsentation af kæden fra produktion af grøn gas, via transport of gas,
gaslagring og til slutforbruget af gas.
De modeller, som er blevet udviklet gennem dette Ph.d. studie bidrager til forskningen ved at modellere gas
som en integreret del af det fremtidige energisystem. Samtidig muliggør de, at dybdegående analyser af
gassens fremtidige rolle i energisystemet kan foretages. Resultaterne i denne Ph.d. afhandling dækker
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dermed gasproduktionskæden: i) produktion af grøn gas og flydende brændstoffer; ii) gas flow i transmission
systems; iii) forbrug hos slutforbrugere i forskellige sektorer.
Resultaterne vedrørende produktionen af grøn gas viser, at det fremtidige danske gas forbrug kan dækkes
af grøn gas. Resultaterne viser at biogas, produceret ved anaerob nedbrydning af en blanding af
energiressourcer er den foretrukne teknologivej. I scenarier med lav efterspørgsel af gas bliver biogassen
opgraderet ved at fjerne CO2, mens i scenarier med høj gas efterspørgsel benyttes også metanisering af
biogassen, hvor det tilføjes brint i opgraderingsprocessen. Da modellering er udført med mange geografiske
detaljer viser resultaterne, at biogas anlæg vil placeres i landdistrikter, da omkostninger forbundet med at
transportere gødning har særlig stor betydning.
Resultaterne vedrørende flydende brændstoffer, som er produceret ved vedvarende energikilder viser, at
der er pres på den nationale biomasse ressource i et klima-neutralt energisystem i 2050, hvor der er
efterspørgsel på flydende brændstoffer til transport sektoren, især til tung transport. Dette pres på den
biomasse ressource betyder, at der er behov for electrofuels eller større tilgængelighed af bæredygtig
kulstof. Resultaterne viser, at det især er electrofuels, som er produceret ved en kombination af en biomasse
ressource og brint, der kan komme til at spille en betydelig rolle i den fremtidige transport sektor. Ydermere
viser resultaterne, at produktionen af de flydende brændstoffer vil placeres tæt på de større byer for at
udnytte stor-skala effekter, samt at kunne afsætte den overskydende varme til store fjernvarme systemer.
Resultaterne vedrørende gastransmissionssystemet indikerer, at systemet kan opereres uden
begrænsninger i fremtiden. Det er et resultat af, at kapaciteterne i gastransmissionssystemet har kunne
dække større forbrug tidligere og er forberedte på de fremtidige udfordringer. Operationen af de store
gaslagre i Danmark er undersøgt, og resultaterne viser at gaslagrene bliver udnyttet forskelligt alt efter hvor
stor gasefterspørgslen er. I de scenarier hvor der er høj gasefterspørgsel (enten nationalt eller i
omkringliggende lande), bliver gaslagrene brugt til deres fulde kapacitet. I modsætning til dette benyttes
gaslagrene kun i mindre grad i scenarier hvor gasefterspørgslen er lav. Resultaterne viser dermed, at et af
gaslagrene kan blive konverteret i de scenarier hvor gasefterspørgslen er lav. En konvertering af det ene
gaslagre, for eksempel, til et brintlager kan være interessant i fremtiden hvis nye forbrug opstår f.eks.
electrofuels, eller hvis brintlagret kan blive en del af et nyt Europæisk brintsystem.
Resultaterne i et scenarie hvor de danske energimålsætninger er opfyldt i 2030 og 2050 viser, at gas
forbruget vil falde i fremtiden, fra et niveau på 100 PJ i dag til et forbrug på omkring 55 PJ i 2050. Der sker
især et fald i gasforbruget til opvarmning i beboelsesejendomme, samt til at producere el og fjernvarme.
Resultaterne viser imidlertid at gas til procesvarme i industrien er økonomisk attraktivt frem mod 2050. For
at belyse de usikkerheder, der er forbundet med at lave energiplanlægning frem mod 2050 er der udført en
global sensitivitetsanalyse samt en usikkerhedsanalyse ved at benytte Monte Carlo simuleringer.
Resultaterne viser en stor spredning i den fremtidige gasefterspørgsel i et klima-neutralt Dansk
energisystem. Hele analysen viser, at gas og grøn gas kan have en central rolle i fremtidige energisystemer,
men at der er store usikkerheder i forhold til at estimere det fremtidige danske gasforbrug.
For at opsummere; Denne Ph.d. afhandling undersøger gassens rolle i den grønne omstilling af det danske
energisystem. Der er udført omfattende modeludvikling for at gøre det muligt, at udføre dybdegående
undersøgelser af det danske energisystem. Denne Ph.d. afhandling præsenterer mulige scenarier for den
grønne omstilling mod et klima-neutralt energisystem med en detaljeret repræsentation af gas systemet
som en integreret del af det fremtidige energisystem.
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Chapter 1
Introduction

Chapter 1.
Introduction
This chapter introduces the background and motivation for this PhD thesis. The chapter outlines the
research questions, which are guiding the research. Furthermore, it presents the research framework and
how the articles, conducted as part of this PhD study, contribute to answering the research questions.
Finally, the chapter outlines the structure of the PhD thesis.

Background
Climate change and emissions of greenhouse gases (GHG) have received worldwide
attention over the last decades [18, 19]. The Paris Agreement is the global response to
mitigate climate changes aiming at limiting the increase of average global surface
temperature. The specific aim is to keep temperature increases well below 2°C above preindustrial levels, and even to pursue efforts to keep the raise to 1.5°C in this century [20].
Furthermore, it is highlighted that global greenhouse gas (GHG) emissions must peak within
this decade, and carbon-neutrality must be achieved between 2050 and 2070, in order to
avoid surpassing the 2°C increase [21].
Energy is vital in today’s society, and the energy system is currently a significant contributor
to GHG emissions [22]. A substantial transformation of the energy system is needed in the
future to reduce GHG emissions from the energy sector and combat climate change. The
energy transition will have to head towards clean energy production based on renewable
and sustainable energy resources and/or increased use of carbon sinks [21, 23, 24, 25].
The profound and urgent transition of the energy system will be challenging, in particular,
in the hard-to-abate sectors, such as high-temperature process heat demand, heavy-duty
road transport, shipping, aviation, and peak power demand [26]. In these sectors, the
decarbonisation pathways are challenging, for example, due to technological progress,
cost-effectiveness, availability of renewable and sustainable carbon, or the integration of
variable renewable energy (VRE) sources [26], where the nature of generation is
characterised as being variable, uncertain and location-specific [27].
Energy systems models are suitable and powerful tools used to conduct scenario analyses
of future energy systems to prepare for the challenging energy future. Energy systems
models have been used to develop coherent and sustainable decarbonisation pathways,
and to guide policymakers and investors in their strategic decisions in the energy transition
[28]. Energy systems are complex systems where many energy sectors are integrated.
Therefore, to capture the synergies across the energy sectors, holistic and integrated
energy system models can be applied to assess future energy system pathways [29].
Heading towards the future, gas, renewable gas and the already-existing gas infrastructure
may play a key role in facilitating an effective and cost-efficient energy transition, as gas
can:



be used in multiple ways in various sectors; for electricity generation, for heating
purposes, used in industrial and domestic applications, and used for transport.
Thereby, gas can be used in hard-to-abate sectors, due to its versatility as an
energy carrier [30, 31];

R. Bramstoft
PhD Thesis





Chapter 1
Introduction

2

be used in conversion technologies to produce liquid biofuels and electrofuels,
e.g. through biomass-to-liquid combined with power-to-liquid [32, 33];
facilitate system integration by sector coupling [34, 35, 36];
serve as a flexible resource, both in the short and long term, e.g. due to largescale gas storage facilities, flexible production of hydrogen, and flexible
generation of electricity and heat in peak-load situations [34, 37].

Gas accounted for 22 % of the world’s primary energy demand in 2017, which
corresponded to 130 EJ yr-1 [22]. However, the future contribution of gas to the global
energy mix varies significantly across global energy transition scenarios, which comply with
the 1.5°C target, ranging from 22 to 267 EJ yr-1 by 2050 [21]. The discrepancies in the
potential contribution from gas to the primary energy mix are explained by differences in
gas supply across models and assumptions on competing technologies. The deployment of
carbon capture and storage (CCS) or other carbon sinks is one example, which influences
the costs and availability in the alternative socio-economic pathways [21]. Additionally, it
is highlighted that natural gas can be used in the transition towards energy systems based
on renewable energy sources, due to its versatility as an energy carrier and its lower CO2
content compared to other fossil fuels. There are, therefore, high uncertainties related to
the potential contribution of gas to a future global energy supply mix and the differences
in the modelling approaches and assumptions might influence the scenario results.

Danish context
This PhD thesis explores the role of gas in future energy systems using Denmark in a
Northern European context as a case.
Energy and climate targets have been on the political agenda in Denmark since the 1970s,
in order to ensure the security of energy supply, and a cost-efficient energy system which
fulfils GHG emission targets. In 2019, the Danish government announced targets on
reaching 70 % GHG reductions by 2030 compared to 1990 level, and a long-term vision of
achieving a climate-neutral energy system by 2050 [38]. With these targets, the Danish
energy and climate policies contribute to international [20] commitments for a future lowemission society.
Denmark is a pioneer in developing and integrating renewable energy sources in the energy
system due to the long tradition of energy and climate policies [39]. This has led to an
energy system where renewable energy accounted for 33 % of the primary energy
consumption, and the electricity from wind generation hold a share of 46 % of the Danish
electricity production in 2018 [40]. Denmark is located in the Northern European region,
and the electricity system is currently connected to Norway and Sweden in the North,
which has a hydro-power based power systems, and to adjacent high demand electricity
markets in the South [41]. Moreover, the Danish energy system is characterised by a high
share of heat demand provided by district heating networks, and Denmark has a variety of
domestic residual biomass resources, though limited in quantities [42].
Gas is a prominent energy carrier in the Danish energy system, as in the world, and was
accounting for 15 % of the Danish gross energy consumption in 2018 [40]. The Danish gas
grid was established in the 1980s to exploit the natural gas reserves in the North Sea and
to protect the Danish economy from the energy crisis [17]. In 2018, around 100 PJ gas was
transported via the gas system to supply consumers in various sectors, for example, power,
heating, and industrial sectors [40]. The Danish gas infrastructure distributes gas to
domestic end-consumers. Furthermore, the Danish gas system is an integrated part of the
European system with the gas trade at the German border and gas export to Sweden, and
in 2022 also to Poland [43]. The Danish gas system is well-functioning with two large-scale
storage facilities (total capacity of 11 TWh), allowing significant gas quantities to be stored
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over seasons [44]. The national gas production has initiated a transition from centralised
extraction of natural gas from the North Sea to decentralised gas production based on
renewable energy sources as a result of Danish energy and climate policies. The renewable
gas accounted for around 10 % of the gas consumption in 2018 [43].
The development of the gas system of tomorrow is crucial to investigate given future
challenges. The challenges include: 1) the long-term energy policy targets [38]; 2) high
uncertainties in future domestic gas demands, which are expected to decline [45]; 3)
limited natural gas resources in the North Sea (expected to decrease significantly towards
2040 [43]); 4) and increased production of renewable gas from locally distributed energy
sources [43]. The role of gas in a Danish context is, therefore, an interesting case to study
further. However, the challenges Denmark’s energy and gas sector currently is facing - and
will face in the future energy transition is not only of national interest. The challenges apply
to many other countries worldwide, which will be undergoing an energy transition.

Several energy system analyses for a future Danish energy system, where gas also
contributes to the energy supply have been carried out and reported [30, 45, 46, 44, 31,
42, 47, 43, 48]. The configuration of the energy systems is often a user-defined choice in
these studies, which is a consequence of the design of the study or a limitation of the
applied modelling approach. Moreover, as identified in Bramstoft et al. [4] and Münster et
al. [15], the energy systems models include gas as an energy carrier, through a price and
potentials. However, none of the models encompasses a detailed representation of
renewable gas energy chain from locally distributed energy sources, its local transportation
to conversion technologies, and from conversion technologies to subsequent conversion
technologies or storages or end-use gas consumers. Therefore, there exists a research gap,
as also identified worldwide in Mathiesen et al. [49] and Abeysekera et al. [50], for
developing energy systems models, which enable modelling and simulation of integrated
energy systems, which allows for comprehensive assessments of future national energy
systems with a detailed representation of the gas, renewable gas production, storage,
transport, conversion possibilities and end-use.
This PhD thesis addresses this research gap by developing and improving energy systems
models, which allows comprehensive assessments of the role renewable gas may have in
future Danish energy systems.
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Research questions
The PhD thesis aims at contributing to the research field of energy systems modelling and
analysis, by providing improved modelling frameworks and assessments of long-term
energy planning with a focus on modelling gas as an integrated part of future energy
systems. The overall research question and sub-questions guiding with this PhD study are
framed as:

Which role may renewable gas play in future Danish energy systems?




Which renewable gas and renewable liquid fuel production pathways are
least-cost options, taking into account the locally distributed biomass
resources and the synergies across energy sectors?
What are the effects on the gas flows in the transmission infrastructure
in scenarios with increased distributed renewable gas production?
How may future energy system configurations affect gas consumptions?

The first sub research question attempts to address and fill the research gaps regarding
analyses of future production pathways for renewable gas. The production of renewable
liquid fuels is a part of the question, as technologies producing renewable gas can play a
key role downstream to the liquid fuel production processes, for example, thermal
gasification producing syngas or electrolysis producing hydrogen. Furthermore, the
production of renewable liquid fuels is included in order to analyse the competition of
sustainable carbon between production pathways.
The second sub research question address the impacts that decentralised renewable gas
production can have on the gas flows in the gas transmission infrastructure.
The third sub research question concerns how gas may be used in future energy systems.
As highlighted in the introduction section, there is a high uncertainty range for the future
use of gas, both in global and national scenarios. This sub research question attempts to
improve analyses of future use of gas in integrated energy systems by answering this
question.

To answer the research questions, there is a need for developing and improving energy
systems modelling frameworks to better represent gas as an integrated part of future
energy systems. Therefore, the modelling of gas as an integrated part of future energy
systems is a central contribution from this PhD study.
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Research framework
Scope of this PhD thesis
The scope of this PhD thesis covers the spectrum within energy systems modelling, which
focus on modelling possible futures for the role of gas in future integrated energy systems.
Figure 1.1 visualises the scope and working flow constituting the energy systems modelling
conducted during this PhD study. The integrated energy systems modelling consist of the
energy chain from primary resources, which are transported to the energy conversion
technologies. The energy output from the conversion technologies, for example, electricity,
gas or district heating, is transported via the energy networks and infrastructures to satisfy
energy service demands. The integrated energy systems models are in the centre of this
PhD study. The quality of the system analysis results naturally depends on the modelling
methodologies as well as the input data, which are the essential elements in energy
systems modelling. An iterative process is, therefore, applied to verify methodologies and
input data in order to obtain reliable system results.

Figure 1.1

Setting the scene for the research framework in this PhD thesis: Integrated energy system
modelling

Key point

Modelling of integrated energy systems is in the centre of this PhD thesis. The least-cost
system configuration depends on suitable modelling methodologies and high-quality
input data. An iterative process is applied to verify methodologies and input data in order
to obtain reliable system results.

Overview of articles included in this PhD thesis
The main questions raised in this thesis are addressed by the developed methodologies
and analyses carried out in the eight research articles, which constitute this PhD thesis.
Currently, four articles are published, and two articles are submitted to international peerreviewed journals, while two articles are to be submitted. In addition, during this PhD study,
three additional articles are published in international scientific journals, four conference
articles have been conducted, a popular article is published, and finally, contributions have
been made to a white-paper during the PhD period. The additional articles are not included
in this PhD thesis to narrow the scope and focus on which role renewable gas may play in
future energy systems.
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Table 1-1 presents a summary overview of the articles. The articles are described by the
article abbreviation, title, content as well as the main research contribution.

Table 1-1

Overview of articles included in the PhD thesis, which are divided into: Article abbreviation,
title, content and research contribution

Article

Title

Content

Research contribution

A. I

Balmorel open-source
energy system model

This article describes design,
development and applications of the
open-source energy system model
Balmorel.

Contribute to documentation of opensource state-of-art energy systems
model.

A. II

Energy system modelling
dataset for thirteen
European countries

Open energy systems modelling data
set, where data handling and
processing from raw data to input
data is described and documented.

Provides a complete open-source data
set with documentation and verification
of the input data, as only a few
complete open-source data sets exist.

A. III

Energy systems of
tomorrow: Consequences
of imperfect foresight in
long-term energy planning

Assessment of the consequences of
imperfect foresight in long-term
energy planning.

Improved modelling framework and
contribute to the scientific debate
about the impact of applying different
planning horizon in energy system
modelling.

A. IV

Modelling of renewable gas
and liquid fuels in future
integrated energy systems

Developing and applying a novel
modelling framework to analyse
different future production
pathways for renewable gas and
liquid fuels.

Improved modelling framework of
production pathways for renewable gas
and liquid fuels, taken into account the
transport of locally distributed biomass
sources and the synergies with the
power and district heating systems.

A. V

Analysis on Electrofuels in
Future Energy Systems: A
2050 Case Study

Analysis of the potential role of
electrofuels in future Danish energy
systems.

Extent the modelling framework
developed in A. IV, by a novel and
improved modelling framework of an
extensive representation of electrofuel
pathways.

A. VI

Modelling the gas
infrastructure: A case study
of the Danish energy
transition

Development of the gas transmission
infrastructure and flow model,
GasMo, and assessment of future
renewable gas production scenarios.

Improved modelling framework of the
gas transmission infrastructure, by
modelling the gas infrastructure,
including decentralised renewable gas
production, transport, storage, export
and use, in the energy transition.

A. VII

Potential role of renewable
gas in the transition of
electricity and district
heating systems

Analysis of the role of renewable gas
in the electricity and district heating
systems.

Contribute by developing a suitable
modelling framework for renewable gas
production to conduct analyses of its
potential use in future electricity and
district heating systems

Assessment of the consumption of
gas in future energy systems and the
uncertainty related to future gas
demands.

Modelling of the complete energy
systems to assess gas consumption in
the energy transition. Furthermore, a
global sensitivity and uncertainty
analysis is carried out to assess the
inherent uncertainty in long-term
energy planning.

A. VIII

Energy systems modelling
of uncertainties related to
gas consumption in energy
transition pathways
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Research framework
Figure 1.2 illustrates the research framework and that the research contributions from this
PhD thesis cover the spectrum of energy systems modelling and analysis with a focus on
the role of gas in future energy systems. The research framework thereby covers open
source energy systems model, data and general methodologies, as well as modelling of the
gas transmission network and improved sector modelling and analysis on the supply side.

Figure 1.2

Research framework in this PhD thesis

Key point

The research framework used in this PhD thesis covers the essential elements in energy
systems modelling, namely 1) choosing and developing a suitable energy systems model,
2) using and updating a state-of-the-art data on energy technologies and infrastructure,
3) improving the modelling of essential sectors, which enable assessment of future
energy transition pathways.
Energy systems modelling is a powerful tool used to provide insight into future energy
trend. In this PhD study, the comprehensive open-source energy systems model, Balmorel
(see Article I), is further developed to enable assessments of future energy systems with a
focus on the gas sector.
The evolvement of the energy systems continuously requires state-of-the-arts data inputs
to create plausible scenarios for the future of the energy system. Article II provides highquality open-source energy data for thirteen European countries.
Since decision-makers, neither base their decision on single years nor full knowledge about
the future, the Balmorel model is further improved in order to facilitate varying planning
foresight horizon in the design of future energy systems. Furthermore, an assessment is
conducted using different planning foresight horizons to highlight the implications both for
energy modellers and decision-makers (see Article II).
This PhD thesis contributes to the research field by developing novel methodologies for
analysing the production of renewable gas and liquid fuels, in the generalised spatiotemporal network optimisation model, OptiFlow, which is co-simulated with Balmorel, (see
Article IV). Building upon the work in Article IV, Article V pushes the research field by
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implementing and analysing an extensive representation of electrofuel production
pathways.
The transport of gas via the gas transmission systems was further investigated in Article VI,
where a new gas flow model, GasMo, was developed to address physical behaviours in the
gas transmission system.
Gas and renewable gas can be used in various sectors. The role of renewable gas for
electricity and district heating was investigated in Article VII. Compared to Article IV and
Article V, the developed modelling framework in Article VII is simplified to allow for faster
analysis with fewer data requirements for the use in analyses, which have a larger
geographical scope and has less focus on the use of local biomass use and local district
heating demands.
Finally, Article VIII further examines the use of gas in future energy systems, by analysing
the use of gas in various end-use sectors, as well as by identifying the uncertainties related
to the future use of gas.

Following the description of how the articles are linked to each other and into categories,
Table 1-2 depicts how the respective articles contribute to answering the main- and subresearch questions.

Table 1-2

Overview of the relation between research questions and the articles included in this PhD
thesis

Which role may renewable gas play in
future Danish energy systems?

Which renewable gas and renewable
liquid fuel production pathways are leastcost options, taking into account the
locally distributed biomass resource and
the synergies across energy sectors?
What are the effects on the gas flows in
the transmission infrastructure in
scenarios with increased distributed
renewable gas production?

How may future energy system
configurations affect gas consumptions?

I

II

III

IV

V

VI

VII

VIII

X

X

X

X

X

X

X

X

X

X

X

X

X

X
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All articles in this PhD thesis are included because they contribute to providing answers to
the overall research question, which is guiding this PhD study.
The first sub research question addresses future production pathways for renewable gas.
Analyses of the supply side of renewable gas and liquid fuels are in particular investigated
in the Articles IV, V, and VII.
The second sub research question examines how gas flows in the transmission
infrastructure may be affected by increased production of renewable gas from distributed
resources. Article VI is conducted to answer this sub research question.
The third sub research question concerns how gas may be used in future energy systems.
Gas can be used in multiple ways in different sectors. Article VII studies how renewable
gas may contribute to the power and district heating mix. Article VIII investigates how gas
may be used in the Danish power, district heating, individual heating in the residential
sector, and for process heating in the industrial sector, and analyses the uncertainties
related to the future use of gas in Danish energy systems.

Thesis structure
Following this introductory chapter, the remaining of this PhD thesis is structured in two
main parts.
The first part of this PhD thesis continues after the introductory chapter. Chapter 2
describes the field of integrated energy systems modelling and argues for the choice of the
core energy system model, which is applied and further developed during this PhD study,
as well as describes main model methodologies, features and functionalities. Chapter 3
details the main model developments and improvements from this PhD study. Chapter 4
briefly describes and introduces how data is collected and processed for use in the energy
models. Chapter 5 highlights key results regarding renewable gas production, gas flows in
the transmission system, and gas consumption. Chapter 6 discusses some of the main
findings, both in terms of improved modelling methodologies and key results from the
analyses. Finally, Chapter 7 conclude the PhD thesis by answering the research questions,
as well as providing perspectives on future research areas.
The second part is a collection of the eight research articles that are included in this PhD
thesis (Appendix A - H).
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Chapter 2.

Choice of energy systems
models
This chapter introduces the field of integrated energy systems modelling. It highlights various modelling
approaches and identifies critical characteristics for the choice of energy systems modelling framework
to facilitate the energy system analyses in this PhD study. Furthermore, the chapter provides a brief
overview of developed and improved modelling frameworks, which has been conducted during this PhD
study. Finally, the chapter presents the main characteristics of the energy system model, Balmorel, which
is chosen to be the backbone model used in this PhD thesis.

Integrated energy systems models
To overcome the challenging future energy transition, sector coupling, integrated energy
systems, and smart energy systems can be key concepts [16, 29]. Energy systems are
complex systems, where energy vectors, such as electricity, gas and heat, can couple
sectors with potential positive synergies and benefits. Energy sectors are expected to be
increasingly integrated in the future, for example, via power-to-gas, power-to-heat, powerto-X, storages, and electrification. Therefore, a holistic perspective on the energy systems
and the synergies across energy vectors and sectors is increasingly important [29]. Figure
2.1 visualises a conceptual future integrated energy system with the synergies across
energy vectors and sectors.

Figure 2.1

Conceptual visualisation of a future integrated energy system

Key point

A future energy system with highly integrated energy sectors
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Integrated energy systems modelling is a powerful analytic field, which can and has been
used to develop plausible and coherent energy transition pathways with real-life
applications of supporting strategic decision-making [28]. Holistic and integrated energy
system modelling tools can capture synergies across energy vectors and sectors, which
makes integrated energy systems models suitable for long-term scenario assessments to
provide insight into future energy trends.
Energy systems modelling tools has a long tradition spanning back to the 1950s, where the
planning of capacity expansion was based on linear programming [51]. In the 1970s, the oil
crisis led to attention for planning energy production based on sustainable energy sources
[52]. Energy systems models are widely used by research institutions, energy companies
and for stakeholders, policy- and decision-makers to provide insight into plausible
developments of the energy system, energy markets or implications of energy policies [53].
Therefore, over the years, a wide range of energy systems models have been developed,
each of which is applying different methodologies, have different characteristics, strengths,
limitations, and data [54]. The energy systems model is often developed to address specific
types of questions [9]. However, more generalised energy systems modelling tools are
developed as well.
In the literature, several extensive literature reviews have provided overviews of state-ofthe-art integrated energy systems modelling tools and shed light on the underlining
principles, modelling methodologies and approaches utilised within the diverse spectra of
energy systems models. Table 2-1 presents some of the main literature reviews of energy
systems models.

Table 2-1

Literature reviews of energy systems models

Publication

Focus
Literature reviews of energy systems models

Ringkjøb et al., 2018, [54]

Review of electricity and energy systems models

IRENA, 2017, [55]

Long-term modelling and tools to expand VRE power production

Hall and Buckley, 2016, [56]

Energy systems models in the UK

Després et al., 2015, [57]

Review of energy modelling tools to modelling the impact of VRE on the
power sector

Pfenninger et al., 2014, [28]

Energy systems models modelling for twenty-first century energy
challenges

Connolly et al., 2010, [58]

Review of energy systems models

Bhattacharyya and Timilsina,
2010, [59]

Review of energy systems models

Jebaraj and Iniyan, 2006, [60]

Review of energy models

Based on the extensive literature reviews, the various energy systems modelling tool can
be categorised into different modelling approaches; however, the distinction of is not strict
and a mix of approaches and functionalities of exist in mixed-paradigm models [61].
Examples of energy modelling approaches and principles are listed below:




Top-down / Bottom-up
Simulation / Optimisation
General / Partial / No equilibrium
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Planning foresight: Perfect / Imperfect / Myopic (and, or) Deterministic /
Stochastic

In the following, the main characteristics of the different modelling terminologies are
briefly highlighted, based on the characterisation in Conolly et al. [58].
Top-down models apply macro-economic theory and data to identify general trends in the
economy. In contracts, bottom-up energy systems models focus on sectoral and specific
energy technologies to build up the energy system from the bottom, i.e. energy providing
technologies. Bottom-up energy system models often allow assessments of, for example,
least-costs solutions for energy generation portfolios.
Simulation models simulate future energy systems using an exogenously defined capacity
configuration of the energy system and simulate the operation of systems to supply energy
service demands.
Optimisation models can be subdivided into investment and operation optimisation
models. Investment optimisation models endogenously identify optimal investment
decisions to supply demands by resolving an objective function (maximising or minimising),
subject to system constraints. Operation optimisation endogenously optimises the
operation of, for example, different generation technologies within the energy system.
Equilibrium models describe the relationship between supply, demand and price
formation. Within equilibrium models, a distinction between two main groups can be
made, i.e. general and partial equilibrium models. General equilibrium models describe the
whole economy, while partial equilibrium models explain the behaviour of supply, demand
and price formation for partial part of the economy, for example, the energy system.
In energy system optimisation models; Perfect investment planning foresight has perfect
information over the full planning horizon and thus provide a globally optimal solution. On
the other hand, myopic investment planning foresight has no information regarding the
development in future years and thereby might identify sub-optimal solutions. Imperfect
or limited investment planning foresight has partial insight into future developments and
is applied as an attempt to conduct scenarios closer to real-word foresight behaviour.
Finally, deterministic models have perfect knowledge of the desired investment planning
horizon. In contracts, stochastic models apply approaches to represent the stochastic
nature of, for example, production from variable renewable energy sources, such as wind
and solar.
Mixed-paradigm approaches exist, which combines the strengths of the different
approaches to capture the effects needed for the specific model. However, within the field
of optimisation models, the computational time increases with the size of the model, and
thus trade-offs are needed between main model dimensions:




Space-time domain: spatial and temporal resolution
Systems: which energy sectors and vectors are included, and which parts of the
supply chain are investigated
Effects: focus on technical, economic, social and/or social-environmental

Therefore, a careful selection of main dimension characteristics is crucial in energy systems
modelling and varies depending on the purpose of the model and question at hand.
Energy systems are complex systems with interactions across energy sectors and vectors.
Comprehensive and holistic energy systems models apply simplifications and aggregations
to represent the energy system, which is suitable for long-term scenario assessments. To
dive deeper into the dynamics within a specific system, for example, gas, electricity, district
heating, more detailed models are and may be developed to assess the physical nature of,
for example, the gas pipeline network.
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Critical characteristics for the choice of energy
systems modelling framework
A wide range of modelling approaches and methodologies are employed worldwide in
various energy systems modelling tools [54] - [60]. Each of which is suitable for addressing
different research fields and aims to answer specific research questions [9]. Based on main
characteristics identified in the extensive literature reviews [54] - [60], and main
characteristics for modelling energy systems with high shares of VRE generation [62], this
section aims to identify critical characteristics for addressing the research questions stated
in Chapter 1.
Critical characteristics for the choice of energy system modelling utilised in this PhD thesis
are identified based on the overall modelling approaches and characteristics:












A technology-rich bottom-up modelling approach that allows a detailed
representation of energy technologies in energy systems.
Integrated energy system approach allowing interactions and synergies across
energy sectors and energy vectors.
Optimisation model, which facilitate endogenous optimisation of both investment
decisions and the operation of the energy system. For long-term energy system
planning, the optimisation is based on economic theory subject to system
constraints.
A partial equilibrium model, which consider the energy sector and represents the
relation between demand, supply and price.
Flexible investment planning horizon, enabling energy transition scenarios with a
planning foresight closer to real-world foresight. The purpose of the energy system
modelling is to conduct long-term scenario assessments, and therefore, a
deterministic foresight within the simulated planning foresight horizon is suitable.
Possibility of high resolution in space-time domains. High temporal resolution is
crucial to capture variations in production, demand and price, crucial for systems
with high penetration of variable renewable energy production and increased
electrification of flexible demands. High spatial resolution in terms of covering a
large geographical area, which allow trade of electricity, and a detailed local
representation of biomass resource availability and district heating.
A detailed representation of end-use sectors, where gas is used today and might
be used in the future.
A modelling framework of the gas transmission infrastructure, taking into account
the physical nature and dynamics in the gas system.
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modelling
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approaches

and

The previously mentioned extensive literature reviews of energy systems models provide
detailed insights into the modelling approaches, and characteristics for many energy
systems models applied worldwide. For example, Connolly et al. [58] cover 37 energy
systems models and Ringkjøb et al. [54] provided, some years later, a review of 75 energy
modelling tools. Instead of listing a vast amount of characteristics for many different energy
systems models, this section seeks to highlight the identified critical model characteristics
of a few but highly relevant energy systems models that could be suitable to address the
research questions. Table 2-2 thereby builds upon the extensive literature reviews in, for
example, Connolly et al. [58] and Ringkjøb et al. [54], and narrows the focus to a few
relevant Danish energy systems models.

Table 2-2

Overview of the main characteristics of a selection of Danish energy systems models

opt.

Operation
opt.

Geographical
area

Spatial
resolution

Timestep

El.

Heat

Transport

Industry

Gas
network

Balmorel*
[1]

Yes

Yes

Int. /
National

High

Hourly

Yes

Partly

Partly

Limited

No

TIMES (DK)
[63]

Yes

Yes

National

Low

Timeslice

Yes

Yes

Yes

Detailed

No

EnergyPLAN
[64]

No

Yes

National

Low

Hourly

Yes

Yes

Yes

Yes

No

SIFRE [65]/
ADAPT [66]/
BID [67]

Yes

Yes

Int. /
National

Low

Hourly

Yes

Yes

Partly

Yes

No

RAMSES
[68]

No

Yes

Int. /
National

High

Hourly

Yes

Partly

Partly

Partly

No

STREAM [9]

No

Partly

National

Low

Hourly

Yes

Yes

Yes

Partly

No

Inv.

Inv.: Investment, opt.: optimisation, Int.: International, El.: Electricity
* Balmorel model before this PhD study and the work carried out in the FutureGas project, which has increased the level
of details on modelling the industrial and heat sectors.

None of the already existing energy systems models encompasses all the critical
characteristics of an energy systems model, which can be applied to provide detailed
answers to the research questions stated in this PhD thesis. This overview furthermore
emphasises that trade-offs are made within energy systems modelling frameworks and,
therefore, that each energy systems model is suitable for answering different research
questions. Additionally, while some of the characteristics relate to the model structure and
code, other characteristics, for example, geographical area and spatial resolution is often
related to input data and could thereby potentially be adjusted by the user. However,
increasing, for example, the spatial resolution might also increase the amount of input data
and would most likely also increase the computational time, in particular, in optimisation
models. Table 2-2 furthermore shows that gas networks are not modelled explicitly as a
part of the energy systems models.
The characteristics of each model represented in Table 2-2 indicate that the strength of
one model can be the weakness of another model. For example, Balmorel covers a large
international geographical area and have the possibility of a high time resolution, both
crucial features when modelling electricity markets and endogenous electricity prices. This

15

R. Bramstoft
PhD Thesis

Chapter 2
Choice of energy systems models

characteristic is, for example, important when analysing future energy systems where
electrification could be prominent, and/or where new demands arise, for example, Powerto-X. However, the Balmorel model, before this PhD thesis, lacked details on some of the
end-use sectors, in particular, the transport sector, industrial sector, and individual heating.
An energy systems model that compliments the Balmorel model on its weaknesses is the
TIMES-DK model. TIMES-DK covers the complete energy system, with a detailed modelling
of the transport sector and other end-use sectors. However, TIMES-DK is, currently, lacking
details on both the spatial and temporal resolution, which is one of the strengths of
Balmorel.

Choice of energy systems modelling framework
Based on the identification of critical modelling characteristics for the energy systems
modelling framework, which is suitable for addressing the research questions in this PhD
thesis, the open-source energy systems model, Balmorel, is chosen as the core modelling
framework, as it fulfils many of the critical criteria. The Balmorel modelling framework is a
bottom-up, partial equilibrium modelling framework, which is technology-rich and allows
endogenous investment and operation optimisation while taking existing conversation and
infrastructure capacities into account. Balmorel allows high temporal resolution and can
cover a large geographical area. Furthermore, Balmorel also includes a more detailed
spatial resolution, for example, to represent the resource availability and district heating
systems. Finally, the modelling framework is flexible regarding access to code and allowing
model developments to assess different types of research questions. The Balmorel
modelling framework is therefore chosen to be the backbone energy systems model in this
PhD thesis.
However, before this PhD thesis, the Balmorel model lacked details on the dynamics in the
gas networks and on some of the end-use sectors, for example, industry, individual heating
and transport. Therefore, modelling developments and improvements of the Balmorel
model was needed to answer the research questions. Additionally, a new development of
a gas flow model and linking Balmorel to another energy model, i.e. TIMES-DK, was relevant
to obtain comprehensive and holistic results of the entire energy system.
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A brief overview of developed and improved
modelling frameworks during this PhD project
Balmorel has, in the past, primarily been used for assessments of the combined electricity
and district heating systems. Although fulfilling many of the fundamental characteristics
for a suitable modelling framework for long-term planning of the electricity and district
heating system, modelling development and improvements of the Balmorel model (Article
I) has been conducted during this PhD project to answer the research questions raised in
Chapter 1:







Modelling of a comprehensive representation of the network from locally
distributed biomass resources, transported to produce renewable gas and liquid
fuels, while taking synergies between the conversion technologies and the
electricity and district heating system into account (Article IV)
Building upon the work in Article IV, an extensive representation of electrofuel
production technologies are included in the modelling framework (Article V)
Modelling a sufficient representation of renewable gas production to enable
assessment of the role of renewable gas in future electricity and district heating
systems (Article VII)
Modelling of energy sectors, where the use of gas may play a key role, for example,
the industrial sector (Article VIII)
Modelling of varying investment planning foresight horizon to assess the impacts
the modelling foresight horizon could have on decisions in the energy transition
(Article III)

In addition, crucial for all energy systems modelling is high-quality input parameters, which
pave the way for reliable results as well as transparency, which facilitates rigorous scientific
validation and creates value for decision-makers - and essentially the society (Article II).
Trade-offs are needed to reach completion of model solving of large-scale energy systems
models. Therefore, detailed gas flow modelling is excluded from the Balmorel modelling
framework. However, modelling the dynamics in the gas transmission system is developed
in Article VI.
Additionally, the developed and improved modelling frameworks are with the energy
systems model TIMES-DK in some on the energy system analyses. TIMES-DK includes all
energy sectors and contains a comprehensive representation of the transport sector.
Therefore, instead of developing an extensive transport sector into Balmorel, results are
adopted from the TIMES-DK model. In this way, the strengths of the different energy
system modelling frameworks are exploited.
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Balmorel-OptiFlow
open-source
energy systems model
Article I describes the design, main features, development and applications of the opensource energy systems model, Balmorel.
Balmorel is an open-source energy system optimisation model, which is built upon a
bottom-up modelling approach and is a deterministic, partial equilibrium energy system
model, which assumes perfect competitive market conditions and economic rationality.
The core Balmorel model includes a detailed representation of the combined electricity
and district heating systems. Energy resources are converted into energy vectors, which
can be used directly, stored or transmitted to adjacent markets if economical affordable.
Balmorel allows for simultaneous investment and operation optimisation. Balmorel
thereby optimises the energy systems to supply demands, with the objective of maximising
social welfare, which is equivalent to a least-cost solution when assuming inelastic energy
demands. Balmorel can be simulated using different modes depending on the question at
hand, for example, economic dispatch, unit commitment, and/or with discrete binary
investment intervals for conversion technologies to simulate economy-of-scale [1].
Balmorel has a long tradition within the field of energy systems models, and the first
version was released in 2001 by Hans Ravn et al. [69]. The Balmorel source code has been
openly available since 2001 but was assigned the ISC license in 2017 [70]. The Balmorel
source code is accessible on Github [71], and the transparency of the model lies with the
open-source code, as well as its documentation [72, 73]. Efforts towards providing opensource input data used in the core Balmorel for thirteen European countries is made in
Article II. Since the release of the first Balmorel model version, extensive cooperation
between universities and energy consultancies in several counties have ensured continued
development of Balmorel according to arising needs as the energy sector has evolved.
Since 2001, Balmorel has been applied for exploring future energy scenarios, with a
different focus from assessing the integration of energy technologies or technical
component to the interaction and synergies between power, heat and transport sectors.
Common for all applications is the assessment of the energy transition, with increasing
production shares of variable renewable energy sources, which consequently impacts both
the technical and economic structure of the future energy system. A summary of peerreviewed publications grouped into the overall research field and geographical scope is
provided in Article I. However, to provide a few examples of the application of Balmorel,
the model have been used to analyse: 1) the electricity system [74, 75, 76, 77, 78, 79, 80],
2) the heating system [81, 82, 83, 84, 85, 86], 3) waste to energy [87, 88, 89], 4) the power
system integration of the electric vehicles [90, 91, 92, 93, 94, 95], 5) hydrogen produced
from electrons [96, 97, 98], 6) use of biogas [99], and 7) markets and policies [100, 101,
102].
Balmorel is used by research institutions, consultancies, energy industry, transmission
system operator, and government institutions, to conduct analyses on future energy
systems with worldwide applications in diverse geographical contexts. The world map
visualised in Figure 2.2 provides an overview but does not claim to be complete, of
countries where Balmorel has been applied and where user groups are located [1].
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Figure 2.2

Countries of Balmorel applications and users

Key point

Balmorel is used and applied worldwide to conduct energy planning.
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Spatial and temporal dimensions in Balmorel
The spatial dimension in Balmorel is defined using a three-layer geographical
representation:




Country, 𝒞
Region, ℛ
Area, 𝒜

In this representation, countries consist of regions and regions consists of areas. Certain
parameters are defined according to a specific geographical layer according to the
characteristics of the parameter. For example, general economic inputs, such as fuel prices
and policy targets, are defined at a country level. Regions are often defined to represent
electricity market regions, where interconnectors facilitate electricity trade between
adjacent electricity markets. Electricity demands are specified at a regional level, where
also the electricity balance is maintained. Areas are used for the representation of
geographical characteristics within a region, for example, resource potentials or district
heating.
The temporal dimensions follow a similar hierarchal structure:




Year, 𝒴
Season, 𝒮
Term, 𝒯

In this structure, the year is the highest layer, seasons is the middle layer and often
represent seasonal variations by representing weeks. Finally, the smallest layer is, terms,
which, for example, can represent hourly short-term variations in production and demand.
The temporal resolution in Balmorel is user-defined, and thus the temporal resolution can
be defined as chronologically or aggregated according to the purpose of the study.
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Main equations
Objective function
The objective function in Balmorel seeks to maximise social welfare subject to system
constraints, which is equivalent to minimising total system costs when assuming inelastic
energy demands, thus providing least-cost solutions.
𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒
𝑓𝑥𝑂𝑃

𝓏 = ∑ 𝑐ℊ𝑣𝑂𝑃 ∙ 𝑝𝒶,ℊ,𝓈,𝓉 + ∑ 𝑐ℊ
𝒶∈𝒜
ℊ∈𝒢
𝓈∈𝒮
𝓉∈𝒯

𝒶∈𝒜
ℊ∈𝒢

𝑛𝑒𝑤
∑ 𝑐ℊ𝐶𝐴𝑃 ∙ 𝑝𝒶,ℊ
+

∑

𝒶∈𝒜
ℊ∈𝒢

𝑒𝑥
𝑛𝑒𝑤
∙ (𝑝𝒶,ℊ
+ 𝑝𝒶,ℊ
)+

𝐶𝐴𝑃
𝑡𝑟𝑛𝑒𝑤
𝑐𝑟,𝑟
′ ∙ 𝑝𝑟,𝑟 ′

𝑒𝑥
𝑟,𝑟 ′ ∈ℛ𝑟,𝑟
′

The objective function provides a least-cost solution for satisfying energy demands by
minimising the total system costs. The variable costs associated with the operation
technology ℊ, is defined by 𝑐ℊ𝑣𝑂𝑃 , while 𝑝𝒶,ℊ,𝓈,𝓉 , represents the costs of a commodity,
produced or consumed by technology ℊ, in area 𝒶, at a specific time 𝓈, 𝓉. Fixed operation
𝑓𝑥𝑂𝑃
costs of operation of technology ℊ, in area 𝒶, is denoted by 𝑐ℊ
, and is multiplied by the
𝑒𝑥
𝑛𝑒𝑤
existing capacity 𝑝𝒶,ℊ
, and new invested capacity 𝑝𝒶,ℊ
. The capital expenditure of
𝐶𝐴𝑃
technology ℊ, is represented by 𝑐ℊ𝐶𝐴𝑃 and for transmission interconnectors by 𝑐𝓇,𝓇
′ , and
consider, for example, discount rate and lifetime.

Sets in Balmorel
Area
𝒜
Country
𝒞
Technology
𝒢
Region
ℛ
Season
𝒮
Term
𝒯
Subsets in Balmorel
Subset of regions that region
𝑒𝑥
ℛ𝑟,𝑟
′
𝑟 ∈ ℛ can export to
Parameters in Balmorel
Investment costs of technology
𝑐ℊ𝐶𝐴𝑃
ℊ
𝐶𝐴𝑃
𝑐𝑟,𝑟
′

Investment costs of
transmission line from 𝑟 to 𝑟 ′

𝑓𝑥𝑂𝑃

𝑐ℊ

𝑐ℊ𝑣𝑂𝑃
𝑒𝑥
𝑝𝒶,ℊ

Fixed operational costs of
technology ℊ
Variable operational costs of
technology ℊ
The existing capacity of
technology ℊ in area 𝒶

Positive variables in Balmorel
Investment in technology ℊ in
𝑛𝑒𝑤
𝑝𝒶,ℊ
area 𝒶
Investment in transmission
𝑡𝑟𝑛𝑒𝑤
𝑝𝑟,𝑟 ′
capacity between 𝑟 and 𝑟 ′
Commodity level in area 𝒶 of
𝑝𝒶,ℊ,𝓈,𝓉
technology ℊ in at time 𝓈, 𝓉
Free variable in Balmorel
Total systems costs
𝓏

The objective function is subject to system constraints in terms of, for example, technical,
physical and/or regulatory constraints. The main constraints are briefly elucidated in the
following, while further insight, as well as mathematical formulations, can be found mainly
in the Articles I, IV, and VII.
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Energy balance equations
The energy balance equations ensure the energy supply and demand is satisfied in each
time set for the relevant geographical entity.
Energy constraints
Energy constraints are introduced to reflect bounds on energy over time. This type of
constraints limits the energy used or stored according to the reflected technical or physical
feature and can be defined by equality or inequality signs.
Operational constraints
Operational constraints represent technical characteristics associated with the operation
of the technologies. Operational constraints are, for example, introduced for operation
areas and ratios that are feasible for electricity and heat generation in co-generation
technologies, ramping rates for generation plants, or chronology related aspects such as
charging and discharging rates for storage facilities.
Other constraints
The list of possible constraints in Balmorel is long and enables plausible energy scenarios
to be conducted, which, for example, take into account the technical, physical and/or
political constraints. Among other physical and technical constraints is the maximum level
of capacity expansion over, or for, a given year. Political energy and climate emission
targets can be introduced in Balmorel, for example, a maximum level of CO2 emissions,
restriction on fuel consumption and a minimum share of energy production from
renewable energy sources.

The main strength of the Balmorel model
Facing the challenging energy transition required to mitigate climate changes calls for open
and transparent energy systems models, which can be applied to provide insight into
plausible and cost-efficient pathways [103, 104, 105]. In this light, Balmorel has the major
advantage of offering an open-source model code [106, 103, 104]. The Balmorel core
model has continually: 1) been developed over the years; 2) been applied worldwide for a
wide range of energy system assessments; 3) been well-tested by a critical mass of users,
and thus has proven to be robust and suitable to adaptations. Balmorel has, therefore,
continuously been improved and extended, and new and additional model developments
are shared continuously.
The open-source Balmorel model is transparent and is built with a flexible geographical and
temporal scope. Balmorel thus enables studies with varying temporal resolution from
short-term hourly simulations to long-term scenarios with an aggregated temporal
resolution. Balmorel allows chronological time steps, or consecutive time steps, which is
crucial for a realistic representation and modelling of, for example, production from
variable renewable energy sources, systems with hydro reservoirs as well as inter- and
intra-seasonal storage facilities. Moreover, the flexible spatial resolution allows studies
with different geographical scope, for example, studies at the local municipality level,
national or international level.
The Balmorel is a bottom-up energy system model with a technology-rich supply-side
suitable for assessments of future energy systems, which are represented by a variety of
energy production and storage technologies in the capacity portfolio. Balmorel allows both
endogenous optimisations of short-term operation of the energy system as well as an
endogenous optimisation of investment decisions in technologies and infrastructures.
Balmorel is suitable for analysing integrated liberalised energy markets. Furthermore,
Balmorel is one of the few energy system models with a detailed representation of district
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heating and the related synergies and interactions between electricity and district heating
systems and markets. Heading towards increased energy production from variable
renewable energy sources, the increased integration between markets and systems are
becoming a key element in the energy transition.

Main limitations of the Balmorel model
Even though Balmorel is a complex and comprehensive energy system optimisation model,
the model is subjected to limitations and assumptions concerning, for example, the energy
market structure, the technological utilisation and uncertainty of collected data. This
section briefly highlights the most critical model limitations. There are naturally significant
limitations to most models, such as data quality, but these are not treated in this section.
Balmorel assumes perfect competition and energy suppliers’ act as price takers without
strategic market behaviour. Assuming perfect competition may be questionable when
comparing with real markets. However, this assumption has a long tradition of being
applied in most energy systems models and thus leads to transparent modelling
assumptions [54].
Balmorel assumes economic rationality, where consumers of energy services consume the
least costly alternative without taken behaviour into account.
Balmorel, in its current state, excludes some grid-related issues, for example, voltage and
angle stability in the electricity transmission, and time delays and temperature levels in the
district heating grid.
Balmorel is a deterministic model and assumes perfect foresight within the optimised
planning foresight horizon. Thus, properties with stochastic behaviours such as production
from variable renewable energy sources and outages of generation technologies are
excluded from the optimisation in Balmorel. However, the variability of production and
consumption is provided by time series to the model. Thus, imperfect predictability issues
of, for example, wind forecasts and hydropower inflow is not captured in the modelling,
neither is the uncertainties related to political decisions on energy and environmental
systems.

Balmorel satellite structure: the concept of add-on’s
Balmorel is built with a core model and satellite modules, which are called add-ons. Addons are developed to address specific research areas, where a detailed representation of
the integrated electricity and district heating system is still essential. Add-ons can be
developed to be used alone, or they can even be combined to serve a specific purpose. A
list of add-ons is provided in Article I; however, new add-ons are continually being
developed with innovative applications to provide novel insight and contribute to the
research field.
A major advantage with the Balmorel satellite structure is the ability to include or exclude
specific add-ons depending on the study. This enables, for example, the possibility of a
deep dive into a specific sector in one study, and into another sector in another study,
without bearing the computational burden of including all model features in all studies.
A long list of add-ons exists and can be found in the Balmorel source model at Github [71].
However, in particular, four add-ons are applied during this PhD, namely, OptiFlow,
CombTech, Hydrogen, Individual heating, and Industry.



OptiFlow: is a generalised network model and can be used depending on the
research field (used in Articles IV and V)
CombTech: add-on used to combine technologies (used in Article VII)
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Hydrogen: add-on for analysing hydrogen production, storage and consumption
(used in Article VII)
Individual heating, and Industry: add-ons, which represent the individual heating
in residential buildings and represent the industrial sector (used in Article VIII)

Figure 2.3

Balmorel satellite structure

Key point

The satellite structure of Balmorel allows the add-ons to be included or excluded
depending on the study. In this way, the add-on structure of Balmorel enables in-depth
analysis of a specific research area, without bearing the computational burden of
including all model features in all studies.
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OptiFlow
OptiFlow is used during this PhD study to model an extensive catalogue of renewable gas
and liquid fuel production pathways, while taken into account the competition and
transportation of the locally distributed biomass resources and the synergies with the
power and district heating systems (Articles IV and V). The modelling development is used
to assess which renewable gas and renewable liquid fuel production pathways that are
least-cost options in a future energy system. In the following, the main characteristics of
OptiFlow are presented.
OptiFlow [107] is an open-source generalised spatio-temporal network optimisation
model, which is formulated based on node-arc relationships and can represent any flows,
for example, energy, mass, economic or environmental metrics [108]. Building upon a
bottom-up modelling approach, OptiFlow is a deterministic and a partial equilibrium
model. OptiFlow allows a multi-criteria optimisation approach, following the principle of
Pareto optimality, and can be solved in a stand-alone mode, or be hard-linked with
Balmorel as an add-on. In the linkage between OptiFlow and Balmorel, the objective
functions are integrated with the objective of minimising total system costs. Additionally,
the two models can be linked by integrating defined equations, for example, the electricity
and district heating balance equations [108].
Categorised as a generalised network optimisation model, OptiFlow is a data-driven model
with flexible and user-defined networks, as well as spatial and temporal resolutions. The
structure of the spatial and temporal dimensions is similar to the hierarchal structure in
Balmorel. The terminology to represent a network applies processes 𝒫, connected by flows
ℱ, as arcs. A process 𝓅 can represent any conversion process, for example, physical or
mathematical, including movements across space and time dimension, for instance,
transportation of resources or storage processes. A flow 𝑓 can, for example, be fuel in
energy or mass units, or monetary or emission flows. Thus the flow 𝑓 can move across
three dimensions; network, time and space.
Figure 2.4 illustrates a network design consisting of processes (nodes) and flows (arcs).
OptiFlow optimises the investment and operation of the network with the objective of, for
example, minimising total system costs and subject to system constraints.

Figure 2.4

Conceptual visualisation of a network in OptiFlow

Key point

The generalised network model, OptiFlow, is used to represent a network of flows (arcs)
between processes (nodes). A hypothetical, optimal pathway through the network, i.e.
processes and flows, is highlighted the figure.
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Figure 2.4 shows a fictive network that, for example, could represent resources that are
transported to a conversion technology and further to a storage facility before supplying
demands. The source process is provided as exogenous input to OptiFlow and thus is
outside the system boundaries. The energy demand is also outside the OptiFlow system
boundaries as it represents final service demands or can be used as input, for example, to
Balmorel. Finally, a hypothetical, optimal pathway through the network, i.e. processes and
flows, is illustrated in the figure.

OptiFlow allows modelling of several processes enabling a complete variety of options to
represent main process characteristics:





Internal processes: transformation or conversion process, which enables split
and/or joins of single/multiple flows in a process.
Buffer processes: process outside the system boundaries, for example, net
production or consumption of resources, monetary values or emissions, all with a
relation outside OptiFlow, thus with the background system.
Transport processes: facilitating transport, transmission or trade of flows between
areas. The transport means can, for example, be, transport by trucks at roads, by
ships or via gas pipelines.
Storage processes: represents inter-seasonal, intra-seasonal, and the combination
of inter- and intra-seasonal storage.

OptiFlow enables processes to be operated at a seasonal, 𝓈-level or at a time-step level, 𝓉level depending on the characteristic and main features associated with the process. For
example, a process for which a high temporal resolution is required is operated at the
highest time resolution 𝓉, e.g. processes operation according to electricity price signals. In
contracts, other processes, for example, receiving resources ones a week, are operated at
a seasonal 𝓈 time-resolution. In this way, the best suited time resolution can be chosen to
represent the characteristics of the process and subsequently reduce the size of the model
and thus, the computation time.
OptiFlow simultaneously optimises investments in, and the operation of, the network,
which is one of the crucial features of the model. The size and specific location of the
process can thereby be computed endogenously. Furthermore, processes can be defined
with capacity constraints, and flows can be bounded by minimum, equal or maximum flow
limits, both for entering and/or leaving the process. Additionally, flows can be joined and/or
split either unbounded, with enforced minimum/equal/maximum limited, or by requiring
auxiliary flows to enter or leaving the process.
OptiFlow was initially developed for optimising waste to energy treatment (OptiFlow was
previously called OptiWaste) [107]. However, the general formulation applied to model
networks enables OptiFlow to be a suitable model for various applications. In this PhD,
OptiFlow has been applied and further developed to simultaneously optimise
transportation of resources, investment and operation optimisation of conversion and
storage technologies, for renewable gas and liquid fuel production in future energy
systems, under defined system conditions. OptiFlow is co-simulated with Balmorel to
conduct assessments of renewable gas and liquid production pathways while taking into
account the system integration with the combined electricity and district heating systems.
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Framework for handling parametric uncertainties in
future energy systems – Global sensitivity analysis and
uncertainty analysis
Energy systems models represent the complex energy system in a simplified and
aggregated way. Furthermore, conducting long-term energy planning uses exogenous
input parameters, for example, for fuel price development or technological improvement.
Therefore, evaluating the inherent uncertainty associated with both modelling structure
and exogenous input parameters is pivotal in the assessment of energy transition pathways
[109].
Uncertainties related to the modelling structure is an interesting research topic, and the
concept of model foresight horizon is investigated in Article III. However, this section deal
with a framework applied in this PhD thesis for handling parametric uncertainties in future
energy systems, which is applied in Article VIII.
In long-term planning, scenario creation is often used to explore plausible energy transition
pathways, see for example [110, 111] and Articles IV-VII. In addition to the investigated
scenarios, various methodologies can be applied to perform parametric uncertainty
analysis, for example, local sensitivity analysis, stochastic programming, robust
optimisation, Fuzzy arithmetic, and interval based analysis [112]. Extensive literature
reviews of sensitivity and uncertainty methodologies are provided in [112, 113, 114, 115].
In energy systems modelling, for example, local sensitivity analysis [115] and stochastic
programming [116] are often applied. Stochastic programming is applied to assess
stochastic elements in the exogenous input parameters. The modelling approach implied
an exponential relation between variables and investigated uncertainties, resulting in
heavy computational problems, which are not particularly suitable for a technology-rich,
high spatio-temporal large-scale energy systems optimisation model, such as, Balmorel
[116]. Local sensitivity analysis is the most commonly applied method to test the impact on
the results caused by the main sensitivity parameters. The local sensitivity analysis varies
input parameters one-at-a-time, and evaluate the impact on the results. Valuable
information can be extracted from local sensitivity analyses. However, the approach
excludes the possibility of combined effects caused by multiple sensitivity parameters.
Thus, leaving the multi-dimensional space and relation between input parameters and
output results unexplored.
In Article VIII, a methodology is applied to assess the multi-dimensional impact of
parametric uncertainty in exogenous input parameters on results for the energy transition
towards energy production based on renewable energy sources. The methodology uses
global sensitivity analysis followed by an uncertainty analysis, which is described in the
literature a suitable method used in energy systems modelling [109, 115, 117]. The
methodology applied in this PhD study is proposed by Pizarro-Alonso et al. [109]. It follows
a three-stage workflow for conducting global sensitivity analysis and an uncertainty analysis
solved, as highlighted below and depicted in Figure 2.5.





Heuristic selection of critical input parameters as well as a description of
uncertainty ranges and distributions.
Global sensitivity analysis (GSA) using the Morris sampling technique, which
relates pre-selected exogenous sensitivity input parameters with specified system
results. The GSA acts as a screening method as it indicates the relative impact of
each parametric uncertainty. This consequently, leads to identification and
prioritisation of influential input parameters.
The uncertainty analysis is conducted of the identified input parameters in the
GSA. The uncertainty analysis is conducted through Monte Carlo simulations with
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a Latin hypercube sampling (LSH). The uncertainty analysis thereby computes the
impact of the parametric uncertainty on the system results.

Figure 2.5

Three-stage workflow for conducting global sensitivity and uncertainty analysis

Key point

The workflow consists of three stages. The global sensitivity analysis, which is using
Morris sampling, serves as a screening to identify and prioritise influential parameters.
The identified parameters are subsequently used in the uncertainty analysis that applies
Monte Carlo simulations to quantify the uncertainties related to a specific output.

A brief description of global sensitivity analysis using Morris sampling
The global sensitivity analysis methodology is applied to evaluate the multi-dimensional
impact on system results caused by parametric uncertainties in input parameters. The
Morris sampling is a screening methodology, which relates each uncertainty input
parameter with an output result. To this end, the Morris sampling conducts many local
sensitivity analyses, but in the multi-dimensional, global space, taken side-effects of other
input parameters into account.
The Morris sampling method randomly assigns a starting point, from which the random
movement, Δ, occur one-at-a-time within the uncertainty range in the multi-dimensional
space for each uncertainty input parameter. A conceptual visualisation of the Morris
sampling technique is presented in Figure 2.6a.

A brief description of uncertainty analysis using Monte Carlo
simulations with Latin Hypercube sampling
Monte Carlo simulations are used to perform the uncertainty analysis, which is a commonly
used methodology to evaluate results computed from input parameters with a specified
uncertainty range and distribution. There is a relation between the number of samples and
the accuracy of the results from the Monte Carlo simulations. Therefore, only the
influential parameters identified via the Morris sampling in the global sensitivity analysis
are investigated in the uncertainty analysis.
A random probabilistic sampling of uncertainty input parameters is used to conduct Monte
Carlo simulations. However, to ensure stratification of input parameters in the uncertainty
rage [0,1] and at the same time keeping randomness in the sampling, the concept of Latin
Hypercube sampling (LHS) is introduced. Figure 2.6b conceptualises the fundamentals in
the LHS method, where the whole uncertainty space is divided into a grid of probable strata
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(cells). Within each cell, a parameter value is randomly assigned, ensuring coverage of the
complete uncertainty range, while avoiding clustering of sample points.
The sample values from the LHS are used as input parameters in the energy system model,
Balmorel, which optimises the energy system according to the Monte Carlo simulation
method.
Applying the described methodology for handling parametric uncertainties using global
sensitivity and uncertainty analysis allows evaluation of long-term energy planning results
taken into account the inherent uncertainty related to the input parameters.

Figure 2.6

The concept of Morris sampling (left) and Latin Hypercube sampling (right)

a) Morris sampling technique

Key point

b) Latin Hypercube sampling [0,1].
Example of two-parameters and five nearrandom samples

The Morris sampling (left) conducts many local sensitivity analyses, but in the
multi-dimensional, global space, taken side-effects of other input parameters into
account.
The Latin Hypercube sampling (right) ensure that the uncertainty range is wellcovered by avoiding clustering of sample points.

R. Bramstoft
PhD Thesis

Chapter 3
Improved energy systems modelling

28

Chapter 3.
Improved energy systems
modelling
This chapter presents the improved energy systems modelling frameworks developed during this PhD
study. The developed modelling frameworks contribute to the research field by filling research gaps in
the field of integrated energy systems modelling.
The chapter points out how modelling of the foresight for decision-making can be implemented in a longterm energy systems planning model.
A central contribution to the research field form this PhD study is the developed modelling framework of
renewable gas and renewable liquid fuel production pathways. Therefore, this chapter details how that
modelling framework is integrated into the energy system model.
Following the modelling of the production of renewable gas, the modelling of gas flows and the gas
transmission infrastructure is described. The modelling of the gas infrastructure is facilitated by the
developed gas model, GasMo.
Furthermore, a description of how the representation of the end-use sectors is modelled in Balmorel is
provided.
Finally, a summary of the developed and improved modelling frameworks are provided at the end of the
chapter.

Improved modelling of foresight for
decision-making in energy systems
planning
The modelling of planning foresight for energy planning in Balmorel is improved, and the
associated impacts on the results are assessed in Article III.
Although the field of energy system modelling has a long tradition, models for long-term
energy system planning tend to be deterministic and apply either myopic, i.e. one
simulated year at a time, or full foresight over the entire planning horizon. Models applying
full foresight over the complete planning horizon provide a globally optimal solution for the
investigated energy transition pathways, while models applying myopic foresight may
identify sub-optimal solutions. Energy systems models tend to have a high level of details,
for example, concerning technology representation, techno-economic parameters, and
spatial-temporal resolution. However, it is surprising that a pivotal model characteristic,
such as the planning foresight ability is not broadly discussed. Not even comprehensive
literature reviews of energy system models categorise the models according to foresight
abilities [54, 55, 56, 57, 28, 58, 59, 60]. Both myopic and full planning foresight modelling
approaches provide insights on main aspects regarding energy system planning. However,
an approach closer to real-life planning of the energy system is required since decision-
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makers neither have full knowledge about the future nor only knowledge within one year.
Therefore, improved modelling of varying planning foresight for decision-making in energy
system planning can be pivotal to capture developments of future energy transition
scenarios and get closer to a real-life foresight for decision-makers.
Although the discussion of a critical model characteristic such as planning foresight is
underrepresented in the literature, a few examples exist [118, 119, 120, 121, 122].
Compared to existing studies in the literature, which addresses the impact of myopic or full
planning foresight in energy system models [118, 119, 120, 121, 122], Article III bridges
the research gap by developing and applying different planning foresight horizons. In this
way, the modelling approach capture developments of future energy scenarios and might
get closer to real-life decision-making based on limited knowledge into the future. This
modelling approach allows flexible and user-defined planning foresight according to the
system conditions and research question at hand. Furthermore, the approach enables a
comparative assessment of future energy system configurations depending on the
foresight attitude.

The concept of a rolling planning horizon
The implementation of a rolling yearly planning horizon enables simulation of future energy
scenarios with either myopic, perfect full foresight, or limited foresight between specified
years, as illustrated in Figure 3.1.

Figure 3.1

The concept of myopic, limited, and full foresight horizon

Key point

Different planning foresight horizons results in different ways the optimal solution is
computed. Full foresight has perfect foresight over the entire planning horizon and
provides the global optimum for one single model. On the other hand, myopic foresight
models only have knowledge within the simulated year and are solved by n smaller
models with the risk of providing a sub-optimal solution. Limited foresight horizon is in
between the two extremes and has partial knowledge about the future, which might be
a better representation of real-life decision-making.
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In Balmorel, perfect planning foresight over the complete planning horizon obtain solutions
where investment and the operation of the systems are optimised and determined by the
global optimum for one single model. Myopic models optimise investment and operation
decisions in the simulated year. The myopic models are therefore solved as n smaller submodels with the risk of providing a sub-optimal solution for the configuration of the energy
system. The rolling planning horizon takes advantage of both myopic and perfect foresight
approaches and represents real-life decision-making based on limited knowledge about the
future. The limited foresight approach is solved by a sequence of partially overlapping
multi-year models, where the presumption on future development are subsequently
adjusted in the following optimisation period, as illustrated in Figure 3.1.
The concept of discounting, to value the future compared to today, is a critical parameter
both in real-life decision-making and also in energy system modelling. The elements of the
objective function in Balmorel if applying a rolling planning horizon are represented by their
net present value (NPV), and the objective function, thereby, compute the discounted total
system costs. The discount rate is a pivotal element in feasibility studies of energy projects
and might have a significant impact on the final solution for the energy system
configuration, as also discussed in the literature [123, 124].
There are primarily two main motivations for introduction flexible and user-defined
planning horizon in Balmorel. The first motivation is to include a more symbolic
representation of the energy system conditions in a specific study, for example,
development in technology and fuel prices, as well as policy decisions, which all potentially
can have a significant impact on the system results. The second motivation is the
computation time, which increases with model size and thus increases with more extended
foresight ability.
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Improved modelling of renewable
gas and renewable liquid fuels in
future energy systems
This PhD thesis contributes to the research field by providing improved modelling of
renewable gas and liquid fuels as an integrated part of the energy system. In the literature,
various modelling frameworks for including renewable gas and liquid fuels conversion
pathways have been proposed. To shed light on the various modelling frameworks, a
literature overview of 14 studies that are using six different energy systems models is
conducted as a part of Article IV. The literature overview includes both simulation models
[48, 42, 125, 45, 126, 127, 128, 129, 10], and optimisation models [130, 131, 132, 133,
134]. The considered studies have a different temporal and spatial resolution, and different
amount of production pathways included, where some include PtX pathways [48, 42, 125,
10]. None of the reviewed energy systems analyses includes endogenous optimisation of
locally distributed biomass resources, which can transport over distances to conversion
plants, along with investment optimisation. Moreover, the spatial resolution is rather poor
in considered studies (except in [130]), with biomass potentials defined at a national level,
and with few district heating areas. A rather poor spatial resolution could be problematic
when modelling renewable gas production, where resources are distributed over the
country, and the cost of transporting resources might be determining. For example, the
costs of transporting manure can be expected to influence the production levels and
location of biogas plants. The literature overview in Article IV provides further information
regarding the considered modelling features.
Based on the literature overview, a research gap is identified of energy systems modelling
frameworks that enable assessments of the role renewable gas and renewable liquid fuel
in future integrated energy systems, and that include the following features: 1) detailed
spatial resolution of biomass resources, transportation and utilisation in conversion plants,
as well as district heating supply and demand; 2) extensive representation of production
pathways both for renewable gas (including hydrogen) and renewable liquid fuels
(including electrofuels by PtX); 3) Endogenously computed electricity prices, based on
power market modelling of a larger region; 4) endogenous investment and operation
optimisation of the considered energy system, to illustrate locations and future investment
possibilities of renewable gas and liquid conversion plants.
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Overview of gas and liquid fuel production pathways
An extensive amount of various mature, commercial but also new emerging renewable gas
and liquid fuels conversion technologies are available today and are expected to become
available in the future. When performing energy systems analyses of future energy
systems, it is crucial to include a sufficient representation of potential key renewable gas
and renewable liquid fuels conversion technology pathways. Due to high computation
times of the energy systems models utilised in this thesis, it is impossible to include all
conversion technologies; however, an attempt to include the most promising is made
based on the literature overview conducted in Article IV.
An overview of the main categories of gases and liquid fuels modelled and assessed in this
PhD thesis is presented in Figure 3.2, where some gases can be produced downstream the
production of renewable fuels

Figure 3.2

A categorisation of gases and liquid fuels for transportation included in this PhD thesis

Key point

The figure presents the categorisation of gas and liquid transport fuels used in this thesis.
Grey symbolises that is has a fossil origin, green that it is produced from biomass, and
light blue if it is primarily produced using electrons.
Gas is a designation of natural gas and renewable gas. Renewable gas is a term covering
biogas, hydrogen, syngas, biomethane and BioSNG. Biogas is produced via anaerobic
digestion and can, for example, use manure, deep litter, organic waste, grass, and straw as
feedstock. The biogas can achieve natural gas quality in two ways, namely, by CO2 removal
upgrading technologies or by methanation, which facilitates the process where injected
hydrogen reacts chemically with CO2 to produce methane, CH4. Another string of
renewable gas is the production of syngas via thermal gasification. Syngas can be used
directly or produced downstream for other processes, i.e. BioSNG and liquid fuel
production. Hydrogen produced via electrolysis can be used directly or for synthesis
technologies.
Liquid transport fuels are categorised into fossil or renewable-based fuels. Under
renewable liquid fuels, biofuels are defined as fuels where the primary energy source is
biomass and electrofuels are fuels where hydrogen produced using electrons are used in
the production process. Fuels that uses both biomass and hydrogen as input in the liquid
fuel production are consequently defined as electrofuels
Various conversion technologies for the production of renewable liquid fuels are included
in the modelling framework. The liquid fuels included are biodiesel, bioethanol, biooil,
biojet fuel, biogasoline, and as electrofuels, biomethanol and biojet fuel and biogasoline.
Additional, a detailed description of the modelling of several pure electrofuel technologies
producing, E-Jet, E-gasoline, E-methanol, E-diesel, E-LPG and ammonia, is provided later in
this Chapter, in subsection “A specific focus on electrofuels”.
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Modelling a detailed representation of renewable gas
and liquid fuel production pathways in OptiFlow
The backbone modelling framework of the generalised spatiotemporal network
optimisation model, OptiFlow, is applied for developing a detailed representation of
renewable gas and liquid fuel production pathways. The developed modelling framework
represents the energy chain from local biomass resources to final end-products. Based on
high spatial resolution, OptiFlow endogenously optimises the utilisation of locally
distributed available residual biomass resources and the transportation of the resources
on roads by truck to storage and/or conversion technologies. In addition to the locally
distributed biomass resources, wood chips are modelled relying on a domestic potential,
and wood pellets can be imported, where costs for both wood chips and wood pellets
include exogenous transportation costs. The conversion technologies convert primary
energy input(s), for example, biomass, to satisfy renewable gas and liquid fuel/s demands.
During conversion processes, electricity and heat can be produced or consumed,
depending on the technology pathway. OptiFlow is hard-link to Balmorel by the electricity
and district heat balance equations as well as the objective function. In this way, the cosimulation with Balmorel facilitates the interactions of the renewable gas and liquid fuel
production and the electricity and district heating systems.
Various production pathways for producing renewable gas and liquid fuels exist and are
emerging. The literature overview in Article IV identified key production pathways for
liquid fuels which are used, in particular, to supply the long-haul transportation services.
Furthermore, a distinction between which transport services each liquid fuel can supply is
also made. The network representing the various renewable gas and liquid fuel production
pathways modelling in OptiFlow is illustrated in Figure 3.3.
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The implemented network in OptiFlow, which represents production pathways for
renewable gas and liquid fuels to supply energy service

Network representing the energy supply chain from locally distributed biomass
resources through conversion and storage technology to supply energy demands. The
optimisation of OptiFlow is co-simulated with Balmorel by a simultaneous exchange
between the electricity and district heating balance equation as well as monetary flows
to the objective function, which is minimising total system costs.
BioSNG: bio synthetic natural gas, CHP: cogeneration of electricity and heat, E: Electricity,
FT: Fischer-Tropsch, H: Heat, TG: Thermal gasification.
The modelling framework applies two levels of temporal dimensions. Transport of biomass
resources to conversion plants occur on a weekly basis, i.e. seasons 𝓈. In contracts,
conversion of energy inputs to renewable gas or liquid fuels occur at an hourly time
resolution, i.e. time-step 𝓉, to capture variations in electricity and district heating
production, consumption and prices. In this way, more realistic modelling is facilitated,
while also the size and thereby computational time of the model is reduced compared to
modelling all timesteps for all flows and processes.
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Detailed spatial resolution
OptiFlow allows a high spatial resolution, which might be crucial for analysing the role of
renewable gas production pathways. In this modelling set-up, available residual biomass
resources for renewable gas production are geographically distributed across 98 areas,
which corresponds to municipalities. The spatially distributed bioenergy resources for
biogas production by anaerobic digestion include manure, deep litter, grass from natural
areas, and organic waste from households and industries, where the locally distributed
potentials for manure are illustrated in Figure 3.4. They are based on data from Birkmose
et al. [135], with the assumption that the resource potentials remain constant towards
2050. The spatial distribution of straw considers the amount of straw used for energy
purposes or left-on-the-field, which include winter wheat, spring barley, rye, winter barley
and oats, where data are collected in Venturini et al. [130], and the potentials are shown
in Figure 3.4. Wood chips and wood pellets are not transported across the areas in this
study; however, transport costs to the gate are included in the fuel prices. The inclusion of
1st generation biofuels produced by dedicated energy crops, such as rapeseed, or food
crops used for energy purposes like sugar beets is left out of this modelling framework due
to inherent uncertainty related to the potential development of dedicated farming of
energy crops in Denmark [130].

Figure 3.4

Resource potentials of manure and straw for energy production (potentials for other
locally distributed biomass resources can be found in Article IV).

(a) Potentially available manure for biogas
production

Key point

(b) Potentially available straw for energy production

The OptiFlow allows a high spatial resolution, where available residual biomass resources
are distributed across the analysed region, here represented by 98 areas corresponding
to municipalities in Denmark. The figure illustrates the distribution of available domestic
residual manure and straw resources across the country
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OptiFlow optimises the transportation of residual biomass resources across geography, as
a part of the optimisation of the energy production chain. Transportation of residual
biomass resources can occur between centroids of resource areas, i.e. municipalities, as
illustrated in Figure 3.5. A distance of 10 km is assumed for transportation within the
resource area.

Figure 3.5

Geographical representation of transportation of biomass resources and district heating
areas, which is applied in the Balmorel-OptiFlow modelling framework.

(a) Transport network implemented in OptiFlow

Key point

(b) District heating network in Balmorel-OptiFlow

Locally distributed residual biomass resources can be transported between areas
assuming euclidian distances between the geometric centres of each are, as visualised.
Investment in conversion technologies is assumed to be allowed in district heating areas
in the combined Balmorel-OptiFlow modelling framework. In the Balmorel-OptiFlow
modelling, 34 areas for unique district heating networks are included, and two areas are
representing an aggregate of smaller district heating networks in rural areas.

Modelling of production pathways in OptiFlow: the example of
anaerobic digestion
To provide a more in-depth insight into how different production pathways are modelled
in OptiFlow, the example of biogas produced by anaerobic digestion plants is described in
the following. The modelling of biogas distinguishes between an input side model and
output side model of the biogas plant, as illustrated in Figure 3.6.
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Figure 3.6

Conceptual visualisation of the modelling of biogas production by anaerobic digestion in
OptiFlow.

Key point

The modelling of biogas production is distinguished between an input side model and an
output side model. At the input side, resources are transported to the biogas plant on a
weekly basis, i.e. 𝓈-level. At the output side, the biogas is further upgraded or used
directly at the highest temporal resolution, i.e. time-step 𝓉-level.
At the input side model, feedstocks, i.e. manure, deep litter, organic waste, grass and straw
are collected and transported to the biogas plant ones a week, i.e. 𝓈-level in OptiFlow. The
high spatial resolution on the biogas feedstock resources enables OptiFlow to identify
locations of biogas plants. Before entering the anaerobic digestion process, the feedstock
energy resources are pre-treated, for example, sanitation for manure and deep litter and
mechanical cutting of high lignin straw resources, which add associated costs for the pretreatment [136]. In the operation of an anaerobic digestion plant practical challenges, i.e.
stirring and prevention from forming swim layers, can occur in situations where the dry
matter content or the viscosity of the co-digestion mix exceeds a maximum limit of 13 %
[137, 138]. The feedstock rates in the co-digestion are endogenously optimised in
OptiFlow, subject to the constraint representing the dry matter content in the co-digestion
mix.
At the output side mode, biogas is used at the highest temporal resolution, i.e. time-step
𝓉-level, to include variabilities in, for example, electricity and district heating prices, which
are endogenously computed in Balmorel. Biogas can be stored in gas storage balloon at
intra-seasonal level, i.e. over time 𝓉, but cannot be stored inter-seasonal, i.e. between
seasons 𝓈, due to limited compressibility of biogas with a relatively high content of CO2.
Biogas can be used for various purposes; it can be used directly, after desulphurisation in
engines to produce heat and electricity. Furthermore, biogas can be upgraded by removal
of CO2 via, for example, water scrubbing, or be upgraded via methanation by, for example,
use a catalytic reaction between the CO2 and hydrogen. The upgraded biogas, called
biomethane, obtain similar quality as natural gas and can be injected into the existing gas
infrastructure, to satisfy various end-user demands.
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Modelling energy and mass balances of renewable gas and renewable
liquid fuel technologies: the example of methane and biomethanol
produced as an electrofuel
The energy and mass balances are crucial for a representative modelling of renewable gas
and liquid fuel production pathways. The energy and mass balances are used to compute
proportions of inflows and outflows for a specific energy conversion technology. The
example of methane and biomethanol production pathways are provided in the following.

Methane:
The upgrading of biogas to biomethane can be distinguished into two main categories, i.e.
removal of CO2 or by methanation, which is hydrogenation of the CO2 to methane. The
composition of the biogas from the anaerobic digestion process can obtain different ratios
between CH4 and CO2 depending, for example, on the feedstock entering the biogas plant.
However, a composition of the biogas at 62 % CH4 and 38 % CO2 is assumed. During the
methanation process, the injection of hydrogen chemically reacts with the CO2 to form CH4.
This reaction results in approximately 1.5 times higher methane output than biogas input
[139], as visualised in Figure 3.7.
Syngas produced through thermal gasification has different molecular compositions
depending on, for example, the thermal gasification process and the feedstocks entering
the process. Syngas produced by a thermal gasification plant can be upgraded to bio-SNG
by injection of hydrogen which chemically reacts with carbon monoxide (CO) to produce
methane, which is expressed by the Sabatier reaction. The optimal stoichiometry to
produce bio-SNG using a catalyst is at a molar ratio of hydrogen and CO of 3:1 [140]. The
injection of hydrogen before the catalytic methanation synthesis process yields a doubling
of the bio-SNG for each energy unit of syngas, as the energy balance calculations show
input ratios of 44 % desulfurised syngas and 56 % hydrogen [139].

Methanol:
Methanol can be produced using syngas from a thermal gasification process and react the
CO from the desulfurised syngas with hydrogen over a catalyst to produce methanol. In
this thesis, this fuel is characterised as an electrofuel. The optimal stoichiometry to produce
methanol is determined by a mole fraction to a ratio between cleaned syngas and hydrogen
at 2.22, which consequently yield energy inputs to the methanol synthesis at 69 % cleaned
syngas and 31 % hydrogen [141, 142].

Figure 3.7 summarises the energy balances for the examples of methane and methanol
production processes. The figure presents the modelling of the processes in OptiFlow. The
fixed relations between entering energy flows are implemented to ensure suitable
conditions for the respective reactions.
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Figure 3.7

Energy balance for the production of biomethane, bio-SNG and biomethanol, as
electrofuel

Key point

Relationships between hydrogen and other incoming energy flows that ensure suitable
conditions for the respective reactions (metrics to the left), and the resulting energy
output (metrics to the right). The figure represents the implemented modelling of the
respective processes in OptiFlow.

A specific focus on electrofuels
Electrofuels have the potential for contributing to decarbonising, in particular, the hard-toabate long-haul transportation sector [32, 33, 143]. The potentials for electrofuel
production is, in particular, interesting to investigate in systems with some of the following
characteristics:





Biomass availability: limited access to sustainable carbon sources in the future
Low electricity prices: low electricity price periods to produce hydrogen from
renewable-based electricity generation
Connection to heating demands: excess heat can be sold for heating purposes, for
example, by district heating networks, essentially generating an additional
revenue stream
Well-functioning markets: reduce barriers and enable suitable conditions for
electrofuel production

Thus, a specific focus on electrofuels is made in Article V. In Article V, a literature overview
of studies analysing electrofuel producing in future systems, show that there is a potential
(see, for example, sector [32, 33, 143]. However, more detailed modelling between the
relationship between locally available biomass resources and electricity market prices as
well as the connection to the district heating grid is missing. The focus on electrofuels in
Article V, bridges this research gap, and explores potential electrofuel production pathways
using an integrated energy system approach.
Article V build upon the work in Article IV by extending the representation of renewable
fuels for the transportation sector to integrate an extensive representation of electrofuel
production pathways in the combined OptiFlow-Balmorel modelling framework.
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Production of electrofuels occurs by reactions between hydrogen produced by electrolysis
using of electrons from electricity, and a carbon or nitrogen source. The carbon source can,
for example, be biomass. Another example is carbon dioxide captured from a point source,
for example, from power and heat production or industrial processes, e.g. cement
factories.
Figure 3.8illustrates the representation of liquid fuel production pathways modelled in
OptiFlow, which is extended by pure electrofuels depict by blue in the figure. Figure 3.8,
furthermore, serve as a definition of liquid transport fuels treaded in this PhD thesis.

Figure 3.8

Definition of liquid transportation fuels with an extensive representation of electrofuels

Key point

Renewable liquid fuels are divided into biofuels and electrofuels, which consists of
various fuels produced by different production pathways.
The modelling framework in OptiFlow is extended with an extensive representation of
electrofuels. The overall OptiFlow modelling framework then enables the production of the
liquid fuels presented in Figure 3.8, and the complete implemented network is presented
in Figure 3.9, where electrofuel technologies are shown by blue. A technology of the
electrofuels implemented in the modelling framework is provided in Supplementary
Material A to Article V, and present a general concept description of the technologies as
well as providing key techno-economic parameters for the respective technologies.

41

R. Bramstoft
PhD Thesis

Chapter 3
Improved energy systems modelling

Figure 3.9

The network of renewable gas and liquid fuel production pathways and the extended
representation of electrofuels.

Key point

The figure represents the complete network of renewable gas, liquid biofuels and
electrofuels, which is implemented in OptiFlow. Pure electrofuels are shown by blue
colour, while liquid biofuels are green. The different liquid fuels can serve different
demands, i.e. road, maritime or aviation, depending on its properties, as illustrated in
the network.
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Overall modelling framework to investigate the role of
renewable gas and liquid fuels in the future
To study the role of renewable gas and liquid fuels in future energy systems, OptiFlow and
Balmorel are co-simulated to ensure a simultaneous least-cost solution of integrated
renewable gas and liquid fuel production pathways, and electricity and district heating
systems. Figure 3.10 conceptualises the hard-linking of Balmorel and OptiFlow and
illustrates the simultaneous exchanges of metrics between the models, for example,
monetary values or within energy balance equations.
The co-simulation of Balmorel-OptiFlow computes the least-cost solution of the energy
systems to supply exogenous electricity, district heating, gas and liquid fuel demands.
However, a weakness of the Balmorel-OptiFlow modelling framework is the lack of
optimisation in the transportation sector and on the end-user side. To overcome the
shortcomings, the TIMES-DK model is used to provide energy demands for gas, liquid fuels,
electricity and district heating, as illustrated in Figure 3.10. TIMES-DK covers the complete
energy systems, but is optimised with a more aggregated geographical and temporal
resolution, and focuses only of the Danish energy sector with fixed electricity price
interfaces to adjacent electricity trade regions. TIMES-DK has a detailed representation of
the transportation sector and has been developed and used to analyse the development
of the transport sector as an integrated part of the energy system, see for example [144,
145, 146, 147, 148, 149, 150].
The complete Balmorel-OptiFlow and TIMES-DK modelling framework provide valuable
insight into the future, as the two modelling frameworks supplement each other in their
respective shortcomings.

Figure 3.10

Modelling framework applied to investigate the role of renewable gas and liquid fuels in
future energy systems.

Key point

TIMES-DK provides exogenous end-use gas, liquid fuel, electricity and district heating
demands for Balmorel-OptiFlow. Balmorel-OptiFlow optimises the least-cost conversion
pathways to supply these energy demands.
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Improved modelling of the gas
infrastructure
The gas infrastructure transports, stores and distribute gas from production points to enduse gas demands. Long-term perspective investments in gas infrastructure have been
made. Even though the gas system is well-functioning today, the development of the gas
system of tomorrow is crucial to investigate given the future challenges, which include: 1)
the long-term energy policy targets [40]; 2) high uncertainties in future domestic gas
demands, which are expected to decline [47]; 3) limited natural gas resources in the North
Sea (expected to decrease significantly towards 2040 [45]); 4) and increased production of
renewable gas from locally distributed energy sources [45].
The Balmorel-OptiFlow modelling framework applies a holistic approach for assessing longterm energy transition pathways for the integrated energy system. However, the modelling
framework lacks information regarding the physical dynamics and constraints in the gas
transmission network. To conduct assessments of the utilisation and operation of the gas
infrastructure in plausible energy futures, the gas transmission infrastructure model,
GasMo, is developed in Article VI.

GasMo model
GasMo is developed to conduct assessments of the operation, gas energy flows and
potentials congestions in the gas transmission infrastructure.
Modelling the dynamics in the gas infrastructure is complex due to the non-linear relations
that describe the system [151]. Therefore, in the literature, various modelling approaches
are proposed to optimise gas flows in the gas networks, see, for example, literature reviews
by Hamedi et al. [152], and Rios-Mercado and Borraz-Sanchez [153]. A literature overview
is conducted as a part of Article VI. The literature overview identifies a research gap of a
model that relies upon state-of-the-art modelling of gas systems and encompasses a
sufficient representation of key elements in the gas infrastructure, including physical flows
in gas pipelines, compressors, line-packing, large-scale storage facilities [153, 154],
bidirectional flows [154] as well as a representation of decentralised production of
renewable gas and trade of gas to adjacent markets, using suitable solving methodologies
[152, 154] to model real-life gas systems.
GasMo builds upon state-of-the-art modelling of the gas transmission system proposed by
Schwele et al. [154] but is extended considerably. GasMo is developed to optimise: 1)
locally distributed renewable gas production; 2) capacities of the associated gas
compressors; 3) the operation and utilisation of gas storages, both short-term line-pack
and long-term large-scale storage facilities; 4) the operation and flow of gas in the gas
transmission system; 5) trade of gas with adjacent gas markets. GasMo is applied for the
real-life case-study of plausible future energy scenarios for Denmark, where resource
potentials and gas demands are associated to each connection node, i.e. M/R station, with
real-life infrastructure capacities, for example, of pipelines and storages.
GasMo applies a steady-state approach for modelling the fluid dynamics and the pressure
drop correlations, and simulate gas transport and line pack based on inlet and outlet gas
flows. Gas flows can be described by the non-linear and non-convex Weymouth equation
[153]. GasMo is developed to solve the Weymouth equation using two different
approaches, i.e. pricewise linearisation approximation [155, 156, 157] and second-order
cone relaxation [154].
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GasMo is solved with the objective function equal to the sum of all received revenues from
consumption and gas export, less the sum of costs related to renewable production, import
of gas and operation of gas transmission infrastructure. The objective function is maximised
in GasMo and is subject to system constraints which are presented in Figure 3.11. A
detailed description of GasMo with the mathematical formulation is provided in Article VI.
The objective function in GasMo, and the nodes in the transmission infrastructure which
is modelled in GasMo

Figure 3.11

The objective function in GasMo is optimised
subject to constraints:

• Renewable gas production and potentials
• Gas compression capacity
• Gas demand
• Gas trade
• Gas flow direction and magnitude
• Gas transmission system operating pressure
• Gas storage
• Line-pack in the gas transmission system
• Gas pressure-flow correlation

Key point

GasMo optimises renewable gas production, gas compression capacity, as well as gas
flows in the Danish gas transmission system. Real-life data of, for example, capacities are
included to represent the Danish gas transmission infrastructure sufficiently.
GasMo computes gas flow in the gas transmission pipeline systems. Gas is produced,
transported, stored in large-scale storage facilities or as line-packing in pipelines, to supply
gas demands, ensuring energy balance in each pipeline section at all time. Figure 3.12
illustrates the energy balance in pipelines. Line-packing can be used in the short-term
operation and balancing of the gas pipeline network. Differences in inlet and outlet
flowrates to the pipeline section results in either an increase or a decrease in the average
pressure level of the pipeline section, which consequently leads to increased or decreased
line-packing in the pipeline section.

Figure 3.12

The gas pipeline energy balance

Key point

The gas pipeline energy balance. Bi-directional gas flows (q) are modelled for each
pipeline section along with the line-packing ability (h).

45

R. Bramstoft
PhD Thesis

Chapter 3
Improved energy systems modelling

Weymouth equation
The relationship between the pressure drop and gas flows in pipelines can be described by
the Weymouth equation, where the relation between gas flow rates and inlet and outlet
pressure is quadratic, and thus non-linear [151, 153]. To solve the non-linear Weymouth
equation, GasMo utilises two different approaches. The first method is the piecewise outer
bound linearisation approximation method, which is solved using mixed-integer linear
programming (MILP), see, for example, [155]. The second method is the second-order cone
relaxation method, which is solved using mixed-integer second-order conic programming
(MISOCP) [154]. Figure 3.13 illustrates the solving methodology for the two approaches,
where the piecewise outer bound linearisation approximation method is illustrated by the
tangents to the Weymouth equation, and the second-order cone relaxation method is the
area under the Weymouth equation.

Figure 3.13

Weymouth equation is solved using two approaches: piecewise outer bound linearisation
approximation method, and the second-order cone relaxation method

Key point

Two approaches are used to solve the Weymouth equation. The piecewise outer bound
linearisation approximation method is illustrated in the figure by the linear pieces at the
outer bound of the Weymouth equation. The second-order cone relaxation method
searches the solution in the area below the Weymouth equation.
The piecewise outer bound linearisation approximation method generally performs with
accurate results for flows between nodes, which has a pressure difference higher than
approximately 1 bar. Furthermore, the method is accurate when flows exceed
approximately 3000 MWs, i.e. 250 kNm3/d, for pipelines with a nominal flow constant of
0.2. However, the method tends to over-approximate flows in systems with low differences
in pressure levels, i.e. less than 1 bar.
The second-order cone relaxation method, on the other hand, performs with accurate flow
approximations at low differences in the pressure, however, with increasing pressure
differences, the method continually increases the over-estimation of the gas flow. Thus,
the second-order cone relaxation method is more suitable for analysing gas pipeline
systems with lower pressure differences and associated flow rates.
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Methodology for solving GasMo with and without flow constraints
Assessment of the gas transmission systems can be facilitated in GasMo, by solving the
systems using various solving approaches: 1) solve the gas transmission system with no
flow constraints, 2) apply the outer bound piecewise linearisation approximation (MILP)
method; or 3) apply the second-order conic relaxation (MISOCP) method.

Solving the gas transmission system with no flow constraints has a relatively low
computation time. However, solving the system with flow constraints by applying one of
the two proposed methods yields increased computational burden. Thus, a two-step
solving procedure is proposed, as displayed in Figure 3.14.
First, renewable gas production level, compressor capacities as well as the energy balance
and gas flow directions are computed in GasMo without flow constraints. Secondly, the
identified metrics in the first step are subsequently implemented as exogenous inputs the
two models, applying flow constraints; the outer bound piecewise linearisation
approximation method and in the second-order conic relaxation (MISOCP) method. The
two methods are thereby solved to obtain solutions regarding the operation and flow of
gas in the gas transmission systems while taking flow constraints into account.

Figure 3.14

Procedure for solving the GasMo model

Key point

GasMo is computational heavy when system constraints are included. Therefore, a twostep solving procedure is applied, which makes it feasible to identify renewable gas
production and compressor capacity and investigate the operation of the gas
transmission system with bi-directional flows, while including system constraints.
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Improved modelling of energy
sectors which may use gas in the
future
Modelling of energy sectors, which may use gas in the future, is essential in order to
address the overall research question regarding the role renewable gas may play in the
future. Furthermore, the modelling is essential in order to address the sub research
question, which relates to how future energy system configurations may affect gas
consumptions. As highlighted in Chapter 2, Balmorel lacked details on the representation
of the industrial and individual heating sectors. However, during the FutureGas project, the
modelling of a more detailed representation of the industrial and individual sectors is
carried out. While the main modelling was carried out by colleagues in subprojects, the
work carried out as a part of this PhD project contributed. Furthermore, the modelling of
end-use sectors is applied in Article VIII, and to a less extent in Article VII.

Modelling of the industrial sector
The energy transition of the industrial sector is particularly challenging due to, for example,
the heterogeneity of the sector with hard-to-abate high-temperature processes, costefficiency, trade exposure, and the long lifetime of facilities [158]. The industrial sector is
heterogeneous as it consists of diverse industrial processes across branches. Each
particular process is designed to produce a specific product or provide a specific service. It
is, therefore, a difficult task to perform sufficiently detailed modelling of the complex
industrial sector within energy systems modelling, and different approaches are applied,
for example, energy and exergy analysis [159], agent-based modelling [160], and modelling
in national energy systems models with many industrial strings [63], fewer, e.g.
temperature level [65, 66], or a very aggregated representation [9].
An attempt to provide a modelling framework of the industrial sector in a holistic energy
system context is implemented into Balmorel, for the case-study of Denmark. However,
the improved modelling framework of the industrial sector is applicable to other countries
if data is available and with minor adjustments in the modelling structure depending on the
national specific industrial sector.
The case-study of Denmark illustrate the heterogeneity of the industrial sector. In 2015, a
mapping of energy consumption in industrial processes was carried out [161]. In that study,
the industrial sector was represented through 57 sectors, based on 22 end-use processes
and 20 fuel types. However, to implement the industrial sector in a holistic energy system
model, a two-step simplification of the industrial sector is facilitated. In the first step, the
modelling of the industrial sector is, in particular, focused on the process heat, as electricity
and district heating demands are covered in Balmorel. In the second step, aggregation
techniques are applied to group process heat demands into three heat temperatures:




Space heating: 50°C – 90°C
Process heat low: up to 150°C
Process heat high: above 150°C

In the industrial sector, energy is used for various processes and services. In general, the
energy consumption can be divided into, electricity, process heat, heat supplied by district
heating, and energy used for internal transport in the industrial sector. Figure 3.15
illustrates how energy consumption in the industrial sector is included in the Balmorel
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modelling framework. The electricity consumption for lights and engines that already exist
is included in the exogenously provided and projected electricity demand. Similarly, district
heating is already used to heat parts of the industrial demand and is encompassed in the
provided and projected district heating demand. The process heat is modelled separately
using the methodology described in this section. Here, fuels can supply demands, but the
possibility of using electricity and district heating to supply parts of the demands is included
and might be found endogenously as a part of the least-cost optimisation. Finally, the
demand for transport within the industrial sector is excluded from the proposed modelling
framework.

Figure 3.15

Modelling of industrial energy demands in the Balmorel modelling framework

Key point

The different energy demands in the industrial sector are included in Balmorel as follows:
Electricity consumption is included in the electricity demand, space heating can be
supplied by district heating or via individual supply. The main modelling of the industrial
sector is the process heat, which is also further detailed in this section. Finally, the energy
consumption used for transport inside the industrial sector is considered outside the
scope of this analysis.
In the following, the modelling of the process heat in the industrial sector is further
described. Figure 3.16 illustrates a simplified version of the implemented modelling of the
industrial sector, which builds upon the conceptual model developed in Wiese and Baldini
[158]. The figure shows the distinction of the different temperature levels for the
processes, and the various process pathways that might be used in the energy transition,
for example, fuel substitution, electrification and/or energy cascading (utilisation of excess
heat). In addition, energy efficiency can play a role in the future [159], however, as energy
demands are exogenously provided to the model, the measure of energy-efficiency is left
out of the applied modelling framework. The modelling framework thereby includes fuel
substitution, electrification and energy cascading, and thus allows investigation of the
internal competition to supply future cost-efficient pathways.
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Figure 3.16

Conceptual visualisation of the implemented modelling of the process heating in the
industrial sector. The modelling framework builds upon the detailed conceptual model
developed in Wiese and Baldini [158].

Key point

The process heat sector is modelled in Balmorel with its synergies between the sector
and the electricity and district heating systems.
Substitution of fuels, electrification and energy cascading used to supply a certain
temperature process is modelled according to technological constraints. These options are
used in the industrial sector if they contribute to the least-cost solution of the energy
system. Energy cascading is modelled by the transfer of excess heat between processes.
The excess heat can be used to supply space heating or district heating if the industry is
located in connection to a district heating network. The heating temperature can,
furthermore, be increased to a higher temperature level using a heat pump. The heat pump
is used to facilitate the change in temperature level, for example, from excess heat or
district heat, if the industry connected to a district heating network, to low process heat
temperatures. The heat pump is naturally modelled according to the respective technical
characteristics.
The modelling of the industrial sector is integrated into the Balmorel modelling framework
with a hard-link to the objective function, emission budgets, and energy balance equations.
Within the modelling of the industrial sector, a process heat balance equations ensure that
production processes supply end-use demands at all times. Moreover, constraints related
to the process heat technologies are implemented, for example, emission cap or maximum
or minimum fuel use. For example, in the case study of the Danish industry sector, a
minimum use of gas at 4 PJ, either natural gas or its renewable-based alternatives is
implemented for high- and low-temperature industrial processes according to the insights
into the Danish industry sector by the Danish Gas Technological Centre [162].
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Modelling of individual heating in the residential
sector
Gas can be used to supply heating, both space heating and hot water, in the residential
sector. Various fuels and conversion technologies are included in the modelling framework
to represent the competition in production pathways between technology options. Again,
various methodologies have been proposed to model heating in the residential sector,
among others, agent-based modelling [163], heat generation and savings including
investment behaviours with local health costs [164], focusing on heat savings in buildings
using energy systems models [86, 165], or in energy systems models without behavioural
aspects, e.g. [63].
Figure 3.17 illustrates, in a simplified way, the modelling framework implemented in
Balmorel to simulate various production pathways. In general, various fuels can be
converted to supply heat. Depending on the technology and its associated technoeconomic characteristics, for example, full load hours for solar thermal, a combination of
resource inputs and conversion technologies can supply the heat demand. As an attempt
to achieve solutions closer to reality, a willingness-to-shift factor is introduced in the
optimisation of production pathways. In this way, inertia is introduced roughly emulating
peoples' behaviour and, for example, the fact that not all decisions, in reality, are economic
rationale. Additionally, the modelling framework distinguishes between heating supplied
via a radiator or non-radiator systems. Two types of heating demands are modelled,
namely space heating and hot water. Finally, the end-use demand in the modelling
framework is distinguished between single- and multi-family houses.

Figure 3.17

Conceptual modelling framework of individual heating in the residential sector

Key point

Various fuels can be converted to supply heat. There are implemented constraints for
which technologies that can substitute each other. Moreover, a willingness-to-shift
factor is implemented to introduce inertia in the shift between solutions. Finally,
different heating systems supply different demands which are distinguished between
single- and multi-family houses.
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Modelling of gas consumption in the power and
district heating sectors
Gas can be converted to power and heat for district heating purposes using various
conversion technologies implemented in the Balmorel modelling framework. An extensive
representation of unique technologies are representing the conversion of gas to power
and/or district heat in Balmorel, which are characterised by specific techno-economic
parameters, such as operational costs and efficiencies. Herein, 15 different generation
groups can be invested in when performing long-term planning of the power and district
heating. Moreover, due to the modelling framework in CombTech, gases with the same gas
quality, for example, natural gas and biomethane, can be used in the same generation
technologies, as presented in Article VII.
In general, the modelling of gas conversion to power and district heating can be divided
into groups representing conversion characteristics for the technologies, as depicts in
Figure 3.18.

Figure 3.18

Concepts in the modelling of production in the power and district heating sectors

Key point

The power can be generated by power only plants or via co-generation in combined heat
and power (CHP) plants. Likewise, heat can be produced by heat only production or by
heat production from CHP plants.
Condensing plants are only generating power. Heat only boilers in the district heating
supply might use gas to produce heat. In addition, for example, gas absorption heat pumps
or power-to-heat technologies can likewise provide heat to the district heating network. In
the modelling of the power and district heating supply mix, two types of combined heat
and power plants are modelled, namely backpressure and extraction plants. Backpressure
plants operate with a fixed ration between power and heat outputs. Extractions are more
flexible in the sense that they can operate within an operating area where the output ratio
between heat and power can be varied according to the system needs.
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Summarising of the developed and
improved modelling frameworks
During this PhD project, energy systems modelling frameworks have been developed and
improved, in particular, to encompass modelling of the gas system as an integrated part of
the future energy system. The developments and improvements are primarily
implemented in the energy systems model, Balmorel (Article I), and can be summarised to:
Improved modelling of renewable gas and liquid fuel production pathways
Detailed modelling of the network from locally distributed biomass resources, transported
to produce renewable gas and liquid fuels (Article IV), including an extensive representation
of electrofuels (Article V), while taking synergies between the conversion technologies and
the electricity and district heating system into account.
Modelling of energy consumption in energy sectors under uncertainty
Modelling of energy sectors, where the use of gas may play a key role in the future, for
example, in the electricity and district heating systems (Article VII), and industrial and
individual sectors, while assessing the inherent uncertainty related to the use of gas in the
future (Article VIII).
Modelling methodology regarding the foresight ability in long-term energy planning
Modelling of varying planning foresight horizon to assess the impacts on decision making
in the energy transition (Article III).
Documentation of state-of-the-art open-source energy system model and data
Contribute to increased transparency in the field of energy systems modelling and analyses
by providing documentation of an open-source state-of-the-art energy systems model
(Article I), and open-source high-quality input data for energy modelling (Article II).
Modelling of the gas transmission infrastructure
The detailed gas flow modelling is excluded from the Balmorel modelling framework.
However, the GasMo model is developed to investigate the dynamics in the gas
transmission system (Article VI).
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In this past, Balmorel has primarily been used to conduct analyses on the integrated
electricity and district heating systems. A significant contribution of this PhD project is the
enhanced modelling framework to encompass improved modelling of the gas system as an
integrated part of the future energy system. Figure 3.19 visualises the Balmorel modelling
framework before this PhD project (top), and the developed and improved modelling
framework after this PhD project (bottom).

Figure 3.19

Balmorel modelling framework before this PhD project (top), and the developed and
improved modelling framework after this PhD project (bottom).

Key point

The figure illustrates the extensive modelling improvements and developments
conducted during this PhD study. The Balmorel modelling framework now encompasses
a detailed representation of the as an integrated part of the energy system. The new
modelling framework can now be applied to conduct comprehensive assessments of the
role gas may play in the Danish energy transition.
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This PhD project improves the current state of modelling gas as an integrated part of the
energy systems by combining features of Balmorel with the developed and improved
modelling contributions. The complete and novel modelling framework from this PhD study
encompasses thereby the following pivotal features for energy systems modelling,
including improved representation of the gas system:
















Modelling future integrated energy systems with a strong representation of the
electricity and district heating sectors, and the improved representation of sectors
which potentially may consume gas in the future, i.e. industrial, residential and
liquid fuel for transportation sectors.
Modelling of a comprehensive representation the network from sustainable
locally distributed biomass resources, the transportation of resources across
geography, to produce renewable gas and liquid fuels including electrofuels, while
modelling interactions between the renewable gas and liquid fuel production
technologies and the electricity and district heating sectors.
Modelling with a detailed national geographic resolution, which enables modelling
of the restrictions related to the availability of local biomass resources and district
heating.
Modelling of a large geographical area, with surrounding countries, thereby
enabling endogenously computed electricity prices.
Modelling of integrated energy systems with the possibility of a high temporal
resolution, a crucial feature to capture fluctuations in production from variable
renewable energy sources, the variations in electricity and district heating prices,
and thereby the dynamic, flexible use of conversion technologies, such as powerto-heat, power-to-gas, or power-to-liquids.
Modelling of the decommissioning of existing plants, based on life-time, economic
incentives or through energy and climate policy targets, enable the modelling of a
gradual transition towards scenarios with increased production shares from
renewable energy sources.
Modelling Investment optimisation along with operation optimisation. As future
energy systems become increasingly integrated, optimisation of investment
decisions in the energy systems can provide valuable insight into future trends in
the energy sector.
Modelling with varying investment planning foresight, i.e. myopic, limited or
perfect foresight over the modelling horizon, to simulate investment decisions
closer to a real-life approach.
Modelling of dynamics in the gas transmission systems, with a representation of
decentralised renewable gas production, compressors, physical bi-directional gas
flows, line-packing, large-scale storage facilities, and trade to adjacent gas markets
Although the transport sector is not directly modelling in this PhD project, the
developed modelling framework has been soft-linked to the TIMES-DK energy
systems model to cover the complete energy system, including the transport
sector.

This PhD project thereby contributes to the research field of integrated energy systems
modelling by the improved modelling framework, which now can be applied for
comprehensive assessments of Danish energy transition scenarios, including improved
representation of the gas system.
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Chapter 4.
Energy data sets
The results from an energy system analysis depend on the input data. Therefore, during this PhD project,
an extensive amount of data has been collected. This chapter provides a brief overview of the main data
parameters and the overall workflows applied to process the input data. To narrow the description of the
input data, the overall data assumptions applied for two different modelling set-ups are highlighted: 1)
the overall data processing flow for capacities in the core Balmorel model (Article II); 2) LCOE calculations
for conversion pathways of renewable gas and liquid fuel production, included in Articles IV and V.

Main input data in energy modelling
During this PhD project, an extensive amount of data has been collected. The
comprehensive set of input data has been applied within energy system modelling
frameworks to conduct assessments of future energy system scenarios. The main input
data assumptions are highlighted within each of the Articles III-VIII. However, due to the
comprehensiveness of the collected and applied energy data, only a brief overview of the
main data parameters and the overall workflow of the input data processing, is highlighted
in this Chapter.
In the literature, there is increased attention on the importance of open data and energy
system models [103], and that energy scientists much be transparent and show their work
[105]. By developing open-source data [166] and energy system models [106], public
transparency and scientific reproducibility are ensured [167], essentially opening the black
box of energy system modelling and analyses [104].
The input data for energy system modelling of future energy scenarios consist of data for
the current system and data the estimated development into the future. Figure 4.1 serves
as an overview grouping the data categories in the space of parameter change in the future
and uncertainty in quantification. Real, though aggregated data are used to represent the
current installed capacities. However, an inherent uncertainty appears in the estimation of
resource potentials. Heading towards the future, a wide variety of potential development
is integrated into the estimation of, for example, technology data, energy demands and
fuel prices.
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Figure 4.1

The categorisation of input data in the space between the change of parameters in the
future and the uncertainty in quantification

Key point

The different groups of data differ in the uncertainty related to the quantification as well
as how much the parameters change in the future.
To narrow the description of the input data in this PhD thesis, the remainder of this chapter
provides a brief description of the main data assumptions applied for two different
modelling set-ups: the core Balmorel model (Article II) and the modelling of renewable gas
and liquid fuel production (Articles IV and V). However, a thorough description of the data
used to conduct the specific assessments appears in the respective articles (Articles III –
VIII).

Core Balmorel model: electricity and district heating
sectors
A comprehensive data set is collected and applied in the core Balmorel model to represent
the electricity and district heating sectors. The description of the main data in Balmorel is
primarily provided in Article II, and the Balmorel model is applied to simulate the electricity
and district heating sector in the Articles III, IV, V, VII, and VIII. The dataset in Balmorel
is technology-rich, and the following description will primarily focus on the technology data
characterisation and workflow for current installed capacities. The scenario dependent
parameters, such as fuel prices and energy demands, are left out of this description but
can be found in the respective articles.
The core Balmorel data set represents the electricity and district heating sectors of thirteen
European countries. Depending on the research question at hand, all countries can be
included in the energy system analysis (see Article III) or the geographical scope can be
limited, for example, to the Nordic+Germany region (see Articles IV, V, VII and VIII).
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Technology data
The Balmorel data set for the electricity and district heating sectors encompass an
extensive representation of various technologies, which counts 1189 unique technologies,
as shown in Figure 4.2. The current installed technology stock is represented by 620 unique
technologies. Balmorel allows optimisation of investment decisions, and here 569 unique
investment options can potentially be invested in and thereby impacts the future energy
mix.

Figure 4.2

Overview of technology data for the electricity and district heating sectors in Balmorel

Key point

The overview highlight the comprehensive dataset which has been collected and is
applied in the Balmorel model to represent the current and analyse the future electricity
and district heating systems.
The technologies are represented using state-of-the-art and high-quality techno-economic
parameters, as these input parameters are pivotal for computing reliable operation and
investments decisions in the electricity and district heating sectors. The techno-economic
parameters are collected from various sources; however, the main sources for the input
parameters are the coherent Energy Technology Catalogues [168, 169].

Installed capacities
Today's installed energy capacities are crucial for a realistic simulation of the operation of
the current system as well as for the design of the energy system of tomorrow. Thus, efforts
have been made to collect reliable data for the current installed energy capacities. The
already existing capacities were compiled from different sources for different countries.
By assuming a defined lifetime, we derived the remaining installed capacities of the power
plants in future years. Figure 4.3 provides, in a simplified way, the workflow for processing
installed generation capacities for the example of Germany.
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Figure 4.3

Workflow for processing installed generation capacities: the example of Germany.

Key point

Several steps are made in the process from raw data to input data for energy modelling.

Comparative evaluation of results
and historical data
The results of the electricity generation obtained from the Balmorel model is compared to
historical data for the year 2016. The Balmorel model is optimised for every second week
and every second hour, and the 2184 timeslices thereby represent the full year. The
electricity generation is compared to the historical data from the ENTSO-E database and is
displayed in Figure 4.4.

Figure 4.4

Comparison of electricity generation from Balmorel and historical data for the year 2016

Key point

The electricity production levels and mix compare to historical data but with differences.
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Figure 4.4 depicts the obtained electricity generation by Balmorel and metrics reported to
ENTSO-E [170]. In general, the electricity production levels and electricity mix are in line
with the historical data but with differences.
The limited modelling scope in Balmorel can partly explain the difference in the total level
of production. Italy is currently outside the scope of the Balmorel model, which is used in
this comparative analysis. However, Italy was importing 37 TWh in 2016 primarily from
adjacent markets in the North and to the West [170]. Other factors might also influence
the total levels of production, for example, the assumptions regarding electricity grid
losses.
The Balmorel model was simulated as a linear programming model. Thus, modelling
features like unit commitment was not a part of the optimisation. Unit commitment is,
however, an integrated part of Balmorel but is computational heavy. The model simulation
took 32 hours to solve, and thus it was decided not to increase the computational burden.
However, the results show that less use of gas appears in the Balmorel results, which might
be associated with the constrained modelling approach or with the input data, for example,
the standardised generation and production profiles that might differ from the actual
behaviour. The modelling results, therefore, also showed subdued fluctuations in the
computed electricity prices compared to the actual electricity seen in 2016.
Figure 4.5 depicts the dynamics in the electricity systems for the case of the Western
Denmark electricity region (DK1), which was connected to the electricity markets in
Germany, Norway and Sweden in 2016. The figure illustrates a system which already had a
significant generation from wind in 2016. Furthermore, the electricity region is balanced
by the use of dispatchable generation and with the trade of electricity.

Figure 4.5

Dynamics in the electricity systems for the case of the Western Denmark electricity region
(DK1)

Key point

The Danish system had already a significant generation from wind in 2016. Hourly
variations are balanced by the use of dispatchable generation and with the trade of
electricity.
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Main data for modelling production of renewable gas
and liquid fuels
A central contribution from this PhD project to the scientific field of energy system
modelling is the modelling of renewable gas and liquid fuels in future integrated energy
systems. This section briefly presents some of the main data input parameters, while a
thorough description of main input data is presented in the Articles IV and V. In addition
to the data described in the main article, supplementary materials to the respective articles
are made and include, for example, further information regarding the techno-economic
data for renewable gas and liquid fuel conversion technologies, an extensive technology
catalogue for electrofuel production, and a mapping of available biomass resources.

Techno-economic parameters and levelised cost of energy (LCOE) for
conversion technologies
Instead of listing all techno-economic parameters for all renewable gas and liquid fuel
conversion technologies, the levelised cost of energy (LCOE) is presented for the year 2050.
The purpose of the LCOE calculations is twofold. Firstly, the LCOE calculations are used to
evaluate the techno-economic input parameters by comparing the results with other
findings in the literature. Secondly, based on the calculated LCOE’s, a pre-comparison of
production costs of various conversion pathways are made. The LCOE provide indications
of production costs but are leaving out dynamics in the energy system, which potentially
can impact the fuel production costs, such as, hourly dependent electricity and district
heating prices, and utilisation of storage facilities.
Figure 4.6 displays the levelised costs of producing various renewable gas and renewable
liquid fuel conversion pathways.

Figure 4.6

LCOE for renewable gas and liquid fuel conversion pathways
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LCOE of renewable gas (top) and liquid fuel (bottom) conversion pathways.

Key point

Main assumptions: A 4 % discount rate and 20 years economic lifetime is applied to
annualise investment costs. The electricity and district heating prices are assumed to be
at around 40 €/MWh and 8.05 €/GJ, respectively. The electrolysis used in the liquid fuel
production pathways is assumed not to operate during price peak periods, and the
electricity price is assumed to be at 30.1 €/MWh with 800 FLH.
The price of straw for biogas plant is assumed to be at 6.8 €/GJ, while the price level of
the biomass mix used in the liquid fuel conversion plants is assumed as a weighted
average biomass cost of 8.99 €/GJ. Biogas is assumed to be produced via anaerobic codigestion of manure and deep litter, assuming 10 km transportation of resources to the
biogas plant.
Costs related to storage are excluded in the LCOE calculations.
Production costs of renewable gas
The LCOE indicates that biomethane upgraded via CO2-removal is the cheapest option, at
a level around 12 €/GJ by 2050. Furthermore, the results indicate that biomethane
upgraded using hydrogen produced from electrons in the methanation process has a
higher production cost at around 13 €/GJ.
In this literature, several studies have presented cost estimates for producing biomethane.
At a European level, Blanco et al. [171] investigate the role of power-to-methane in various
emission reduction scenarios and find different production costs of renewable methane, in
most scenarios with an average production price ranging between around 12 €/GJ to 23
€/GJ. The realistic scenarios, however, identifies an average power-to-methane price at
around 12.5 €/GJ. In a Danish context, Jensen and Skovsgaard [99] use a biomethane cost
between 11.9 €/GJ and 13.0 €/GJ, which are based on a detailed supply chain model for a
biogas plant [172]. Korberg et al. [173] use a cost of biomethane by 2050 between 10 €/GJ
and 15.9 €/GJ, while Ea Energy Analyses [139] estimate the production cost to 15.2 €/GJ 16.5 €/GJ by 2050. To establish a benchmark, the Danish Energy Agency made a study in
2016 which investigated, amongst others, the production costs of seven Danish biogas
plants [174, 175]. Six of the biogas plants produced biogas 11.4 €/GJ to 23.4 €/GJ [174,
175]. The study provides insight into the spread of production costs, which depends on
factors, such as, the transport distance of resources and the supply mix of energy resources
into the anaerobic digestion.
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Production costs of renewable liquid fuels
The LCOE calculations for 2050 presented in Figure 4.6 show a cost of producing liquid fuels
ranging between 20 €/GJ to 30 €/GJ, depending on the conversion pathway.
The LCOE indicates that biomethanol produced as an electrofuel and biooil from
hydrothermal liquefaction is the least-cost conversion options. For electrofuels, when
assuming 8000 full load operating hours and an average electricity price of 30 €/MWh, the
electricity costs holds a significant share of the overall costs. However, reducing the full
load hours and electricity prices accordingly, the investment costs and O&M costs
represents a substantial share of the costs of producing the electrofuel, as discussed in
Article V.
In the literature, the cost of producing liquid fuels, including electrofuels, are presented in
several studies. Brynolf et al. [176] review production of electrofuels for the transport
sector and identifies a significant spread in estimated costs, ranging from production cost
of 2 €/GJ to 972 €/GJ, which is a consequence of different assumptions, for example,
regarding TRL, installation costs and other external factors. To synthesise the assumptions,
Brynolf et al. [176] estimate the cost of producing electrofuels in the area in between 44
€/GJ to 58 €/GJ by 2030. The estimates by Brynolf et al. [176] for the year 2030 is slightly
higher than results presented by the Agora Energiewende [177], that finds the cost of
producing synthetic liquid fuel in the North Sea region using offshore wind at the level
around 40 €/GJ to 50 €/GJ by 2030 when using the optimistic and reference scenarios.
Agora Energiewende [177], furthermore, estimates the production costs by 2050 for the
same region and scenarios to be in the area of 30 €/GJ – 38 €/GJ when using direct air
capture, while relying on a concentrated CO2 point source the costs estimates reduces to
around 23 €/GJ to 29 €/GJ.
In a Danish context, the costs of producing pure electrofuels are estimated to 29 €/GJ by
2050 in Ridjan et al. [178, 143]. The cost of producing pure electrofuels computed in Article
V and presented in Figure 4.6 includes a broader range of various pure electrofuels
compared to the previous cost estimates for 2050 in the literature. However, the costs
estimates for producing pure electrofuels by 2050 are ranging between 23 €/GJ and 28
€/GJ, as shown in Figure 4.6, and thus is in line with other LCOE estimates in the literature.
In addition to the production costs of pure electrofuels, the LCOE reveal that methanol
produced using biomass in a thermal gasification process and additional hydrogen in the
methanol synthesis yields in the lowest LCOE under the given input assumptions. The LCOE
for the bio-EMethanol fuel was calculated to around 20 €/GJ, which is the same finding as
in Ridjan et al. [178, 143]. In addition, Energinet [141] investigated the production pattern
at different fuel selling prices and found that bio-EMethanol would be produced at a selling
price at 26 €/GJ but not produced at a price level at 22 €/GJ for the year 2035.
For biofuels, without additional hydrogen, second-generation biodiesel is computed to a
level around 26 €/GJ, which is comparable to costs estimates by Ridjan et al. [178, 143] and
the Danish Energy Agency [179], who found the cost level around 27.5 €/GJ and 29 €/GJ,
respectively. The cost of producing second-generation bioethanol is calculated to around
30, which compares to an estimated production cost by the Danish Energy Agency [179] at
around 34 €/GJ. Finally, biooil produced via hydrothermal liquefaction is estimated to
around 22 €/GJ, which compares to the estimation by Danish Energy Agency [179].

Overall, the comparison above, therefore, show that the estimated levelised costs of
producing renewable gas and liquid fuels are in line with values found in the literature.
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Chapter 5.
Key results
This chapter highlights key results obtained from the developed modelling frameworks. The presented
key results are categorised by the four main themes:
i) Consequences of imperfect foresight in long-term energy planning;
ii) Renewable gas and liquid fuel production;
iii) Gas transmission infrastructure;
iv) Gas consumption in future Danish energy systems;

Consequences of imperfect foresight
in long-term energy planning
Energy system models can be valuable insights into future trends in the energy sector and
thereby support strategic decision-making in the energy industry. This section elucidates
the key findings, from Article III, which assess the impact of varying foresight for decisionmaking in energy systems planning.
The study contributes to the scientific debate by applying the approach of rolling planning
horizon in long-term energy system models, which allow the model to be solved using
either imperfect foresight, i.e. myopic and limited, or full planning foresight horizons. The
approach is applied in the large-scale energy system model, Balmorel, using a case study
of twelve North-west European electricity and district heating systems. The impact of the
different foresight attitudes on the energy transition pathways is evaluated by both
economic and environmental consequences, thus providing novel insights for the
implications for energy systems modellers, as well as for decision-makers in their strategic
decision making.
The case study represents a storyline for plausible energy futures. A socio-economic
discount rate at 4 % is applied, as well as developments in technologies, fuel prices and
policies, for example, regarding phase-out of coal and lignite in Germany in 2038 and
emissions from the power and district heating sectors in all countries is zero by 2050.
Additional input parameters are provided in Article III. The study considers the energy
transition for the period from 2020 to 2050, with 5-year intervals, and the impact of a
rolling planning horizon is assessed using three scenarios representing different planning
horizon, as presented in Table 5-1.
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Foresight in the different scenarios
Foresight horizon
Myopic
(1 year)

Myopic

64

Limited
(10 years)

Full
(until 2050)

X

Limited

X

Full

X

The economics and climate may be affected by the possibility of looking ahead
Figure 5.1a illustrates the results regarding the aggregated non-discounted capital
investment costs in new generation capacity and the cumulative CO2 emissions depending
on the three different planning foresight horizons. These comparative metrics are
normalised to the scenario applying the limited foresight planning horizon.

Figure 5.1

The economics, climate and fuel mix may be affected by the possibility of looking ahead

(a) Comparative assessment of discrepancies in aggregated
non-discounted generation investments costs (shown as
dots) and the evolution of cumulative CO2 emissions
(shown as areas) across scenarios, optimised using various
foresight approaches.

Key point

(b) total annual fuel consumption

The results regarding capital costs and CO2 emissions are affected by the different
planning foresight. Furthermore, a more rapid shift towards reducing the use of fossil
fuels occur with longer foresight horizons.
Applying full foresight provides the system with the lowest investment costs. In contracts,
myopic planning foresight provides a cost-inefficient solution, with 12 % higher aggregated
non-discounted generation capital costs compared to the limited foresight scenario. This
result underpins the risk of a sub-optimal solution when performing myopic decisionmaking. Furthermore, applying a limited planning horizon in the considered scenario setup
yields 4 % higher investment costs compared to the perfect foresight scenario.
The cumulative annual CO2 emissions are normalised to the limited foresight scenarios,
which is illustrated in Figure 5.1a. The results show that the system configuration computed
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with the myopic foresight obtain around 10 % higher emissions compared to the limited
foresight scenario, while the full foresight scenario identifies a solution with 10 % lower
emissions. The tendency illustrated in these results, under the analysed system conditions,
shows that increasing foresight ability reduce emissions from the system. This result
highlights potential benefits when formulating consistent long-term policy targets, which
essentially creates initiatives for strategic investment decisions. Furthermore, it stresses
the importance of energy system modellers to carefully choosing a representative planning
horizon when designing scenarios for the energy transition.

Tomorrow’s energy mix
The energy mix of tomorrow can depend on the foresight ability, both in real-life and within
energy system modelling. Figure 5.1b presents the annual fuel consumption of the
investigated scenarios. The results show that increasing foresight leads to less use for fuels
for electricity and district heat production. An announced target of closing down coal
power production in Germany yields alignment of the scenarios in 2040. The increased
deployment of variable renewable energy generation, primarily wind and solar, pave the
way for carbon neutrality in the future.

Value of the future
The discount rate is a critical parameter in the evaluation of energy projects and can
potentially influence the solution of the energy system configuration. Thus, a sensitivity
analysis, testing the three different foresight scenarios in combination with different socioeconomic discount rates, i.e. 2 %, 4 %, and 6 %, is performed. The results of the sensitivity
analysis are presented in Figure 5.2.

Figure 5.2

Sensitivity analysis enlighten the influence on the cumulative CO2 emissions and
aggregated non-discounted generation capital costs by varying the socio-economic
discount rate on the scenarios with different knowledge about the future

(a) Varying the socio-economic discount rate influences
the paths for cumulative CO2 emissions depending on the
possibility of looking ahead

Key point

(b) The choice of socio-economic discount rate affects the
investment decision pathways for generation capacity
depending on the knowledge about the future

Significant impacts on the aggregated non-discounted investment costs and cumulative
CO2-emissions are identified when varying the combination of foresight ability and
discount rate.
Figure 5.2 shows significant impacts on the aggregated non-discounted investment costs
and cumulative CO2-emissions, by varying the combination of foresight ability and discount
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rate. Highest discrepancies are identified when comparing the full foresight scenario
applying a socio-economic discount rate at 2 %, with the myopic foresight scenario with a
6 % discount rate. The results show a different up to 82 % in the accumulated investment
costs and 56 % in cumulative CO2-emissions.
The findings in this study prove the strength of the rolling planning horizon concept in longterm energy systems planning, which is subject to energy and environmental policy targets.
In this way, the study provides novel insights into the implications both for energy
modellers but also strategic decision-makers. The findings, furthermore, stresses the
urgent and crucial need for energy system modellers to choose both foresight ability and
socio-economic discount rate carefully, due to the real-world application. Furthermore, it
also stresses the need for clear and well-defined policy frameworks regarding emission
reduction obligations to provide transparency for strategic investment decisions, which can
pave the way for cost-efficient and sustainable pathways towards a climate-neutral system
in the future.
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Renewable gas and liquid fuel
production
The extensive modelling framework of conversion chains to renewable gas and liquid,
developed in OptiFlow-Balmorel, is utilised to investigate various production pathways in
future renewable-based energy systems supplying exogenously defined energy demands.
The results of renewable gas and liquid production pathways are obtained by a cosimulation of OptiFlow and Balmorel. There is a thorough description of all results related
to the production of renewable gas and liquid fuels in the Articles IV and V. The BalmorelOptiFlow modelling framework allows synergies across energy systems, where renewable
gas and liquid fuels production pathways are evaluated taking into account the integration
with the electricity and district heating system. A research contribution with the modelling
framework integrated into OptiFlow is the high spatiotemporal resolution, which allows a
detailed assessment of the utilisation of locally distributed sustainable biomass resources,
which are transported and subsequently converted into gas and liquid fuel energy vectors.
Focusing on a climate-neutral Danish energy system by 2050, Balmorel-OptiFlow is applied
to simulate case-studies, which are conducted to investigate potential production
pathways in future renewable-based energy systems. The investigated scenarios are
presented in Table 5-2.

Table 5-2

Scenario names and descriptions of the scenarios constituting the case-studies. A
combination of scenarios and results from the Articles IV and V is presented

Scenario name

Scenario description

Baseline

High gas demand, in particular in the industrial sector. Anaerobic digestion plants are commercially
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.

BioJet

Biojet fuels are produced in Denmark, simulating a future where all liquid fuels required to supply
Danish transportation demands are produced in Denmark.

HighLiqDemand
-NoBioImp

High demand for liquid fuel in the transportation sector, but the import of biomass or liquid fuels are
not allowed
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Energy flows in the Danish energy system by 2050 under specified scenario conditions
Figure 5.3 depicts the Danish annual energy flows from resources through conversion
processes to satisfy exogenous energy demands, in the Baseline and the BioJet scenarios.

Figure 5.3

Danish annual energy flows from resources through conversion processes to enddemands, visualised for the plausible Baseline and BioJet scenarios by 2050

Key point

Annual energy flows for Danish climate-neutral energy scenarios. Electricity is primarily produced
from VRE and district heating is produced via power-to-heat, excess heat and from municipal solid
waste. Renewable gas is produced by a mix of input feedstocks and upgraded both using CO2removal and methanation, depending on the scenario. There is high pressure on the national
biomass resource in the BioJet scenario, where methanol produced as a biomass-based
electrofuel is the least-cost option to supply liquid fuel demands except the aviation demand.
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Figure 5.3 shows that Danish electricity primarily is produced from variable renewable
energy sources. Additionally, a build-out of electricity transmission capacities provides
flexibility to the power systems and enable balancing of the power system at each timestep. Heat for district heating is primarily produced via power-to-heat technologies,
municipal waste and excess heating from industries, data centres and refineries. The
generation and utilisation of excess heat are higher in the BioJet scenario compared to the
Baseline scenario, as a consequence of higher liquid fuel demand in the transportation
sector, which is supplied by technologies generating excess in the process.

Renewable gas and liquid fuel production with associated utilisation of energy resources
Figure 5.3 shows that, in the Baseline scenario, a gas demand at 75 PJ is supplied by
biomethane produced via anaerobic digestion, which subsequently is upgraded via
methanation and CO2 removal processes. A variety of biomass resources are used in the
feedstock for the biogas plants, where a maximum dry matter content in the mixture is
ensured through constraints. In the BioJet scenario, the gas demand is reduced to 25 PJ,
which is a low gas demand in the future. Again the gas demand is satisfied using a variety
of biomass resources in the biogas plants that are upgraded using water scrubbing to
remove the CO2. While straw is used in an anaerobic digestion process to produce biogas
in the Baseline scenario, straw is used in thermal gasification plants downstream for liquid
fuel production in the BioJet scenario.
Further insights into annual Danish utilisation of biomass resources to produce renewable
liquid fuels are provided in Figure 5.4.

Figure 5.4

Fuel production and resource use for three of the investigated scenarios

Key point

There is high pressure on the Danish biomass resource, which consequently lead to the
results that electrofuels are needed in a climate-neutral Danish energy system.
Furthermore, the results show that E-biomethanol is the least-cost option.
In addition to the highlighted findings presented for the Baseline and Biojet scenarios, a
general finding is that biomethanol, produced as an electrofuel, show promising
production potentials, as an affordable option in the future. In the production of
biomethanol, which is produced as an electrofuel, a thermal gasification plant as well as an
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electrolyser, here SOEC, is utilised downstream. Due to the current status and TRL of these
technologies, developments are required to achieve cost-efficient production in the future.
Biojet fuel is produced according to specified exogenous demands (here 57 PJ in 2050),
which utilise domestic available biomass resources and finds import of wood pellets to be
the most cost-efficient way of supplying demands. To address the challenge of importing
biomass, as well as the need for sustainable carbon in the future, a high liquid demand with
no import of biomass scenario, HighLiqDemand-NoBioImp, is conducted. In this scenario,
the maritime demand is satisfied using the carbon-free and nitrogen-based ammonia.
Biojet fuel is produced using electron-based hydrogen, to boost the production of biojet
fuel from the limited biomass resources. Electrofuels is produced to supply the remaining
transportation demand, where methanol, gasoline and diesel are produced across the
country to utilise the distributed carbon and biomass potentials, where even carbon
capture from the air is utilised.

Detailed spatial resolution in Balmorel-OptiFlow
Balmorel-OptiFlow contributes to the research field by allowing assessment of renewable
gas and liquid fuel production pathways with a high spatiotemporal resolution, while
synergies with the electricity and district heating system into account. In this way, results
obtained by the optimisation provide novel insights regarding cost-efficient locations of
conversion plants, compared to traditional use of more aggregated resource potentials
found in the literature, see literature overview in Article IV.
Figure 5.5 presents results regarding the distributed production of biogas and biojet fuel in
the Baseline and BioJet scenario, respectively.
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(a) Biogas production in the Baseline scenario
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(b) Biojet production in the BioJet scenario

The high spatial energy system analysis shows that biogas plants would be located in the
countryside, as the costs of transporting manure are a determining factor. Furthermore,
biorefineries would be located near larger cities to benefit from economy of scale and
have access to large district heating networks.
Figure 5.5 displays the geographical location of conversion plants, which is an outcome of
the optimisation in Balmorel-OptiFlow, where transportation of resources across
geography is an integrated part of the optimisation.
Results show that biogas production primarily occurs distributed across Western Jutland,
which is where the livestock farms are. Manure is the central element in biogas production,
and is the dominant resource, by mass, which is transported to the biogas plant. Manure is
a low energy content resource due to high water content and therefore has high
transportation costs per energy unit. Balmorel-OptiFlow includes transportation costs in
the optimisation, which results in the tendency that biogas plants are located near
collection areas of manure, which is where the livestock farms are located. Locating biogas
plants near livestock farms raises the challenge regarding the connection of the biogas
plants to the Danish gas pipeline infrastructure or directly to an end-consumer. However,
the Danish gas pipeline network covers a large geographical area, as visualised in Article
VI. The findings are furthermore in line with the current trend in Denmark as well as
previous studies, which utilises a different and static approach [180]. While the
geographical location of manure is a determining factor for the location of biogas plants,
resources with higher energy content, such as organic waste or straw tend to be
economically viable to transport over longer distances. For example, the highest
generation of organic waste occurs in larger cities, where organic waste is collected and
subsequently transported to biogas plants, to be used as co-substrate.
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Refineries producing liquid fuels are located in near large district heating networks, in order
to utilise the excess heat efficiently in the heat supply through district heating pipes. The
highest production of biojet fuel appears in the area connected to the district heating
network with highest heat demands. It is user-defined that investments in refinery
processes can occur in the six larger district heating networks. This choice is made since
excess heat can be sold to the district heating network, essentially generating an additional
revenue stream, and that refinery plants benefit from economy of scale. The computed
capacities are compared to capacity sizes, which represents the implemented technoeconomic parameters for the refinery plants, and were deemed within the standard
capacities of the refinery plants, and thus suitable for the assessment. Additionally, the
modelling framework in Balmorel-OptiFlow enables discrete investments decisions in
defined capacities by solving the models as a MILP optimisation. This analysis was
performed to validate the results obtained by the LP optimisation. The results from the
MILP optimisation was similar to the findings by the LP optimisation. Therefore, due to
significantly higher computation times, for the MILP optimisation, all results presented are
obtained by the LP optimisation.

Using excess heat in district heating networks
Applying a spatial resolution in the modelling allows assessments of using excess heat from,
for example, conversion technologies, data centres and industries, in the district heating
networks. The results show that excess heat can contribute significantly to supply the
Danish demand for district heating. Figure 5.6 depicts the computed spatial locationspecific contribution of excess heat from conversion technologies (Figure 5.6a) and
combined contribution of excess heat from conversion technologies, data centres, and
industries (Figure 5.6b) by 2050 in the BioJet scenario.
The potential use of excess heat from data centres is highly uncertain, both regarding
energy and location. It is assumed that a maximum potential of excess heat from data
centres at 29 PJ in 2050 is available, with an equal split between the five large district
heating networks in Western Denmark, i.e. Odense, Aarhus, Aalborg, Esbjerg, Herning, and
the area around Kolding and Fredericia. The availability of excess heat from industries is
adopted from [130]. The use of excess heat is optimised as a part of OptiFlow.
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Excess heat from refineries, data centres and industries in a future Danish BioJet scenario
by 2050

(a) Excess heat from biorefinery processes in
OptiFlow in the BioJet scenario.
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(b) Excess heat from biorefineries, data centres
and industries in the BioJet scenario.

Excess heat from several sources, i.e. biorefineries, data centres and industries, can
supply a significant share of the Danish district heating demand by 2050. The excess heat
is primarily used in connection to the larger district heating networks.
In the BioJet scenario, excess heat supplies a significant share, i.e. 35 %, of the Danish
district heating demand by 2050, which is the highest contribution of all the investigated
scenarios. In this scenario would biorefineries contribute with 21 %, data centres worth 13
% and the remaining share would come from other industries. In comparison, in the
Baseline scenario, excess heat would account for 21 % of the district heat supply. The
significant constant supply of excess heat from these sectors would result in a higher
reliance on thermal storage facilities. As previously mentioned, the use of excess heat
appears particularly in connection to the district heating networks around the largest cities
in Denmark.

Hourly dynamics in the energy system
The Balmorel-OptiFlow modelling framework permits assessments of the energy system
with an hourly time resolution. Figure 5.7 depicts the Danish electricity generation, trade,
and price as well as hydrogen production in Liquid Biofuel scenario for two representative
weeks. The figure illustrates the dynamic relations between electricity generations from
variable renewable energy sources affects the electricity price and trade. Furthermore, the
figure illustrates how the dynamic relations in the electricity systems have an impact on
the production of the hydrogen production, i.e. power-to-hydrogen.
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Figure 5.7

Hourly dynamics in the energy system, with a focus on electricity production, trade, prices
and hydrogen production in the Liquid Biofuel scenario

Key point

The electricity production by 2050 is dominated by production from variable renewable
energy sources, i.e. wind and solar. The hourly dynamics illustrate that hydrogen is not
produced in periods with high electricity prices. During these high electricity price
periods, hydrogen, from hydrogen storages, is used in the production of liquid fuels.
Figure 5.7 depicts the dynamics in the electricity system for two representative weeks, i.e.
a summer week (week 22) and a week during wintertime (week 49). During the summer
week, solar PV generates electricity during day time, where also electricity is exported to
adjacent electricity markets, and electricity prices tend to be lower. During night hours, the
picture is changed, where electricity is imported at higher electricity prices. The conversion
from power to hydrogen stops in periods with higher electricity prices, which occur in this
scenario during the night hours. During the week in the wintertime, the electricity
generation is dominated by an extensive production from wind turbines, yielding low
electricity prices and with trade to surrounding electricity markets.

Sensitivity analysis on the impacts of high spatial resolution for liquid fuel production
The findings regarding locations of biogas plants were that the transportation of, in
particular, low energy content resources had a significant impact on the location of biogas
plants.
Refinery processes can utilise, for example, straw, where the resource potentials are
defined at a municipality level in the modelling framework. Moreover, refinery plants might
benefit from being located near large district heating grids. In the literature, a limited focus
has been paid to the importance of modelling liquid fuel production pathways with high
spatial resolution.
Therefore, a sensitivity analysis is conducted to assess the differences in location of refinery
plants, depending on the level of details regarding the spatial distribution of straw
availability. This sensitivity analysis consists of two scenarios; the first is where the straw
potential is distributed across municipalities, and the second is where the entire straw
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potential is defined as one potential at the country level, where an average transport cost
of 0.11 EUR/GJ [130] is utilised. The results regarding the differences in location of refinery
plants for the two analysed scenarios are displayed in Figure 5.8.

Figure 5.8

Sensitivity analysis on the importance of high spatial resolution when optimising
renewable liquid fuel production pathways

(a) Straw potentials at the municipality level

Key point

(b) Straw potentials at the national level

The figure shows that production of liquid fuels is centred on three production areas
when straw potentials are provided at a national level, while liquid fuels are produced in
six different areas when the straw potentials are provided at a municipality level. The
consequences of these results depend on the research question at hand.
The results obtained by the two scenarios show that the liquid fuel production in Aalborg
in the North if Jutland (Western Denmark), and South of Jutland, i.e. Esbjerg, and the area
around Kolding and Fredericia, do not occur when aggregating the resource potentials.
The results show that biorefineries are located in connection to district heating networks
and that the highest liquid fuel production occurs in the area with the highest district
heating demand and lowest supply from other excess heat sources, i.e. data centres and
other industries. The results in Figure 5.8b for the aggregated potentials show that
biorefineries would not be located in Aalborg, primarily due to a high share of excess heat
from other sources, among others from Aalborg Portland. The modelling framework does
not include the utilisation of excess heat between industries. An example, industries and
biorefineries could be clustered in areas where excess heat could be used efficiently by
other low-temperature industrial processes (see, for example, results in Article VIII and
the Subchapter “Gas in future Danish energy systems”). Another example of the
importance of high spatial resolution is that, in the scenario where the resources are
provided at a national level, there does not occur liquid fuel production in the areas in
South-Western Jutland (Western Denmark) in Esbjerg. This region is, however, highly
relevant, in particular, with the plans of an energy island in the North Sea. In addition, the
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Southern Jutland areas, i.e. Esbjerg, the area around Kolding-Fredericia next to Esbjerg, and
the Northern Jutland, in Aalborg, are also highly relevant locations for electrofuel
production particularly with the new European vision on a hydrogen backbone grid, where
hydrogen storages might be available in Western Denmark [181] and results from Article
VI.
While differences in the results appear between the two sensitivity scenarios, the gain from
applying a high detailed spatial resolution when modelling renewable liquid fuel production
pathways depends on the research question at hand. The results obtained using high
spatial details might be relevant in some cases, while the results might only reveal a little
gain regarding the impact on investment locations in other cases. The overall effects on the
energy system with the different investment locations are small. This result indicates that
in energy system analyses where total national production levels, both for renewable gas
and liquid fuels are relevant, and the specific location and utilisation of excess heat might
are not relevant, a high spatial resolution might not be critical. Furthermore, by using a
more aggregated spatial resolution and not including transport networks of resources, the
quality of the results might not be jeopardised at a national level. However, the size of the
model and the computational time could be reduced significantly.

Local sensitivity analysis to test the impact of biomass prices on biofuel production relative
to electrofuel production
A local sensitivity analysis was conducted to assess biomass prices impact on the relative
level between biofuel and electrofuel production. Figure 5.9 displays the results and shows
that a slight increase in wood pellets prices reduces the production of biofuels and
subsequently increases the production of electrofuels based on nitrogen and carbon
capture sources. However, straw is still used in the conversion to transport fuel even with
an increase in straw price at 600 %. The complete shift towards pure electrofuels occurs
when straw prices increase with more than around 650 %.

Figure 5.9

Sensitivity analysis: fuel production compared to biomass costs

Key point

A slight increase in wood pellets prices reduces the production of biofuels and
subsequently increases the production of electrofuels. Straw is, however, a robust fuel
choice for conversion to transport fuels.

77

R. Bramstoft
PhD Thesis

Chapter 5
Key results

Comparison between observed results and LCOE calculations
The levelised cost of energy has been calculated for the various conversion pathways, as
presented in Chapter 4. The results of the LCOE calculations provided indications about
promising conversion pathways, for example, methanol produced as a biomass-based
electrofuel tend to appear as the least-cost solution, which was also pointed out in the
optimised results computed by OptiFlow. However, the results from the LCOE calculations
also showed small costs differences between the investigated conversion pathways. Here,
the use of holistic energy system modelling, which takes the synergies across energy
vectors and sectors into account, elucidated the competition between the conversion
pathways, in particular, in the HighLiqDemand-NoBioImp scenario.
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Gas transmission infrastructure
The utilisation and operation of the gas transmission infrastructure is high interest for
decision-makers, as the existing gas infrastructure potentially can play a role in a costefficient transition of the energy system. This section highlight key-findings obtained in
Article VI, where the gas transmission system model, GasMo, is developed with the
purpose of optimising: 1) locally distributed renewable gas production; 2) capacities of the
associated gas compressors; 3) the operation and utilisation of gas storages, both shortterm line-pack and long-term large-scale storage facilities; 4) the operation and flow of gas
in the gas transmission system; 5) trade of gas with adjacent gas markets. GasMo is applied
for the real-life case-study of plausible future energy scenarios for Denmark, where
resource potentials and gas demands are associated to each connection node, i.e. M/R
station, with real-life infrastructure capacities of, for example, pipelines and large-scale
storage facilities.
A case study consisting of four scenarios is conducted to illustrate various energy futures
the gas transmission system potentially can face in the future. Table 5-3 provides a brief
description of the respective scenarios simulated in GasMo.

Table 5-3

Scenario names and descriptions of the four scenarios simulated in GasMo

Scenario
name

Scenario description

Reference

The Reference scenario represents the Danish gas system in 2018. Gas is a key energy carrier in the
Danish system, and it is used in several sectors, i.e. residential, industry, or to produce electricity and
heat. Gas is primarily from the centralised natural gas reserves in the North Sea. Finally, Denmark is a
net exporter of gas to Sweden and Germany.

Medium gas
demand

A future scenario, which focuses on Denmark, where Danish gas demand is reduced to around half of
the demand in 2018, which is in line with projections from the Danish Energy Agency. Gas is primarily
used in hard-to-abate sectors, such as the industrial sector. The consumption profile for gas is,
therefore, modified accordingly.

Low gas
demand

The Low gas demand scenario focuses on a situation, where a minimum use of gas appears in, for
example, the industrial sector. The scenario strives to illustrate the dynamics in a low flow gas
transmission system.

High gas
export

The High gas export scenario represents a situation where Denmark becomes an exporter of gas and is
used as a highway for gas in the North Sea to Poland via the Baltic Pipe connection. The Danish gas
consumption is assumed to be as in the Low gas demand scenario, while the potentials for biogas
production is high, allowing high export to surrounding countries.

GasMo can be solved using a two-step solving method: first GasMo is solved without flow
constraints; secondly, GasMo is solved with flow constraints, using two approaches,
namely, the outer bound piecewise linearisation approximation method (MILP), and the
second-order cone relaxation (MISOCP) method.
A comparative assessment of the performance of the methods is conducted based on the
cumulative frequency of positive flow rates, as illustrated in Figure 5.10a. Results show in
general that the three methods obtain similar results, and thereby also indicate that the
gas transmission system is operated without the appearance of significant flow constraints.
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a) Comparative assessment of the performance of the methods is conducted based on
the cumulative frequency of positive flow rates
b) Gas inventory in large-scale gas storage facilities for the investigated scenarios

a) Comparison of positive flow rate distributions for
the Reference scenario

Key point

b) Gas inventory in large-scale gas storage facilities for
the four scenarios

a) The comparison of positive flow rate distributions for the Reference scenario shows
that the results in general a similar for the three solving methods.
b) The use of large-scale storage facilities depends on the gas demands in the system.
Figure 5.10b visualises the gas inventory in large-scale gas storage facilities for the
investigated scenarios. The operation of the storages depends on the scenario, where
higher gas demands (domestic or in adjacent markets) yield higher utilisation of the largescale gas storage facilities. On the contrary, low gas demand scenarios result in limited
utilisation of the large-scale storage facilities. In a future with low gas demands, there is,
therefore, a possibility for converting one of the storage facilities, for example, to hydrogen
storage, which might create value in the future, mainly if high demands, e.g. electrofuel
production arise [32] or as a part of a European hydrogen network [181].

The annual aggregated gas energy flow in the transmission system for the four simulated
scenarios are presented in Figure 5.11. The results from the scenarios indicate that no
significant deviations were observed both regarding the objective function nor the
cumulative frequency of flow rates, despite introducing gas energy flow constraints in the
modelling. This result consequently leads to the finding that the transmission pipeline
network is operated without constraints since the capacities of the elements in the
transmission system have been used for higher demands in the past and are prepared for
the addressed energy futures. The challenges emphasised, are applicable to other
countries worldwide, which might have less capacities in the gas transmission system.
Applying GasMo can, hence, provide valuable insight into the future use of the gas
transmission system.
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Annual aggregated gas energy flow in the transmission system

(a) Reference

(b) Medium gas demand

(c) Low gas demand

(d) High gas export

The four investigated scenarios address different energy futures the gas system might
face. The underlying results show that the transmission system is operated without
constraints in the investigated energy futures.
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Gas consumption in future Danish
energy systems
Gas can be used in multiple ways in various sectors, for example, in power plants, and for
heating purposes, in district heating networks, residential sector and the industrial sector.
In addition, gas might be used to fuel the transport sector, see for example [144], but in
this subchapter, results concerning the transport sector are excluded from the analysis.
Gas can, thereby, be used in hard-to-abate sectors, due to its versatility as an energy
carrier. In this subchapter assessments of the gas usage in future Danish energy systems is
facilitated, using the modelling framework mainly focused on the energy consumption
sectors in Balmorel.

Main scenario
The results presented in this subchapter are based on the findings in Article VIII, which
use a scenario for the future energy system that complies with the 70 % emission reduction
target in 2030 and a carbon-neutral energy system by 2050. The accumulated carbon
emission budget is 435 million ton CO2, which is in line with the recommendations by the
Danish Council on Climate Change [182].
Results are obtained by running the two energy systems models, TIMES-DK and Balmorel.
Emission constraints, use of electricity for transportation and excess heat capacities are
results of TIMES-DK and are used as input in the Balmorel modelling framework, as
illustrated in Figure 5.12.

Figure 5.12

Modelling framework applied to investigate the level of gas consumption in future Danish
energy systems. TIMES-DK provides data inputs to Balmorel.

Key point

The data from TIMES-DK to Balmorel includes CO2 emission caps, electricity demand
from the transport sector, and excess heat capacities. The modelling setup ensures that
the complete energy system is covered, and the strengths of both models are utilised.
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Figure 5.13 depicts the scenario results from the Balmorel simulation (excluding the
transport sector) regarding the total fuel consumption for the energy transition towards a
climate-neutral Danish energy system by 2050.

Figure 5.13

Fuel consumption for the Reference scenario in Balmorel

Key point

The fuel consumption in the energy transition shows a shift towards production based
on VRE sources. (Note: the transport sector is excluded in this figure).
Figure 5.13 shows the transition from a solid and gaseous fuel-based energy system
towards increased production from variable renewable energy sources, primarily wind and
solar for electricity generation. This transition is shown as a quick phase-out of coal and a
decline in natural gas consumption. Biomass is used for energy purposes towards 2050,
and municipal solid waste is assumed to be used almost with a constant contribution
throughout the considered period. During the transition period, renewable gas contributes
with a high share of the total gas usage, almost, as CCS is employed, substituting the use of
natural gas in the future.
Figure 5.14 explores the energy supply in the different sectors; power, district heating,
individual heating, and process heating in the industrial sector.

Figure 5.14

Energy supply in the different sectors

Key point

Electrification of the district heating and individual heat in residential buildings occur in
during the energy transition. Biomass and methane are primarily used for process heat
in the industrial sector, where also electrification appears towards the end of the period.
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Figure 5.14 illustrates the high increase in electricity production, primarily from wind, to
supply demands in the future. The electricity demand in the future consists of the classical
electricity demand, and the increased electrification in the transportation sector as well as
in the other energy sectors: district heating, individual heating in residential buildings and
process heat in the industrial sector. In the district heating sector, increased electrification
and use of excess heat result in declining supply from biomass and methane. In the
individual heating in residential buildings, electrification substitutes the supply of gas,
although hybrid systems are utilised as a mid-term transition solution. The process heat in
the industrial sector is hard-to-decarbonise, and the demand is met by a supply-mix
consisting of biomass, methane, electrification and excess heat utilisation.
The use of gas in the different supply sectors towards 2050 is visualised in Figure 5.15. The
figure shows a decline in gas supply over the considered period. The gas supply declines
towards 2050 in the power and district heating sector as well as for individual heating in
the residential sector. However, the gas supply to the process heat in the industrial sector
is constant, and are even increasing in the period towards 2050, primarily owing to the
increasing energy demands assumed in the industrial sector. While the gas used in the
process heat in the industrial sector accounted for the smallest share of the three sectors
in 2020, it would, according to the results, holds the largest share of the total gas supply by
2050.

Figure 5.15

Gas supply of the different sectors towards 2050 in the Reference scenario

Key point

The gas supply declines towards 2050 in the power and district heating sector as well as
for individual heating in the residential sector. However, the gas supply to the process
heat in the industrial sector is constant, and are even increasing in the period towards
2050, primarily owing to the increasing energy demands assumed in the industrial sector.

Comparing results with previous studies
Figure 5.16 compares the obtained results regarding gas consumption in this modelling
setup with consumption levels identified in studies addressing the use of gas in a future
Danish energy context. As addressed in the introductory chapter, previous Danish energy
analyses often applied different modelling approaches where the use of gas to some
degree is user-defined. Moreover, some scenarios are conducted before the 70 % emission
reduction target by 2030 was announced. Finally, the various scenarios rely on different
fundamental assumptions regarding the energy system, for example, fuel prices.
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Figure 5.16

Comparison of results with previous studies

Key point

Comparison of results obtained by optimising Balmorel with previous studies. The
studies which are considered in this comparison are: The Danish Energy Agency, af19
[43], bf 20 [47], DEA_Wind_Biomass [45]; Energinet, Energinet_GSA_ST_DG [46];
IDA&Aalborg University, IDA [183], Klimapartnerskaberne [184], Danish Energy
Association [185], Danish Council on Climate Change (klimarådet) [186].
The results obtained in the Reference scenario are in line with previous studies in the
literature. However, while previous studies found that gas could play a role to fuel the
transportation sector, the new results presented in this PhD thesis show more use of
gas in the industrial sector.
Figure 5.16 shows that the presented scenario, which is a result of this PhD thesis regarding
the total gas consumption is in line with findings in previous studies. However, while
previous studies found that gas could play a role to fuel the transportation sector, the new
results presented in this PhD thesis show more use of gas in the industrial sector, primarily
due to the increased energy demand for process heat.
Even though the results from the conducted scenarios are in line with previous studies, the
results in the literature show a spread in future consumption levels, varying almost 100 %,
i.e. values between around 40 PJ – 80 PJ, in the period from 2030 to 2050. Figure 5.16,
thereby, highlights the inherent uncertainty related to future estimates of gas consumption
in Denmark, but, as mentioned in the introductory chapter, there is also high uncertainty
in future gas consumption estimates at a global scale.
Therefore, to shed lights on the uncertainties related to the future use of gas in the energy
system, an extensive global sensitivity analysis and uncertainty analysis is conducted using
the methodology described in Chapter 3.
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Global sensitivity and uncertainty analysis
The process for conducting the global sensitivity and uncertainty analysis follows the
following steps:




Identify critical input parameters and describe uncertainty ranges and
distributions.
Global sensitivity analysis (GSA) using the Morris sampling technique, is applied to
screen, identify and prioritise the most influential input parameters.
The uncertainty analysis is conducted of the identified input parameters in the
GSA. Latin hypercube sampling (LSH) is used to generate the scenarios, which are
subsequently inputs to the energy systems analysis using Monte Carlo simulations.

In the global sensitivity analysis, 29 input parameters were initially included. The Morris
sampling technique was applied before the global sensitivity analysis performed in
Balmorel.
The generated variations in input parameter values, which are within the specified
uncertainty range in the multidimensional global space, are inputs to the global sensitivity
analysis in Balmorel. Figure 5.17 shows the computed results from the global sensitivity
analysis performed in Balmorel.

Figure 5.17

Global sensitivity analysis using Morris sampling.

Note: Figure to the right is a zoom of the figure to the left.
Key point

The global sensitivity using the Morris sampling technique identifies influential
parameters. The parametric sensitivities on biomethane consumption are visualised. A
similar figure the sensitivity on both biomethane and natural gas is provided in Article
VIII)
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Figure 5.17shows the impact of each uncertainty parameters on the consumption of
biomethane. Additionally, an identical analysis is performed for the consumption of natural
gas and the combination of the biomethane and natural gas consumption, which can be
found in Article VIII. In the figure, the parameters outside the two lines or close to the
line are considered influential parameters. The global sensitivity analysis identified 19
influential parameters, which can be grouped into six categories: 1) Fuel prices; 2)
availability of resources; 3) energy demands; 4) techno-economic costs of technologies; 5)
grid tariffs; and 6) emission related measures.
The Morris screening and global sensitivity analysis have thereby made a screening of the
influential uncertainty input parameters. In this way, the number of input parameters is
thereby limited from 29 to 19 parameters. The reduction in considered uncertainty
parameters is useful before the uncertainty analysis, as that is computational heavy.
After having identified the most influential input parameters on the gas consumption in a
future 2050 energy system, the uncertainty of these input parameters are investigated in
an uncertainty analysis, which is performed using Monte Carlo simulations. The Monte
Carlo simulation approach uses a random probabilistic sampling of uncertainty input
parameters. However, the Latin Hypercube sampling (LHS) technique is applied to ensure
stratification of the uncertainty range [0,1] of input parameters, while keeping randomness
in the sampling. In this way, the whole uncertainty range is covered, while avoiding
clustering of sampling points, as illustrated in Figure 5.18, which illustrate the 19
uncertainty input parameters considered in the uncertainty analysis.

Figure 5.18

Latin Hypercube sampling for the 19 identified influential parameters and with 50 samples
which are used as input to the Monte Carlo simulations

Key point

The Latin Hypercube sampling technique ensures that the whole uncertainty range [0,1]
is covered while avoiding clustering of sampling points.
The uncertainty input parameters obtained from the Latin Hypercube sampling are
subsequently integrated into the 19 Monte Carlo simulations of Balmorel.
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Results regarding the use of biomethane and natural gas by 2050 are shown in Figure 5.19a.
Furthermore, Figure 5.19b visualise the biomethane consumption as a function of the
variation in the cost of producing biomethane, for a 2050 energy system.

Figure 5.19

a) Biomethane and natural gas consumption as a function of Monte Carlo simulations
b) Biomethane consumption as a function of biomethane production price

a) Biomethane and natural gas consumption as
a function of the 50 Monte Carlo simulations

Key point

b) Biomethane consumption as a function of
biomethane production price

a) The use of biomethane and natural gas as a function of the 50 Monte Carlo simulations,
sorted from the highest total methane use to the lowest. Results show that biomethane
and natural gas are in direct competition.
b) The consumption of biomethane is ranging from 0 PJ to 90 PJ, and, in particular, high
levels of biomethane consumption is found at production price levels around and below
the reference value at 12 €/GJ.
Figure 5.19a visualises the use of biomethane and natural gas as a function of the 50 Monte
Carlo simulations, sorted from the highest total methane use to the lowest. The figure
illustrates the high uncertainty related to the level of methane use in a future climateneutral energy system by 2050. Furthermore, the future consumption of gas is sensitive to
the energy system configuration, and other parameters, such as limited resource
availability, high energy demands, and the fuel prices of gas.
Figure 5.19b depicts biomethane consumption as a function of biomethane production
price. The reference value for the cost of biomethane is 12 €/GJ, as computed in the LCOE
calculations in Chapter 4. The production cost of biomethane is uncertain, and many
different estimates are used in the literature, as discussed in Chapter 4. The uncertainty
range considered in the Monte Carlo simulations is, however, between 10.5 €/GJ and 13.5
€/GJ, which is within the range estimated production costs in the literature.
The results are obtained by the Monte Carlo simulations, where all input parameters are
assigned a random, though sufficiently distributed values over the uncertainty range.
Therefore, variations in other parameters naturally may affect the results. The results in
Figure 5.19 shows a clear tendency, namely that lower biomethane price leads to higher
biomethane consumption levels. The results, furthermore, show that the consumption of
biomethane is ranging from 0 PJ to 90 PJ, with the considered range of biomethane prices.
In particular, high levels of biomethane consumption is found at production price levels
around and below the reference value at 12 €/GJ. Lower biomethane production cost than
12 €/GJ exists in the literature, for example, in Korberg et al. [173], who use a cost of
biomethane by 2050 between 10 €/GJ and 15.9 €/GJ.
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The findings in the uncertainty analysis extended the uncertainty range, highlighting
inherent uncertainties related to the use of methane in a future energy system. However,
owing to the global sensitivity analysis, new information is gained, such as quantification
and prioritisation of parameters that could have the highest impact on the use of methane
in future climate-neutral energy systems.

A focus on process heat in the industrial sector
Results in Figure 5.14 showed that gas might be important to supply industrial process
towards 2050. Therefore, this section dives a bit deeper into the fuel mix supplying process
heat in the industrial sector, and which parameters that could have an impact on future
developments. The influencing parameters considered are primarily based on the findings
from the global sensitivity analysis, and include use of excess heat, limitation on biomass
resources assuming that biomass is used for producing fuels for the transport sector,
possibility of using CCS technologies, and finally the electricity and gas grid tariffs.
Figure 5.20 presents the results for the Reference scenario and the variations of the
influencing parameters for the energy transition of the process heat energy mix in the
industrial sector.

Figure 5.20

Energy transition pathways for the energy supply of process heat in the industrial sector
for various considered scenarios

Key point

Variations in the availability of biomass for the industrial sector might impact the use of
methane as well as the level of electrification. Furthermore, grid tariffs might be a barrier
for electrification.
Results regarding process heat in the Reference scenario show a phase-out of coal, while
the use of biomass is increased in particular from 2030 until 2050. The total use of methane
increases from 2020 to 2050, with variations between the simulated years. Finally,
electrification occurs towards the end of the simulated period, where also excess heat is
utilised, as it is a cheap possibility offered in the modelling setup assuming that industries
are grouped in locations and thereby efficiently can utilise the excess heat, for example,
from biorefineries producing liquid fuels for the transportation sector.
In a case situation where excess heat is not available for low-temperature process heat in
the industrial sector, methane and electrification may be the substitute, as the use of wood
chips hits its maximum potential.
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A scenario is conducted where the use of biomass resources is limited to 40 PJ until 2030,
15 PJ in 2040 and all biomass is used for producing fuels for the transportation sector in
2050. That all biomass is used for producing fuels to the transport sector is in line with the
findings in a scenario with no import of biomass and liquid biofuel, which is presented in
Figure 5.4 in the key results section for production of renewable gas and liquid fuel. In this
scenario, methane is used as a substitute in 2040, while high electrification occurs in 2050.
The use and development of CCS technologies in the future is highly uncertain. The effects
of including CCS technologies in the modelling setup was furthermore identified as an
influential parameter in the global sensitivity analysis. Therefore, scenarios are conducted
to simulate a situation where CCS technologies are not available in the energy transition
towards 2050. In these scenarios, less methane is used, which is a direct consequence of
the exclusion of the possibility of natural gas with CCS. The declining use of methane is
primarily substituted by increased electrification of the processes.
Finally, the global sensitivity analysis also highlighted the socio-economic tariffs as being
influential parameters. Therefore, a scenario is conducted which reduce the level of the
tariffs to the half of the level today. In particular, in a 2050 system, the reduction in the
socio-economic grid tariffs yield increased electrification. Pushing the scenario even
further, a scenario with no grid socio-economic tariffs significantly reduces the biomass
consumption again with increased electrification starting from 2030.

The results presented in this PhD thesis thereby show that gas may play a key role in a
future climate-neutral energy system. However, the configuration of the remaining energy
system and the uncertainties related to competing elements in the energy system yields
high uncertainties related to the future use of gas in the Danish energy system.
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Chapter 6.
Discussion
This chapter discusses the main findings from the energy system analyses, and the modelling approaches
developed and applied throughout this PhD study.

Gas consumption in future energy systems
The results presented in Chapter 5 illustrated that gas might play a prominent role in the
energy transition towards a climate-neutral energy system.
The identified levels of gas consumption in the energy transition are in line with previous
studies, as already touched upon in Chapter 5. Figure 6.1 visualises the presented results
from this PhD study compared to the minimum, average and maximum levels of gas
consumption found in some of the main Danish studies in the literature.

Figure 6.1

Comparison of the Reference scenario results from this PhD study and levels of gas
consumption identified in the literature

Key point

Annual gas consumption levels from the Reference scenario, in this PhD thesis, are in line
with findings in previous studies.
The figure depicts the spread across Danish scenarios, ranging almost 100 %, which
illustrate the high uncertainty in estimating future gas consumption levels. The future role
of gas in the energy transition is not only of national interest but is also of interest
worldwide.
There are high uncertainties in the future estimates of gas consumption in global scenarios.
Estimating gas consumption at a global scale is particularly challenging, for example, due
to the variety of maturity levels across national economies. Moreover, national strategies
towards a coal-to-gas shift appear within the energy transition period, for example, the
Chinese blue sky strategy [22]. This complexity is illustrated in Rogelj et al. [21], which
assess energy futures globally under different GHG emissions reductions targets. Rogelj et
al. [21] identify the potential contribution from natural gas in the global energy mix to be
the most uncertain, ranging from 22 to 267 EJ yr-1 by 2050 in the considered 1.5°C
scenarios. The global scenario results are obtained using six different integrated
assessment models, and the different modelling setups reveal high variations in the results
regarding the potential contribution of gas. The differences across the modelling setups
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are, for example, the deployment of CCS or other carbon sinks. The results underpin the
necessity of including an extensive catalogue of technology options in the modelling
framework to ensure a fair competition between fuel production pathways.
A summary of results for the use of gas in a European context by 2050 across key studies
is made [187]. Among the key studies are; European Commission [188], IEA [22], ENTSOE/G [189], Trinomics [190], Shell [191], Equinor [192] and Eurogas [193]. The overview
reveals estimated gas demands, ranging between around 6 EJ yr-1 to 13 EJ yr-1, with GHG
emissions reductions targets between 80 % and 100 %. There is a distinction between
scenarios which assume GHG emissions reductions targets from 80 % and scenarios
assuming 95 % - 100 % GHG emission reductions by 2050. All scenarios foresee a decline
in gas consumption, where more ambitious GHG emissions reductions targets yield a more
significant decrease (around half of today’s gas demand) in gas consumption levels and a
shift towards renewable-based gas. The results related to Danish gas consumption from
this PhD study, thereby, show the same trend as the deep-decarbonisation pathways
presented at the European level.
In addition, results regarding the energy transition of the electricity and district heating
systems show that less gas is used in scenarios with higher accumulated GHG emissions, as
presented in Article VII. The lower gas consumption is compensated by increased
electrification and stronger integration of the electricity system across countries through
interconnectors. Moreover, as identified in Article III, the foresight horizon and, thereby,
the insight into the future has an impact on the results, where a longer foresight yields a
coal-to-gas shift compared to myopic decision making.
The results in the literature and from this PhD study thereby show that several parameters
influence the results regarding the future use of gas. The influential parameters include,
for example, technology options, the inclusion of all energy sectors, modelling techniques
such as the planning foresight horizon, and the underlying assumption of the scenario, such
as the carbon budget.
The key studies investigating the use of gas as a part of the energy systems in a European
context relies on scenario development approaches to address the spectrum of plausible
energy futures. The traditional scenario development approach is useful to conduct a
coherent story of the scenario, which is easily explainable to other parties, for example,
stakeholders or politicians. However, in addition to the traditional scenario developments,
this PhD study applies a global sensitivity analysis and uncertainty analysis to shed light on
the inherent uncertainty related to the future use of gas. The global sensitivity analysis and
uncertainty analysis using Monte Carlo simulations is one approach amongst several
others, for example, robust optimisation and stochastic programming. However, one of the
main findings is that the cost of producing renewable methane is critical in the use of gas
and renewable gas in future climate-neutral energy systems, which will be further
discussed later in the following.

Renewable gas and liquid fuel production
Key results: Renewable gas and liquid fuel production
Renewable gas production
The results from the global sensitivity and uncertainty analysis showed that the costs of
producing biomethane are a determining factor for the use of gas in a future climateneutral energy system. In particular, production costs below 12 €/GJ would significantly
increase the usage of biomethane. The results of the LCOE calculations presented in
Chapter 4 showed a production cost of biomethane at 12 €/GJ.
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The cost of producing biomethane at 12 €/GJ is in line with estimates used in previous
studies. Moreover, the production costs for each of the bioenergy resources that can
contribute to the input feedstock is calculated in Article IV, and elucidate the spread in
production costs for the different resources. These LCOE calculations support the findings
obtained by the detailed modelling of renewable gas production in Balmorel-OptiFlow,
which shows that a mix of resources, in particular, manure and deep litter, is the least-cost
option. The same conclusion is drawn by applying a detailed supply chain model in
Skovsgaard and Jensen [138]. Additionally, the cost of transporting in particular manure,
which is a low energy content resource, is a determining parameter, as shown in Chapter
5 and Article IV, and also in the literature, for example, in Jensen et al. [172].

Renewable liquid fuel production
The results from this PhD study show that bio-EMethanol is the least-cost liquid fuel
conversion pathway under the given scenario assumptions. Using an energy system
simulation model and LCOE calculations, Ridjan et al. [178, 143] also identify bio-EMethanol
as a promising option to fuel the transport sector in the future. Furthermore, Energinet has
also shown interest in PtX and methanol produced as electrofuel [141, 194, 195]. In
addition, Mærsk has identified alcohols (like methanol and ethanol), biomethane and
ammonia as potential players in decarbonising the shipping sector [196]. The increased
attention from the industries complements the results obtained by the least-cost
optimisation in Balmorel-OptiFlow. However, Balmorel-Optiflow does not consider technoeconomic parameters, such as costs and efficiencies related to the specific transport type.
Bio-EMethanol is identified as a potential contributor to fuel the future transport sector.
However, some challenges need to be solved before this conversion pathway can be
commercially mature, for example, the technology readiness level (TRL) of thermal
gasification plants.

Technology development
Although thermal gasification technologies exist, this technology still needs to prove that it
can be commercially ready at large-scale when it uses biomass as input. Furthermore,
hydrogen can be produced from electrolysis technologies. There exist different water
electrolysis technologies, namely alkaline, polymer electrolyte membrane (PEM) and solid
oxide electrolysis cell (SOEC). The alkaline electrolysis is mature and commercially available.
The PEM electrolysis is commercial but with development potential. The SOEC electrolysis
technology is, however, still on demonstration level and are not commercially available, yet
[16]. Techno-economic parameters for the SOEC electrolysis technology by 2050 is applied
in the LCOE calculations and the Balmorel-OptiFlow modelling framework. Technoeconomic parameters for the other two electrolysis technology types could have been
implemented with the results of a higher production cost.
The increased attention on green hydrogen produced using electrolysers has prompted
both nationally [38] and internationally strategies [197, 198, 181] for the future use of
hydrogen. The use of hydrogen in fuel production can become essential to utilise the
limited biomass resource efficiently.

Limited biomass resources
Results obtained from the energy system analyses carried out as a part of this PhD thesis
show that biomass costs and availability, fuel demands, and electricity prices drive the
competition between the various liquid fuel production pathways. Although bioEMethanol might be an affordable fuel in the future to supply the transport sector, the
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deployment of other electrofuels also depends on assumptions regarding the limited
available biomass resource. In a scenario where Denmark has a high liquid fuel demand
and is responsible for its international aviation demand (assumed to be half of the energy
used between Denmark and another destination), while not importing biomass or biofuels,
sustainable usage of the domestic available biomass resource is under pressure. In that
scenario, even a carbon-free fuel like the nitrogen-based ammonia is produced to fuel the
maritime sector, and other electron-based fuels are also produced, like methanol and
biojet.
There might, therefore, be a pressure on the sustainable biomass resource in Denmark in
the future. Identical findings are made at a global scale, where the future utilisation of
biomass resource is addressed in the literature, e.g. in Rogelj et al. [21]. Rogelj et al. [21]
identify an increase in bioenergy use by 1-5% per year between 2020 and 2050 in scenarios
complying with the Paris Agreement. Furthermore, the use of bioenergy by 2050 is kept
below 300 EJ yr-1 (30 GJ/person/year by 2050), where also most scenarios achieve
bioenergy usage below 150 EJ yr-1 [21].
The global bioenergy resources are therefore expected to play a prominent role in future
energy systems both globally and nationally in Denmark. The global potential of bioenergy
resources is estimated to be in between 12 – 1272 EJ [199]. The potential of biomass to
energy purposes is estimated between 100 EJ yr-1 and 300 EJ yr-1, by the IPCC [200]. The
global technical potential of bioenergy is estimated to be ranging between 160 EJ yr-1 and
270 EJ yr-1 by 2050 when considering the sustainability constraints [201]. Furthermore, the
IEA estimates the global sustainable bioenergy potentials to be 150 EJ yr-1 [202].
Based on the identified biomass potentials per person, Mortensen et al. [203], review 16
scenarios from eight Danish studies, to address the future use of “electrification and
hydrogen in breaking the biomass bottleneck of the renewable energy system”. The study
proposes generic design strategies to address plausible energy futures, with the finding
that there is a significant need for electrification and hydrogen integration for renewablebased systems which complies with the sustainable biomass limits. Their findings are,
therefore, in line with the results obtained during this PhD thesis.
The bioenergy resource potentials applied in the energy systems analyses during this PhD
thesis are assumed to be constant until 2050. However, the resources used in the biogas
plants can be affected by behavioural changes in the future, where the consumption of
meat can have an impact on the available potential of manure. The future consumption of
meat, and Danish production of meat, is challenging to estimate, and there has not been
found any qualified studies that have estimated the future potential of manure. However,
it should be noticed that the results presented in this PhD are subject to changes in the
Danish meat production industry.

Biogenic emissions
Another topic which has not been the focus in this PhD study is the biogenic emission,
Indirect Land Use Change (ILUC) effects as well as soil fertilising effects, which are related
to the conversion of biomass to gas or liquid fuels. Here, negative biogenic emissions can
be obtained by conversion technologies producing bioashes that contain carbon. The
carbon is then subsequently spread on the land and thereby contributing to the carbon
balance in the soil. An example of a study which includes biogenic emissions in a holistic
energy system analysis is Venturini et al. [130]. Venturini et al. [130] identify particularly
bioashes from gasified straw to have the highest capturing of CO2. This finding highlights
that additional positive environmental effects can be gained from using the thermal
gasification process on, for example, straw to produce liquid fuels.
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Methane emissions
Moreover, there has been a limited focus on methane emissions from biogas plants or
other elements in the supply chain during this PhD thesis. Estimates of the net emissions
from the biogas production, i.e. negative emissions from the treatment of the manure and
the emissions related, e.g. to the methane leakages throughout the production chain,
depends on the resources utilised. However, in this study they are assumed to balancing
out. In a global context, there is increased attention on the leakages of methane
throughout the supply chain. A study by Balcombe et al. [204] quantifies the emissions
associated with each element in the gas supply chain. Furthermore, an example of how
methane emissions can affect the use of gas in the future maritime sector is highlighted in
Speirs et al. [205]. The study, furthermore, highlights that the emissions from engines on
ships need to be limited before LNG can become a viable solution that can contribute to
decarbonising the maritime sector.

The modelling of renewable gas and liquid fuel production pathways
Different modelling approaches are applied to study the conversion from biomass to
renewable gas using different spatial resolution, varying from detailed supply chain models
to aggregated energy models, for example, applied at global or European scale. Global
integrated assessment models have less detailed technical representation and spatial
resolution [206]. However, studying an area with varying national, and even local
resources, challenges the assessment, where standard assumptions are applied. On the
other hand, supply chain models are often detailed regarding the upstream conversation
of biomass to gas but are leaving out the synergies with surrounding energy systems [207].
Therefore, national energy systems models can be useful to model renewable gas
production in an energy system context. Compared to other energy system modelling
frameworks in the literature (see literature overview in Article IV), the modelling
framework developed during this PhD study contributes to the research field by modelling
the chain from the transportation of locally distributed energy resources to conversion
plants while taking into account the synergies with the remaining energy system.
The economy-of-scale of a biogas plant is an integrated part of the supply chain model in,
for example, Jensen et al. [172]. Therefore, the economy-of-scale was implemented and
tested in the Balmorel-OptiFlow modelling framework. The economy-of-scale might be
important in the design of a specific plant, where supply chain models and feasibility
studies can be an integral part of the decision-making. However, the results from obtained
from optimising Balmorel-OptiFlow with discrete investment intervals using mixed-integer
programming was only marginally different compared to the results obtained using linear
programming. Optimising the Balmorel-OptiFlow modelling framework with discrete
investment increased, however, increases the computation time significantly. Thus, the
results obtained for the Balmorel-OptiFlow modelling framework is computed using the
linear programming approach.
The developed modelling framework encompasses both a high spatial and temporal
resolution. Many studies have investigated temporal aggregation techniques and the
impacts of applying the different approaches, for example, Buchholz et al. [208, 209].
However, there is only a little focus on the spatial aggregation within energy systems
modelling, and only a few studies have been conducted, for example, Siala and Mahfouz
[210] or Frew and Jacobson [211]. The importance of high spatial resolution depends on
the research question at hand, as discussed in Chapter 5. It was identified that a high spatial
resolution could be critical, for example, if the location of conversion plants is essential or
the use of excess heat in district heating networks is a part of the research question.
However, for assessments where only national energy balances are essential, a less
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detailed spatial resolution might be sufficient. Applying a less detailed spatial resolution
would furthermore reduce the size and computational time of the model.
The Balmorel model is a complex model with a vast amount of input data to represent the
energy system, as highlighted in Chapter 4 and documented in Article II. The improved and
developed modelling frameworks throughout this PhD study has extended the Balmorel
model with new functionalities and data. However, as highlighted previously, it is the
energy modellers responsibility to avoid implementing a more sophisticated modelling and
unnecessary details, if they are not relevant for the research question at hand or does not
have a sufficient impact on the solution. The satellite modelling structure of Balmorel
allows a selection of critical functionalities, through addons, which might be pivotal for the
specific energy system analysis. In this way, the development of new functionalities, like
the developments in this PhD study, which are needed to address the energy transition,
can continue without bearing the computational burden from preventable model
functionalities and details.

The gas infrastructure
The GasMo model is developed as a part of this PhD thesis to address the dynamics in the
Danish gas transmission infrastructure. Realistic capacities for the elements in the gas
transmission system are incorporated in the model, for example, for the pipeline network
or the large-scale gas storages. Moreover, bi-directional flows and distributed production
is optimised as a part of the solution. The GasMo model, however, lacks details on a gas
distribution level.
The results from this PhD thesis reveal that the gas transmission system is sufficient for the
addressed energy futures. However, there are remaining questions regarding the future of
the national gas distribution networks. For example, what are affordable options, at the
gas distribution level, in periods where the continuous production of biogas exceeds
demands in low demand periods?. Other crucial questions, for example, does the foreseen
decline in methane consumption yield that some parts of the gas grid might be closed
down, or even converted/replaced by hydrogen infrastructures?.
The phase-out of gas to heat residential buildings in Denmark has been studied and
reported. Ea Energy Analyses conducted a roadmap for phase-out strategies for natural gas
to supply heating in residential buildings [212]. The study presented two strategies: One
strategy for phasing out natural gas by 2030 and another where natural gas is not used by
2040. The study found that natural gas is substituted by various supply sources, for
example, electric boilers, heat pumps, hybrid heat pumps, district heating expansion, and
renewable gas where gas networks already exist. Renewable gas might, therefore,
contribute, although to a limited extent, in the energy supply in the considered period. In
addition, the Danish Energy Association studies the phase-out of natural gas for heating in
residential buildings by 2035. They found that it would be more expensive for the society
to phase-out natural gas for heating in residential buildings by 2035 than not constraining
the system [185]. The studies use a holistic approach and are thus not able to draw any
conclusions regarding any potential close down of the gas grids. In order to reach such
conclusions, a higher spatial resolution would be needed. The developed modelling
framework in Balmorel-OptiFlow could contribute to such a high spatial energy analysis.
The future of hydrogen have gained more attention internationally [197, 181], and is also
on the political agenda in Denmark [38]. The European Commission has reported a
hydrogen strategy for a climate-neutral Europe [197] and eleven gas infrastructure
companies have conducted an assessment on a European hydrogen backbone and how a
dedicated hydrogen infrastructure in Europe can be created in the future [181]. In this light,
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investigating the role of renewable gas could naturally have been entering the field of the
general use of hydrogen in the future, in all sectors, and how a European hydrogen
infrastructure could contribute to the long-term vision of a climate-neutral economy. Gas
infrastructure models, like the developed GasMo model in this PhD study, might contribute
to assessing the future role of dedicated hydrogen networks. However, the future of a
hydrogen infrastructure is outside the scope of the present PhD thesis but call for further
research in the future.
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Chapter 7.
Conclusions and future
perspectives
This final chapter provides the conclusions of this PhD thesis by answering the investigated research
questions. Furthermore, the chapter provides perspectives of future research areas within the field of
energy system modelling and analyses of renewable gas as an integrated part of future energy systems.

Main conclusions
This PhD thesis assesses the arising question of the future role of gas, renewable gas and
the gas infrastructure in the Danish energy system towards a climate-neutral energy
system in the future. A central part of the research contribution from this PhD study is the
development and improvement of energy systems models and methodologies to facilitate
the inclusion of a sufficient representation of the gas systems as an integrated part of
future energy systems. The modelling contributions are fundamental for the
comprehensive assessments of the future Danish energy systems, which is carried out in
this PhD study in order to provide answers to the research questions. The remaining part
of this conclusion section takes departure in each investigated research question and
provides the answers accordingly.

Which renewable gas and renewable liquid fuel production pathways are least
cost options, taking into account the locally distributed biomass resource and the
synergies across energy sectors?
A comprehensive catalogue of alternative renewable gas and liquid fuel production
pathways has been investigated and incorporated into the energy systems modelling. The
developed modelling framework allows comprehensive analyses of affordable production
pathways, taking into account the competition and transportation of the locally distributed
biomass resources and the synergies with the power and district heating systems.
Results regarding renewable gas production pathways reveal that anaerobic co-digestion
of a mixed feedstock to produce biogas, which is further upgraded to biomethane using a
CO2 removal process, would be the preferred option. However, in a high gas demand
scenario, the biogas is upgraded using additional hydrogen in the methanation process.
The novel modelling framework is developed as a generalised network with a high spatial
and temporal resolution. Furthermore, the developed modelling framework allows
optimisation of the location of the renewable gas conversion plants, taken into account the
transportation costs of the locally distributed biomass resources. The results from the
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analysis with the high spatial resolution show that biogas plants would be located in the
countryside, as the costs of transporting manure are a determining factor.
Results regarding renewable liquid fuel production in a climate-neutral Danish energy
system by 2050 show that electrofuels - particularly those using biomass and hydrogen –
can play a prominent role to fuel future transport sectors. Moreover, the results show that
that production of bio-jet fuel in Denmark, to supply aviation demands, would impose high
pressure on national biomass resources, and a need for electrofuels or more sustainable
carbon. In a scenario with no imports of biomass, the limited availability of renewable and
sustainable carbon promotes the use of a carbon-free fuel like ammonia and potentially
carbon capture technologies. Biomass costs and availability, fuel demands, and electricity
prices primarily drive the competition between the evaluated alternative fuel pathways.
The results, furthermore, reveal that biorefineries would be located near larger cities to
benefit from economy-of-scale and have access to large district heating networks. The
results also show that excess heat from biorefineries could supply up to 21 % of the national
district heating demand by 2050.

What are the effects on the gas flows in the transmission infrastructure in
scenarios with increased distributed renewable gas production?

A gas flow model of the Danish gas transmission infrastructure, including decentralised
renewable gas production, gas pipeline transport, storage (both seasonal storage in largescale storage facilities and short-term storage via line-packing), export possibilities and use,
was developed to assess this sub research question.
The results from the analysis indicate that the transmission pipeline network is operated
without constraints. This result is obtained since capacities have been prepared to handle
higher demands in the past, and are sufficient in the addressed energy futures. Moreover,
the benefit of using the large-scale storages facilities in Denmark is illustrated through an
analysis of a full year. The operation of the storages depends on the scenario, where higher
gas demands (domestic or in adjacent markets) yield higher utilisation of the large-scale
gas storage facilities. On the contrary, low gas demand scenarios result in limited utilisation
of the large-scale storage facilities. In a future with low gas demands, there is, therefore, a
possibility for converting one of the storage facilities, for example, to hydrogen storage,
which might create value in the future, mainly if high demands, e.g. electrofuel production
arise or if it is as a part of a European hydrogen network.

How may future energy system configurations affect the gas consumptions?

Results presented in this PhD thesis for a Reference scenario, which is complying with the
Danish energy targets, show a decline in gas supply in the energy transition towards a
climate-neutral energy system by 2050. Demands decrease from a level today at around
100 PJ to around 55 PJ in 2050. In particular, a decreased use of gas in individual heating in
the residential sector, and for power and district heating supply is identified over the
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considered period. However, the gas supply to heat processes in the industrial sector
contributes with an increasing share of the total gas supply throughout the considered
period until 2050, owing to gas being a preferable option along with increasing energy
demands assumed for the process heat demands in the industrial sector.
The presented scenario results of the total gas consumption are in line with findings in
previous studies. However, the future consumption of gas is highly uncertain. Therefore,
to shed lights on the uncertainties related to the future use of gas in the Danish energy
system, an extensive global sensitivity analysis is performed, which is followed by an
uncertainty analysis using Latin hypercube sampling and Monte Carlo simulations.
The global sensitivity analysis highlighted 19 influential parameters of the 29 considered
input parameters. The influential parameters were identified to have a substantial impact
on the results of biomethane and natural gas consumption. Some of the most influential
parameters are: the price of biomethane and natural gas; energy demands and tariffs;
biomass availability; and parameters related to carbon emissions.
The influential parameters identified in the global sensitivity analysis are subsequently
analysed in an uncertainty analysis using Monte Carlo simulations. The results illustrate the
high uncertainties related to the level of methane use in a future climate-neutral energy
system. Furthermore, results showed that the future consumption of gas is sensitive to the
energy system configuration, as well as the other identified parameters, such as the fuel
prices of gas, limited resource availability, and high energy demands.
Finally, the results presented in this PhD thesis thereby show that gas may play a key role
in a future climate-neutral energy system. However, the configuration of the remaining
energy system and the uncertainties related to competing elements in the energy system
yields high uncertainties.

Which role may renewable gas play in future Danish energy systems?

The overall research question guiding this PhD thesis is which role renewable gas may play
in future Danish energy systems. The three previous sub research questions have provided
answers to each of the categories; renewable gas supply, transport of gas, and
consumption of gas in future energy systems. Additionally, and fundamental for the energy
system analyses, this PhD study also contributes to the research field by developing and
improving the modelling of gas in future integrated energy systems.
The results from the conducted assessments showed a declining trend in the Danish gas
consumption but also that renewable gas can supply the future Danish gas demands. In
addition to the gas demand in the end-use sectors, the results showed that gas might be
used down-stream to the production of liquid fuels, for example, via thermal gasification
producing syngas or electrolysis producing hydrogen. Furthermore, it was identified that
the competition of the limited and locally distributed biomass resource is critical for the
amount and which type of renewable gas that is produced.
A finding from this PhD study is that the energy system will be increasingly integrated in
the future. Furthermore, the dynamics in the power and district heating systems are
important to consider when modelling the future role of renewable gas. These synergies
are essential to include, for example, since electricity mainlt is used in the production of
hydrogen, and excess heat from the conversion processes might be used to supply district
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heating demands. The results from the analysis showed that, in particular, the cost of
producing biomethane is a critical parameter, which has a high impact on the future use of
gas, depending on the production cost level. The high uncertainties related to the
biomethane production costs indicate the need to include the cost of transporting locally
distributed energy resources to conversion plants in the holistic energy system modelling
like it is implemented in the developed modelling framework in this PhD thesis.
Finally, based on the results from the conducted assessments, this PhD thesis thereby
concludes that gas and renewable gas may play a key role in the energy transition towards
a climate-neutral Danish energy system in the future.

Future research perspectives
This PhD thesis contributes to the research field by developing novel methodologies, which
are implemented in energy systems models to allow comprehensive assessments of the
future role of gas in the energy system. However, there are several natural extensions of
this PhD thesis, which could be investigated in the future.
A natural extension of this work would be to conduct a comprehensive assessment
combining all developed modelling frameworks. In that modelling framework, the
complete energy flow from locally distributed energy resources to final energy
consumption in all sectors would be optimised simultaneously. The modelling of renewable
gas and liquid fuels should be extended to allow assessments of promising conversion
pathways in the energy transition towards a future climate-neutral energy system.
Although an extensive catalogue of conversion technologies is integrated into the
Balmorel-OptiFlow modelling framework during this PhD project, new production
pathways emerge and should be implemented accordingly.
The gas transmission infrastructure model, GasMo, was developed as a part of this PhD
project. Results from the GasMo model revealed that the capacities in the gas transmission
system appear to be ready for future energy scenarios. However, the future of gas
distribution networks is still highly uncertain, as discussed in Chapter 6. Therefore, future
research could further investigate challenges in future gas networks, also at the distribution
level. This future research could provide answers on critical questions like: would it be
economically viable to close down some parts of the gas grid?
Besides methane gas grids, the future of hydrogen infrastructures is gaining increased
attention [181, 197]. Future research could, therefore, specifically investigate the future
role of hydrogen may have in a low-carbon society, both nationally and internationally.
This PhD thesis has primarily explored the role of gas in future energy systems, with a focus
on Denmark in a Northern European context as a case. The role of gas in a Danish context
is an interesting case to study. However, the challenges Denmark’s energy and gas sector
currently is facing - and will face in the future energy transition is not only of national
interest. The challenges apply to many other countries worldwide, which will be
undergoing an energy transition. Furthermore, Denmark’s energy gas and electricity
infrastructures are highly connected to the surrounding countries and Europe as a whole.
Therefore, a natural extension of this project is to broaden the geographical scope and
conduct comprehensive assessments of the role of renewable gas in a European context.
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Abstract
As the world progresses towards a cleaner energy future with more variable renewable energy sources, energy system models are required to deal with new challenges. This article
describes design, development and applications of the open source energy system model
Balmorel, which is a result of a long and fruitful cooperation between public and private
institutions within energy system research and analysis. The purpose of the article is to explain the modelling approach, to highlight strengths and challenges of the chosen approach,
to create awareness about the possible applications of Balmorel as well as to inspire to
new model developments and encourage new users to join the community. Some of the key
strengths of the model are the flexible handling of the time and space dimensions and the
combination of operation and investment optimisation. Its open source character enables
diverse, worldwide applications for exploratory energy scenarios as well as policy analysis
as the applications outlined demonstrate. The existing functionality and structural suitability for extensions make it a useful tool for assessing challenges of the ongoing energy
transitions. Numerous model extensions have been developed as different challenges to the
energy transition have arisen. One of these includes the option of running the model with
unit commitment. To meet new challenges, further development is needed and consequently
the article outlines suggestions for future development, such as including transport of local
biomass as part of the optimisation and speeding-up the model.
Keywords: open source, energy modeling, energy system analysis, Balmorel, model
description, applications
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Highlights
• One of the few open source energy system models with a long history of development
• The open code enables the widespread use including broad geographic coverage
• Offers flexible handling of time and space dimensions
• Offers simultaneous optimisation of operation and investments
• The structure facilitates integration of e.g. new sectors, technologies and policies
1. Introduction
The conversion of energy sources to electricity and the delivery of heat and transportation
services are both technically complex and have large economic and environmental implications to society. For these reasons, energy system modelling has a long tradition spanning
back to the 1950s when linear programming was utilised for capacity expansion planning [1].
Planning of more sustainable energy supply gained attention in energy modelling after the
oil crisis in 1970s [2]. Today, energy system models are widely used by energy companies,
policy makers and research institutions to increase insight into energy markets, future energy
system development and implications of energy policies. The increasing efforts to replace
fossil fuels with renewable energy resources in order to mitigate climate gas emissions and
to address challenges like energy security, scarcity of resources and energy affordability, shift
the temporal and spatial scope of analysis. Further, the electricity, heating and transportation sectors will likely become more integrated. These developments add new complexity to
energy systems and thereby new challenges to energy system models. The benefits of energy
system modelling tools become even more evident under this development. Balmorel is one
such tool which has a long application history of extensive use in both public and private
sectors.
Balmorel is a bottom-up partial equilibrium energy system optimisation model with a
special focus on electricity and district heating sectors. The first version of Balmorel was
released in 2001 by Hans Ravn et al [3]. Since the first version, an extensive cooperation
between research institutions and consultancies in several countries have gradually developed
the model according to new needs and demands as the energy sector has evolved. The source
code has been provided online since 2001 and was assigned the ISC license in 2017 [4].
Balmorel fulfils one of the preconditions for required transparency for energy models since
its code is open source. Also, all input data and all data manipulations are in clear code,
with documentation in [5]. The solution is obtained by application of solvers for which the
principles and properties of the obtained solution have been part of the standard repertoire
for decades [6].
The objective of this paper is three fold: 1) To describe the Balmorel model as of 2017.
2) To discuss the experiences from close to 20 years of continuous model development. 3)
To illustrate the main strengths and weaknesses of the model in its latest form (July 2017).
First, a concise model description is given (Sections 2.1, 2.2, 2.3) including formulation
2
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details (Section 2.4), structure (Section 2.5) and its open source character (Section 2.6).
Second, a brief overview of applications is given (Section 3). Finally, strengths (Section 4.1)
and limitations (Section 4.2) of the model are discussed and potential future development
(Section 4.3) as well as challenges of the open source character (Section 4.4) are outlined.
2. Model description
2.1. Overview
Balmorel is a partial equilibrium model for simultaneous optimisation of generation,
transmission and consumption of electricity and heat under the assumption of perfectly
competitive markets [3, 5, 7]. The model finds the optimal way to satisfy the energy demand
maximising social welfare, viz., consumers’ utility minus producers’ cost of electricity and
district heat generation, storage, transmission and distribution; subject to technical, physical
and regulatory constraints.
Balmorel is written in the GAMS (General Algebraic Modeling System) modelling language [8] and built in a generic, extensible modular structure (cf. Section 2.5); therefore,
new energy commodities (e.g. hydrogen or biofuels production) and features (e.g. transportation) might be included through addons in the basic modelling framework, which is
described in this section.
The Balmorel core model is linear, but mixed-integer modelling may be applied, e.g. in
order to represent economies of scale and unit commitment.
The model is data-driven and has a high degree of flexibility with respect to temporal
and spatial options. Time might be defined chronologically in three layers, while the basic
time unit (e.g., two-hours, hour, half-hour, etc.) is not predefined in the structure of the
model. Concerning space, Balmorel is divided into three hierarchical geographical entities
(cf. Section 2.2). The level of detail of the temporal and spatial dimensions will be userdefined.
Resources’ market prices and final energy demands are exogenous parameters in Balmorel. Availability of some resources might be exogenously constrained, in case the system
has no or limited access to inter-regional trade markets.
The base model includes conversion of energy resources to electricity and heat, storage
and transmission and associated costs and losses related to energy distribution.
The supply side consists of various generation technologies, whose planned capacity,
commissioning and decommissioning is defined exogenously. New capacity investment and
endogenous decommissioning are found as a result of the optimisation. These technologies
have specified fuel types, fuel efficiency, investment and operation & maintenance (O&M)
costs, ratio between power and heat production (co-generation units), expected technical
lifetime, as well as environmental characteristics for each technology; such as SO2 , NOx or
CH4 emissions. Variable renewable energy (VRE) technologies (e.g., wind, solar power, solar
heat, run-of-river and reservoir hydropower) have production or inflow profiles exogenously
given at each time segment and geographical entity, with the possibility of curtailment.
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Figure 1: Balmorel core structure

There are two types of storage implemented in Balmorel: short-term storages of electricity and heat and long-term storages of electricity, heat and hydrological reservoirs. All
storages are limited by storage dynamics.
Electricity trade in Balmorel might take place between different Regions, subject to the
capacity of transmission lines -including existing, planned and endogenous investments- and
their availability. Trade of electricity with third Regions, which are not explicitly modelled,
can be defined by providing exogenous power flows per time segment or through prices
and limits to power transmission, where the exact amount of electricity trade at each time
segment with the third Region is determined endogenously.
Energy balance constraints ensure that energy supply equals demand at every time segment and geographical entity. The equilibrium condition provides energy commodity prices
for all geographical entities and time segments. The optimal solution is found along with
associated dual variables, or shadow prices.
Different running modes can be applied depending on the desired level of foresight for
optimisation between time segments and if endogenous investments are taken into account
(cf. Section 2.3).
Figure 2.1 illustrates the core structure of the model. Depending on the application,
various types of electricity and heat demands, additional technologies etc. can be defined.
Where appropriate, the input may be differentiated with respect to technologies, time and
space.
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2.2. Spatial and temporal dimensions
Spatial resolution
Space is in Balmorel defined by using three layers of geographical entities. The entities
are from broadest to narrowest: Country, Region and Area. The entities are organised
in a hierarchy such that each Region or Area belongs to exactly one Country or Region,
respectively. However, each Country can contain many Regions and each Region can contain
many Areas.
The Country layer allows for general economic input to be defined, such as policy measures, renewable energy targets, resource restrictions and fuel prices. The Country level is
also extensively utilised for summarising results.
Between Regions, power transmission limitations can be defined such that congestion can
be modelled within a Country. Another distinguished feature of the Regional layer is that
here the electric power demand is defined and electricity balance is maintained. Therefore,
on the Region level, the marginal cost of supplying power demand can be observed, which
can be interpreted as the geographically specific market price of power in the model output.
The model may be set up for the Regions to depict market bidding entities, nodes or used
for congestion analysis. No power grid is considered inside a Region i.e. a copper plate
system is assumed.
Areas are used to represent individual geographical characteristics within a Region.
Wind, hydro, solar and other climate conditions are defined on the Area level, as well
the type and capacity of all power and heat generating and storage units. Because a Region
can include multiple Areas, more than one set of climate conditions can be defined within
a Region. For example, two Areas in a Region can represent distinct onshore and offshore
wind potentials. Heat demand can also be defined in Areas, such that one Area can either
depict a single district heating network or an aggregated heat supply and demand from
multiple networks.
Temporal resolution
In Balmorel, time might be defined chronologically using three hierarchic layers: the
highest layer is called Year, the middle layer Season and the smallest layer Term. The
model setup can include one or more Years, each of which is divided into an equal number of
Seasons and Seasons are further divided into an equal number of Terms. The combination
of the chosen number of Seasons and Terms dictates the total number of modelled time
segments in a Year. If for instance, the chosen number of Seasons and Terms are 52 and
168, respectively, there would be a total of 8736 basic time units available in a Year, which
could in that case be interpreted as hours. Furthermore, final individual time segments can
have different weights (durations) allowing for great flexibility when choosing the level of
detail in temporal representation.
Investments and policy measures can be assessed over the span of one or more Years.
Section 2.3 elaborates on the details of how investments are viewed over a single or multiple
Years.
In addition to technical structuring of time in the model, Seasons allow to depict seasonality within a Year. Such characteristics could be hydro reservoir levels, other long-term
5
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Table 1: Key characteristics of the different Balmorel running modes

Typical temporal
resolution
Optimisation
period
Model
horizon
Investment
optimisation
Seasonal optimisation
of storage

Balbase1

Balbase2

Balbase3

Balbase4

medium
one Year
myopic
user-specified
≥ one Year

medium to low
one Year
myopic
user-specified
≥ one Year

high
one Season

medium to low
user-specified
≥ one Year
user-specified
≥ one Year

no

yes

no

yes

yes

yes

no

yes

up to one
Year

storages, renewable energy production or availability of production capacities. Terms are
the smallest definition of time available. For each Term, optimal heat and power dispatch
are determined. The operation of storage technologies is assessed between Terms.
2.3. Running modes
The Balmorel model can be run in four different modes, which vary with respect to the
optimisation period and whether endogenous investments are allowed. In all model modes,
the complete model horizon (the whole time period that is modelled) can include multiple
optimisation periods, meaning the overall studied time period in the model can be longer
than the section of time which is optimised simultaneously. Within the specified optimisation
period the model has perfect foresight on future energy system parameters like electricity
and district heat demand, taxes and policies, and fluctuation of weather dependent energy
sources. In all running modes, the level of detail in temporal resolution can vary according to
user choice depending on the complexity, data availability and the purpose of the constructed
model. Having all input data regarding time variations at the same high level of detail (e.g.,
hourly) hence makes it possible to flexibly choose time aggregation from analysis to analysis.
Table 1 gives an overview of key characteristics of the different Balmorel running modes,
and more detailed descriptions of each mode are given in the following.
Myopic simulation mode - Balbase1
The Balbase1 running mode optimises the short-term operation of a user-specified energy
system, without allowing for endogenous investments in generation or transmission capacities. The optimisation period is one Year (myopic), assuming perfect foresight within the
modelled Year, optimising simultaneously for all time segments in the Year, the short-term
energy dispatch of a user-specified (exogenous) power and heat system. Nevertheless, many
Years can be included in the model horizon. This includes optimal allocation of thermal
plants, generation from VRE, transmission between power Regions, dynamics between the
power and heat markets, hydropower reservoir dynamics and other long- or short-term storage. With exogenously specified energy system parameters, future capacities will be based
6
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on the user’s assumptions for the development of the energy sector, climate and energy
policies.
Myopic investment mode - Balbase2
The Balbase2 mode of the model is based on Balbase1 with the additional option of
modelling investments in technologies and transmission capacities. Given the assumed energy system, fuel and carbon prices and energy demand for the modelled Year, investments
in new production and transmission capacities are optimised along with the operation as
in Balbase1, based on an assumed interest rate, investment costs and lifetime. If the social welfare is higher with than without an investment for that specific Year, the respective
investment will be made at the beginning of the Year. Such endogenous investments are
available in subsequent Years.
Seasonal optimisation - Balbase3
The Balbase3 mode of the model is similar to the short-term energy dispatch described in
Balbase1, but instead of one Year, the optimisation period is one Season. This allows a higher
temporal resolution in complex models where using Balbase1 with a high temporal resolution
is too time consuming. If Balbase3 is chosen, the highest available level of temporal detail
within a Season will automatically be used. Because the model lacks vision outside of the
optimisation period, some output from model runs with one or more full Years can be used as
input for Balbase3. Such input could be available hydro power resource for a given Season,
status of long-term storage or investments made in Balbase2. These dynamics between
one of the long-term scenario modes and the short-term dispatch mode (Balbase3) enables
detailed investigation of seasonal dynamics in long-term scenarios.
Rolling horizon optimisation - Balbase4
The Balbase4 mode contains all the functionality of Balbase2 (and therefore that of
Balbase1), but in distinction to Balbase1 and Balbase2, an optimisation period with more
than one Year may be solved. Further, a rolling horizon approach is used, such that a
sequence of partially overlapping multi-year models are solved. A novel feature for the
rolling horizon investment mode is the explicit distinction between actors’ (consumers’,
producers’, transmission system operators’ (TSO)) and society’s time and risk preferences.
From a structural point of view, this running mode Balbase4 will replace Balbase1 and
Balbase2 since it includes all functions of these. This better look-ahead mechanism for
investment decisions is already available in the most recent version [9] and has been applied
for prediction of electricity prices [10, 11]. Since it is not fully tested yet, Balbase1 and
Balbase2 still exist, also to keep backward compatibility.
2.4. Main equations
This section provides further details without going into implementation details or algebraic formulation. The commented source code can be found on GitHub [9], Zenodo [12] and
the model homepage [13]. For the declarations and definitions of equations, we refer to the
available GAMS code and its description [14] since this will reflect the current version of the
7
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coding. The link of reference [14] directly leads to the overview of the equation declaration
in the code. See also 2.6 for more information on publishing of the code.
Objective function
The objective function in Balmorel maximises social welfare subject to technical, physical and regulatory constraints. It represents the sum of system costs which include fuel,
transmission, fixed and variable O&M costs, taxes and subsidies, minus consumers’ utility.
In the case of running a model in myopic investment mode, annuitized investment costs are
also included. Furthermore, if a rolling horizon investment mode is chosen, components of
the objective function are represented by their net present value (NPV). The difference is
caused by the need to value e.g. investments made in different years at the same time in
rolling horizon investment mode.
Balance equations
These equations ensure that electricity and heat supply equal demand in each time step
and for every relevant geographical entity.
Capacity constraints
The generation level of each specific dispatchable technology per time slice and geographical entity is limited by the exogenous and endogenous installed capacity.
Energy constraints
Energy constraints reflect bounds on energy over a certain time interval. These equations
indicate that the energy used or stored might be lower, equal or higher than a given value.
Operational constraints
These equations represent the technical characteristics associated to the technologies
and their related operational specifications. For example, they might define what are the
feasible ratios between electricity and heat generation for a co-generation plant, chronology
related aspects like how fast a storage can be charged or discharged, or ramping rates for a
generator.
Other constraints
Other physical and technical limitations can be defined in Balmorel, as maximum level
of expansion capacity at a given Year, etc. Furthermore, the user can define specific political
goals at each geographic entity in a Year. Examples of political targets are maximum level
of greenhouse gas emissions, minimum share of renewable energy generation, restrictions to
fossil fuel consumption or degree of self-sufficiency.
2.5. Code structure
Formulation, documentation and solution of the mathematical model of Balmorel is done
in the GAMS modelling language.
The main code declares and defines input data (parameter, sets, scalars), includes data
and options files, and declares and defines variables and equations. Through option files, the
8
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Table 2: Overview Balmorel addons available in version 3.02 available at [15]

Abbreviation
AGKNdisc
combtech
Fjernvarme
gas
heattrans
hydrogen
hyrsbb123
policies
REShareE
REShareEH
TimeAggregation
unitcommitment
x3v

Description
Permits specification that for any technology the endogenous
investment must be in one of the predefined MW-sizes
Creates dependencies between technologies for simulation of multiple boilers
within a power plant or e.g. multiple fuel boilers
Expansion of the district heating grid to new customers can be decided
endogenously
Allows modelling of supply and demand of natural gas
Allows for transportation of heat from one district heat area to another
similar to handling of electricity transmission
Allows for modelling of hydrogen producing and consuming technologies
such as electrolyzer and fuel cells
Hydropower production in Balmorel running mode Balbase3 is optimised
with respect to amounts or water values found by the other Balmorel modes
Allows modelling of various policies such as capacity targets for certain
technologies or maximum energy related climate emissions
Allows specification of a renewable energy share in electricity consumption
within a country or group of countries
Allows specification of a renewable energy share in heat consumption
within a country or group of countries
Reduces the amount of time slices without loosing representation of
chronologically ordered time sequences
Includes unit commitment variables and enables detailed modelling of
thermal power plant cycling costs
Allows a piecewise step function for the price-quantity relationship for
electricity exchange with third countries

user can select Balmorel and GAMS control options such as running mode (cf. Section 2.3),
usage of addons, solver options, and amount and details of output generation. Balmorel aids
the user in debugging through specific standardised error messages and a logfile for input and
solution evaluation. Besides the automatic GAMS output in gdx format, output describing
the energy system results is automatically generated in various text files. Optionally the
output can be converted to a database file for subsequent use.
Optional extensions of the model code that provide additional functionality, e.g. transfer
of heat, combined technologies, electric vehicles, are called addons. Some addons heavily
influence calculation time and need thus be carefully chosen according to their impact on
the question to be answered by the respective model run. Table 2 lists the addons that are
included in the model version available for download at [15] and [9].
2.6. Open source character
Balmorel’s model code is openly available since its creation and first release in 2001. In
2017, the code was assigned the ISC license [4], which grants the ”[p]ermission to use, copy,
9
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modify, and/or distribute this software for any purpose with or without fee [...], provided
that the above copyright notice and this permission notice appear in all copies” (excerpt
of the license-file of Balmorel). Although this has always been the intention (as stated in
the code although in different and non-recognized wording) and has been common practice
since 2001, the license eliminates all legal uncertainty caused when no recognised license is
given. In contrast to a copyleft license, which requires that derivative work is shared under
the same or a compatible license [16], this permissive license places the fewest restriction on
users and adopters. The only legal barrier to utilising Balmorel code is the required GAMS
licence.
The process of assigning a recognised license to the model code involved contacting
contributors to the code and getting their consent. There was consensus on the principles
stated in the code, on the home page of the model and in all communication, and it was
therefore considered unproblematic to formally apply a license statement believed to have
the same content as was always intended, although in different wording.
Versioned stages of the code as well as documentation of model structure [5] and exemplary data have been released on the model homepage [13] since 2001. The collaborative
development of Balmorel now takes place at the code-hosting platform Bitbucket, which
allows for version-control and a review process of new code. The main development so far
has taken place in private repositories. Recently, the community started to publish model
stages on GitHub [9], and mark state of model code considered releasable by the authors
[15]. Starting from version 3.02, all released versions can be found at [12]. Release 3.02 is
the first and at the time of writing the paper the most updated release published at Zenodo
(v3.02: [15], most updated release: [12]).
Until recently the interchange of code modification and addition of new functionalities
took place mainly on bilateral basis. To the extent that new project developed functionalities
were found of more general applicability the relevant code sections were adapted to the
version kept by the main author, and then documented and released on the home page.
Today, Balmorel is in the process of making full use of collaborative code development tools
available today. This was started in a private repository on Bitbucket in a ”trying out”
status first thought to be just used for new code developments of one project. More projects
and developers joined and the additional possibility came up to make releases of model code
quotable with a doi, to ensure reproducibility. The code hosting platform GitHub, which is
similar to Bitbucket offers an integration with Zenodo: A certain model stage can be tagged
(marked) on GitHub and can then directly be linked with a publication of exactly this model
stage on Zenodo. This can then be called a release thoroughly tested. However, additional
model stages can be tagged on GitHub, which are not official releases (linked to Zenodo)
but can be used to assign test runs to model stages. Moving the complete development from
the private repository in Bitbucket fully to GitHub to make also all discussions around code
changes openly available is a next consequent step, but not realised yet.
Many projects have opted to modify the code to suit a specific task. The structure of the
model and its coding in a high level modelling language facilitate this. Most of the present
addons (Table 2) have their root in such situations, and have been included in the publicly
accessible code. The implementation of the core model has proven to be a robust structure
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for this for almost two decades.
A core developer group of about ten persons including the initial author are presently
developing the described version of Balmorel. These are based at the company RAM-lose,
Danish Technical University (DTU), Norwegian University of Life Sciences (NMBU) and
Tallinn University of Technology (TTU). There are closed forks of Balmorel in EA Energy
Analyses and other companies as this possibility is implied in the license. Furthermore,
other research institutions (e.g. Chalmers University of Technology, Sweden) further develop
Balmorel without actively publishing it. Via informal knowledge exchange and within the
scope of jointly conducted projects, also some of the successful code improvements of closed
forks feed back into the open version of Balmorel. The following section gives insights in
the different applications and user groups.
3. Applications
3.1. Research fields
Balmorel has for the last 16 years been applied for exploratory energy scenarios and
policy analyses for different scenario horizons up to 2060. The focus varies from assessing
the feasibility and role of specific technical components in the system (e.g., biogas upgrading,
heat storage options, transmission lines) to assessing the interactions of power, heat, gas and
transport sector. Table 3 summarises peer-reviewed publications grouped into main fields
of research.
The common ground of all applications is the aspect of transformation of energy systems.
Since growing shares of VRE sources like wind and solar intensively affect the structure of
the whole energy system, this aspect is found in most of the studies. However, the focus of
the analysis range from technical and private economic effects of heat pumps in a specific
district heating area [17] to the assessment of cost-optimal energy systems of several countries
[18, 19]. Technology interaction of wind and thermal power plants [20, 21] as well as specific
technologies like waste for energy generation [22, 23], biogas upgrading [24], heat savings
of buildings [25, 26], household electricity savings [27] and internalisation of local health
externalities [28] have all been in the focus of applications.
Along with changes in the energy systems due to, inter alia, climate change mitigation
ambitions, the research questions and thus the Balmorel applications have developed. The
focus on the provision of flexibility by electric mobility, electrification of heat sector [29],
interconnecting thermal and hydropower regions [30] and demand management [31], have
gained importance as well as the effects of sector coupling (power, heat, gas, transport,
waste): Although the core model does not represent the gas and transport sectors, [32–34]
implemented a road transport addon, [35–37] analysed the effects of electric vehicles, [38, 39]
assessed the role of hydrogen in the system and [40] analysed the system linkages to the gas
sector.
Most research questions require the combined optimisation of operation and investments,
which is a strength of Balmorel. A more detailed assessment of dispatch may require unit
commitment which is implemented as an addon. Strategic behaviour building on top of
Balmorel was on the other hand analysed in [41].
11

xii

Articles I-VIII

Article I

Table 3: Fields of research of peer-reviewed publications based on Balmorel

Studies
[17, 29, 45–47]
[25, 26, 44]
[28]
[22, 23]
[20, 35, 38, 39, 48]
[30, 31]
[27]
[28]
[32–36]
[24, 39]
[42–44]

Field of research
Heat
Systems integration (Flexibility)
Savings
Externalities
Waste
Electricity
Investments
Systems integration (Flexibility)
Savings
Externalities
Transport
Systems integration
Gas
Hydrogen, Biogas
Policies
Market, certificates, scenarios

Geographical scope
North Europe, DK
DK
DK
North Europe
North Europe, DK-W
North Europe
DK
DK
North Europe, DK, DK-W
North Europe, DK
Baltic Sea, North Europe, DK

Effects of emission certificates [42], comparison of emission market and certificates [43]
as well as assessments of different support schemes and taxes for district heating [44] are
examples for Balmorel applications to assess regulatory aspects of energy systems.
3.2. Worldwide applications
Academia (Table 3) has not been the only driver of Balmorel utilisation and development.
EA Energy Analyses [49] has been a key actor, and also other consulting companies such
as COWI [50], and other companies or organisations such as HOFOR [51], Danish Energy
Association [52], Estonian Transmission System Operator Elering [53, p.27], and government
institutions such as the Mexican Energy Ministry [54], have carried out a multitude of energy
system scenarios, energy policy analyses and feasibility studies of various technologies in
diverse geographical contexts. Some of the companies/organisations mentioned above utilise
Balmorel continuously for various analyses which are not publicly listed, but EA Energy
Analyses provides a comprehensive overview of Balmorel applications [55]. The Balmorel
model is also extensively utilised in education. To our knowledge, at least 10 PhD and
27 master/diploma students of different countries completed their theses having applied
Balmorel to approach specific questions on energy system transformation [56]. In 2017,
there are 12 ongoing PhD and one ongoing master project employing Balmorel. A list of
these, which gives an overview of the topics, but does not claim to be complete, can be
found in the supplementary material of this article.
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4. Discussion
4.1. Strengths
In the light of an increasing demand for open and transparent energy system models
[57–60], a major advantage of Balmorel is that the model code is open source. Balmorel is
widely used, well tested, its core has over many years proved to be robust and suitable to
adaptations. The model has been applied to a wide range of energy system studies, and for
analysing various types of energy systems throughout the world. As a result, the model is
continuously extended and improved, and new model developments are continuously shared.
The structure of the Balmorel model is transparent and the geographical and temporal
scope is flexible. The resulting advantage is that, the temporal resolution could span from
very detailed simulations with several time steps per hour, to long-term scenarios with a
few time steps per week or less. Furthermore, it can be used at the city, national and
international level, applied with different regulation and constraints and extended to other
energy sectors.
The different running modes of Balmorel enable optimisation of short-term operation, as
well as long-term investment planning in power, heat and inter-connector capacities for one
or several Areas and Regions.
The bottom-up representation of the supply side makes it suitable for analyses of energy
markets consisting of various production and storage technologies. Furthermore, it allows for
modelling of elastic electricity and heat demand, which is not commonly covered in energy
system models.
The possibility for a high resolution in time and space enables it to capture the multiple
time series of a power system. While a common simplification in energy system models is
the use of non-consecutive time segments or representative hours and load-duration curves,
Balmorel by default uses chronological time, or consecutive time steps. This enables more
realistic modelling of VRE, hydro reservoir dynamics and other long- and short-term storage.
The regionalisation and model structure is well adapted for analysing integrated liberalised energy markets. Balmorel is one of few models with a detailed representation of
district heating and the interaction between heat and power market.
4.2. Limitations
First, the Balmorel model is a deterministic energy system model, and it assumes perfect foresight. The model as such does not represent behaviours which are characterised
by stochastic properties such as e.g. generation from variable renewable energy or forced
outage of dispatchable generation units. The stochastic nature of the production, consumption and environment are modelled by exogenous time series. The model does not capture
imperfect predictability issues related to, for example, hydro power inflow or wind forecasts. Also uncertainties of a non-stochastic nature, such as political decisions on energy
and environmental systems, are presently outside the realm of the model.
Second, several electricity transmission and district heating grid related issues are not
handled in Balmorel. Examples for the electricity system are e.g., voltage and angle stability,
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and reserve management (primary and secondary). For district heating, distribution network
examples are time delays and temperature levels.
Third, the energy producers are assumed to behave as price takers without any strategic
market behaviour. In markets where the clearing conditions differ significantly from those
under perfect competition, the Balmorel model structure is less suited although it has been
utilised to model imperfect competition [41]. While assuming perfect competition may be
questionable for a specific market it does rest on a heavy tradition and it leads to transparent
modelling.
4.3. Potential future development
Coupling with the transport and the gas sector [61] is handled in specific projects but
should be included in a more permanent way. The same applies to a refined presentation of
flexibility characteristics (e.g., ramping constraints) and options. Decomposition of demand
is crucial to improve the modelling of demand side management.
Availability and price of resources are exogenously defined in Balmorel. However, some
resources are scattered over large areas, and they can be transported at a cost, in order to
maximise the value from its use. This is the case for biomass and waste resources, which are
becoming increasingly important in renewable energy systems. In order to determine future
perspectives for renewable gasses, taken into account availability and transportation costs
of bioenergy resources, Balmorel has been linked with the generalised network optimisation
model OptiFlow [62]. The abstract nature of a generalised network model enhanced the
extensibility of the core Balmorel model significantly. Currently, OptiFlow is being further
developed to represent generation of renewable gases and bio-refineries.
Concerning electricity transmission, efforts are made to enhance possibilities by implementing an addon with a flow-based representation of the network. The currently existing
technical solution of the Balmorel flow-based add-on corresponds to the flow-based market
coupling principle described by the Nordic TSOs in [63] and utilised in Central-Western
Europe [64]. Current efforts are directed at designing an input data derivation methodology
according to publicly available data sets.
The effect of parametric uncertainty has already been evaluated by applying Monte Carlo
analysis with latin hypercube sampling. A global sensitivity analysis was also employed in
Balmorel using the Morris screening methodology [11]. In the future, a framework for
conducting sensitivity and uncertainty analysis will be embedded in the Balmorel model, in
order to ensure robust results from a common statistical evaluation.
There is often a trade-off between level of spatial, temporal and technological detail;
expansion of the model by the inclusion of functionality and running time. These issues
may result in structural uncertainties, which could impact the sensitivity of the model runs.
Current efforts on speeding-up the model, such as aggregation of time and of space, solver
tuning and decomposition for parallel computing might allow to increase the level of detail
and functionalities of the model without entailing a computational burden. Depending on
the aggregation level, the functionalities chosen and whether the variables are to be counted
by the thousands or by the millions, the model can take from minutes to days to solve using
a state of the art solver.
14

xv

Articles I-VIII

Article I

With the objective to increase transparency, the Balmorel community plans to improve
the coordination of input data collection and documentation including updating from public
databases. If successful, in the medium-term, input data sets can also be made openly
available, achieving full transparency of model results. Due to the lack of open licenses
[65] of original data, publishing input data is a general challenge to open energy model
applications.
For lowering entry barriers, the development of an additional user interface as well as
online courses for new users are planned.
4.4. Challenges of the open source character
Balmorel began at a time when version control was not common and code-hosting platforms like GitHub and Bitbucket did not exist. Since there was no central organisation
and no obligation to return developments by users to the original author, different model
versions exist in different institutions today. Even if further developments are returned to
the author, the challenge of adapting it to the common structure remains. The original 1999
- 2000 development had funding. Since there has been no basic funding focused on maintaining the model code, Balmorel has been evolving with application-type project funding
since 2001.
The need for user-specific modifications invariably implies a proliferation of different ad
hoc versions. This in turn implies a challenge to having a well tested and documented
common multi-user version of the model.
Thanks to the long-lasting commitment of the original project manager and main author
Hans Ravn to further develop and publish a generally accessible version of Balmorel, the
model is nevertheless maintained and improvements from various contributors are included.
The high number of users is an advantage for finding bugs, inconsistencies and checking
applicability, but managing this is time-consuming and can only be realised if it is well
organised.
This also led to different forks of the model existing in parallel. There are ongoing efforts
to increase and structure the collaborative development of Balmorel by different research
institutions and make them directly comparable in different branches. The model continues
to be used by the individual institutions while most will gradually shift to a common version,
with new branches being integrated when reviewed. Insights from closed fork developments
are derived by model run comparisons.
The process of defining coding guidelines, naming conventions and standards for addon
structure are ongoing. This in combination with a growing community and the utilisation of
respective tools that enable version-control, review process and issue-tracking will facilitate
an open collaborative future of Balmorel.
5. Conclusion
This paper presents Balmorel, which is a flexible open source energy system model.
Balmorel has been used by researchers, consultants, public agencies and TSOs since 2001.
Its open source character has been a precondition for the widespread use it has today. The
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number of open source energy system models increases steadily, but the generic and flexible
structure makes Balmorel a useful tool, suitable for continuous development required along
with the challenges of the ongoing energy transition. It has been widely used to analyse
integration of variable renewable energy in the energy system since its offset and has already
been applied in a variety of other energy systems than the Baltic, for which it was originally
developed. The main strengths of the model when contributing to analyses of future energy
challenges is that it is flexible both in terms of aggregation of time and space and also in terms
of representation of technologies and policy measures. In the future the main challenges will
be to ensure continued good coordination of the joint community development of the model
as well as facilitating increased transparency, accessibility and widespread use of the model
in other parts of the world where optimisation of energy systems with detailed time series
becomes increasingly important.
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Background & Summary
Energy system modelling is an important tool for research on energy transitions. These tools have grown in complexity and so has the data required for
adequately representing demand, generation, resources and infrastructure of the
energy system in focus. The data - from choice of weather pattern to technical
parameters to discount factor - are determining the results to a great extent
and thus need to be chosen wisely. This is however challenging due to the large
number of input parameters being derived from a variety of original sources. Already one of the parameter like e.g. pattern of wind feed-in could be a research
topic on its own.
Data compilation is still one of the most time-consuming parts of the energy
system analysis and similar work is done by different researchers in parallel iso1
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lation. Most data sets of energy modelling results are not published along with
the findings. Although there are attempts to share the work of pre-processing
data for energy system modelling, like the project Open Power System Data.1
In this paper, we describe a comprehensive data set for modelling electricity
and district heat of thirteen European countries. It includes data on demand,
generation technologies, infrastructure, fuels and economic parameters. While
we here describe an application examples of the data set with the energy system model Balmorel,2 it is applicable for other energy system models as well
and the scope within the data set range can be chosen by the respective user.
The strength of the data set lies within its comprehensiveness, with a detailed
representation of generation technologies, high level of detail on Scandinavian
hydropower, and the coupling between power and district heating systems, as
well as its applicability to different models. Due to its application focus and
knowledge of the authors, the level of detail is greatest for the countries Denmark, Norway, Sweden Finland and Germany, as well as for the Baltic countries
Estonia, Latvia and Lithuania; however, also comprehensive and complete energy data is collected for the countries United Kingdom, France, Netherlands,
Belgium, Poland.

Figure 1: Comprehensive data set for modelling electricity and district heating
of thirteen European countries

2
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Methods
Short introduction to the method section
The comprehensive data set for modelling electricity and district heating
systems of thirteen European countries are described in this paper. Due to its
comprehensiveness, this descriptive article only provides a brief overview of the
data set, the main sources used in the collection of data, as well as the workflow
for processing the raw data to input data for energy system models.
The data set originally belongs to the Balmorel model, however, the collected
data is applicable to other energy systems models. A simplified representation
of the modelling framework and network in Balmorel, which form the basis for
the data set described in this paper, is displayed in Figure 2.

Figure 2: Simplified representation of the power and district heating network in
Balmorel. The figure display the overall framework for the dataset described in
this article
The comprehensive data set include parameters for the current system but
also for estimations for the development in the future, which enable scenarios
assessment of future energy transition pathways. To provide an overview of collected data groups, Figure 3 display the data in the space of parameter change
in the future and uncertainty in quantification. While realistic, through aggregated, data are collected for the current infrastructure and installed generation
capacity, estimation of resource potentials is related to inherent uncertainty in
the quantification. Heading towards the future, production and consumption
profiles, technology data, energy demands, fuel prices, and environmental costs
3
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can vary significantly in their potential development, as well as in the uncertainty related to the quantification. Using energy systems models and its underlying data is a powerful tool for supporting strategic investment and operation
decision-making as well as to support future policy frameworks. Therefore, we
stress the need for acknowledging and explicitly communicating the inherent
uncertainty related to long-term energy systems planning.

Figure 3: Data are grouped and visualised in the space between uncertainty in
quantification and the parameter change in the future.

Generation technologies
Technology Data
A strength with described data set is the extensive representation of various generation technologies, which counts 1189 unique conversion technologies. Thus,
the data set represents a technology-rich representation of the power and district
heating systems.
The data set constitutes a comprehensive representation of the existing generation capacity stock, which counts 620 unique technologies, and include 569
unique investment options, as illustrated in Figure 4. The extensive representation of technologies enable assessments of current and future operation and
investment-decisions in energy transition scenarios of the power and district
heating systems.
The data set strive to include state-of-the-art and high-quality techno-economic
parameters, as these are pivotal for computing reliable operation and investments decisions in the power and district heating systems. The techno-economic
parameters for the unique conversion technologies are therefore systematically
collected from various sources. However, the majority of generation technologies are commonly known, and here techno-economic parameters are mainly
4
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Figure 4: Overview of technologies included in the described data set
collected from coherent sources e.g. energy data catalogues, for example, Energy Technology Catalogue - Technology Data, Generation of Electricity and
District Heating,3 and Technology Data for Energy Plants - Generation of Electricity and District Heating, Energy Storage and Energy Carrier Generation
and Conversion.4 For generation technologies not included in these energy data
catalogues, techno-economic parameters are found in scientific papers or reports.
Installed Capacities
Today’s installed energy capacities are crucial for a realistic simulation of the
operation of the current system as well as for the design of the energy system
of tomorrow. Thus, efforts has been made to collect reliable data for current
installed energy capacities for the considered countries. The already existing
capacities were compiled from different sources for the different countries, which
is described in detail below. By assuming a certain lifetime, we derived the
remaining installed capacities of the power plants in future years. Figure 5
provides an example of processing installed generation capacities for Germany.

5
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Figure 5: Example of the workflow for processing installed generation capacities
in Germany
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Germany: For German power plants, the main source is Open Power System
Data,1 a project that compiles data for energy system modelling from various
sources. Hereby, the data package of conventional power plants5 and the one
for renewable power plants6 were chosen which is a list of existing capacities
including their technical parameters. This data of existing power plants was
further processed, which can be retraced on the respective script.7 The technical
lifetime depending on the commissioning year was derived from the Energy
Technology Catalogue of the Danish Energy Agency,3 specified by the type of
fuel and technology and applied to the existing installations. An exception is
the phase-out of nuclear power plants in Germany. We derived their shut-down
dates from a publication of the International Energy Agency.8
Denmark: For the Danish energy system, different sources are used. Solar
PV data is taken from .9 Wind data for existing wind farms is extracted from.10
Planned wind farms are also based on.10 Thermal storage is based on .11 Power
and district heating producers, which include thermal power plants, boilers,
hydro run-of-river, and thermal solar heating, are taken from.12 The technical
lifetime depending on the commissioning year was derived from,3 specified by
the type of fuel and technology and applied to the existing installations.
Finland: Finnish thermal power plants usually supplies heat or steam in addition to electricity. For this reason, combined heat and power capacities has
been collected from Finnish Energy data book13 as this provide information on
heat generation capacities and district heating grid data. Thermal power plants
not listed in this source is from Energy Authority’s power plant register.14 For
district heating plants with missing information about installed capacity a virtual plant is added based on information on fuel use, which is also available from
Finnish Energy.13 The Finnish wind power association’s open data15 has been
used for wind power capacity up until 2020. It provides information on installed
wind power capacity as well as projects under construction. Current installed
capacity is decommissioned based on typical lifetimes. Most announcements of
decommission of major power plants are considered.
Sweden: Data for biomass combined heat and power capacities is found in the
annual publication by “Bioenergitidningen” 16 on biomass electricity generation.
Swedenergy’s district heating statistics17 on fuel use per district heating grid
is used to derive the installed capacity in district heating plants. For the few
fossil fired power plants, company web sites and reports has been used to find
installed capacity. Current capacity and short-term projections of capacity by
Swedish Wind Energy Association18 is used for wind power capacity. The overall
capacity is validated against Swedenergy’s annual report19 on the power system.
The current installed capacity is decommissioned based on typical lifetimes and
take into account announcements of decommission of major power plants.

7
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Norway: The Norwegian district heating association20 has provided data on
heating plants in Norway giving permission to publish an aggregate of the data
openly. Hydropower and wind power plant capacities are from the Norwegian
Water Resources and Energy Directorate (NVE).21
Remaining countries: The installed capacities for the remaining are collected using national energy statistics. The data is provided in the open-source
data set with further details provided.
Outages: Planned and unplanned outages in thermal power plants are modeled as a temporary reduction in generation capacity following a weekly pattern.
The current data for hard coal, lignite and natural gas power plants reflects outages in German power plants 2012 with a duration spanning over three days or
more, based on European Energy Exchange (EEX) data.22 For nuclear power
plants, data for actual generation has been used. For other thermal units, the
availability is set to 90% at all times.
Investment possibilities
The collected data is originally used in an energy optimisation model, therefore,
the described data set includes 569 unique investment options, which can be installed in specific model areas, to design a future technology mix for the energy
system of tomorrow. The current data set distinguish available investments opportunities according to technology type as well as the size of district heating
area, due to the economy-of-scale effects, as illustrated in Figure 4. The reasoning behind the distinguishing between investment options in different sized
district heating networks is due to the typical size of conversion technologies,
which are typically installed in such area. This is a simplified way of simulating
economy-of-scale, as the techno-economic parameters is valid for a certain size
of technology. In this simplified way, large and less expensive technologies can
therefore only be installed in areas which are reasonable.
Variable renewable energy - meteorological data
Meteorological data is used to estimate generation profiles and full load hours
(FLHs) for energy production based on variable renewable energy sources. This
subsection focuses on the data processing for gathering generation profiles and
full load hours for wind, solar photovoltaics (PV). Hydropower and its variability is described in the respective section (Hydropower).

Solar PV and Wind data The variable renewable energy data are simulated using the correlations in renewable energy sources (CorRES) tool.23 The
workflow for processing the wind and solar PV profiles and full load hours is displayed in Figure 6. CorRES allows simulation of pan-European wind and solar
PV time series using meteorological reanalysis data.24 In addition to modelling
8
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existing installations, CorRES allows modelling the impact of VRE technology
development on the generation time series.25 For wind and solar PV, technology
development was modeled as shown in,26 which is based on data from.27

Figure 6: Overview of workflow to produce wind and solar PV generation profiles
and full load hours
The VRE generation time series from CorRES give both the FLHs and
profiles for the analysed VRE technologies. As wind resources are not uniform
over a region, different resource grades are modeled. For onshore wind, for each
region in Balmorel, three resource grades were considered: grade A for the area
with highest 10 percent mean wind speeds, grade B for the next 10 to 50 percent
mean wind speeds and grade C for the final 50 percent. For some regions with
very small grade A areas, grades A and B were combined. This gives varying
FLHs for the investable onshore wind capacity in each region, which models the
scarcity of high wind speed locations. For offshore wind, split was done to three
technology categories: nearshore, AC-connectable offshore and DC-connectable
offshore.26 For solar PV, CorRES was used to generate one time series per
region, and information from28 was used to linearly scale the time series to
two representative grades (three for large area region in the model, i.e. UK and
France). The scaling is performed so if the full potential of solar PV is exploited,
the resulting average capacity factor of each region will match the time series’
one.
For all VRE generation, 35 meteorological years are simulated on hourly resolution. All of the data are used for estimating the FLHs. However, as hourly
time resolution, and thus full time series for VRE generation and energy demands, in comprehensive investment optimization models requires exceptional
9
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high computational power, scaling method, such as29 can be used to reach manageable computation times.

Hydropower
For Norway, data on capacities and storages are from NVE and aggregated to
a one reservoir model of the hydropower system. Weekly inflow profiles have
been provided by NVE30 and are output from the EMPS model that considers
the hydropower dispatch at much more detailed level. Inflow consist of two
components: A must-run component and a dispatchable component. The mustrun component is generation that must occur if water is not to be spilled e.g.
in a run of river plant or in a reservoir power plant that must generate in order
to fill minimum dispatch regulations or to avoid flood.
For Sweden, data from Swedenergy17 on capacity and size levels have been
collected for a one reservoir model. Thompson Reuters has provided data on
inflow.
For Finland, data on inflow and reservoir size has been collected from the
Environmental institute of Finland.31

Demand
Electricity
The major share of electricity demand are given exogenously in Balmorel and
are allocated to three user groups: Power intensive industries, residential and a
third category including all other sectors. Power intensive industries are metal
industry, chemical industry, non-metallic minerals, and paper, pulp, and printing industry. The motivation for applying these user groups is the possibility
to add discriminating taxing and tariff schemes and for separate treatment in
demand growth projections. Consumption in pumped storages, electric boilers,
and heat pumps are modeled endogenously. Own use by power plants are not
treated as demand, but in lower efficiency figures for the generation technologies
(net efficiency). The statistical reported losses in distribution are calculated as
a fraction of demand and used as input to the model.
Annual figures from the demand are gathered from Eurostat (table nrg 105a)
using year 2016 as the base year. The Balmorel base data set does not include
any projections for demand growth in the exogenously modeled sectors; 2016
levels for annual demand are used for all years to 2050. It is therefore the
responsibility of the user to estimate future energy demands that reflect the
specific scenario. This simple assumption reflect that there are important drivers
both for demand reduction, such as energy efficiency measures, and demand
increase, such as economic growth and electrification. Possible increased use of
electricity in district heating is modeled endogenously and the electrical vehicle
and power-to-gas add-ons treats increased electricity use in those sectors.
Exogenous demand at an hourly level is given using system wide hourly profiles collected from Nordpoolspot32 and ENTSO-E33 data platforms for the year
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2012. Power intensive industries follow a profile with less volatility, typical for
these consumers, based on hourly measured consumers in Northern Sweden.34
Profiles for residential and other sectors are found by deducting the power intensive industry proportion from the system wide profile.
Heat
Demand for district heating are exogenously given using national statistics and
considers heating grids where energy in the form of heat or steam is sold. Distribution losses for heat is included in the demand figures, unlike loss treatment
in electricity distribution. Annual demands are projected into the future following the projections in the Nordic Energy Technology Perspectives 2016 (NETP
2016).35 Demand profiles for Sweden, Norway and Finland are estimated taking
temperatures in 2012 and consumer composition into account.36

Fuels and resources
The described data set includes 21 fuels, which are associated with emission
factors and fuel prices, and can be constrained by resource potentials.
Fuel potential restrictions
The fuel potential is related to high uncertainties, but is a crucial parameter in
the data set. The high uncertainty is related to the type of potentials that are
included, i.e. theoretical, technical, economical, or sustainable. The evaluation
of the fuel potentials are based on multiple dimensions, such as sustainability
criteria and public acceptance. All, adding to the inherent uncertainties related to future energy scenarios. The reasoning behind the biomass and VRE
potentials are highlighted in the following.
Sustainable biomass potentials are used in this data set. The competition
of biomass between energy sectors is highlighted in the literature,37 with the
conclusions that biomass is often used in the hard-to-decarbonise sectors, such
as heavy transportation. The core Balmorel model represents the power and
district heating system in details; leaving out the sectors such as the transportation and industrial sectors. The data set presented include, however, the
full biomass potentials, which are primarily collected from Eurostat.38–41
Potentials for variable renewable energy sources, in particular wind and solar, are crucial parameters, which can restrict the use of the fuel type in energy
transition pathways heading towards a decarbonised system. Onshore wind potentials are subject to paradigms such as public acceptance, and thus not reflect
the technical or economical potentials, but are based on national thoroughly
assessments. The resource potentials for onshore wind are mainly adopted from
NETP 2016.35 The full potential of each region is split into the resource grade
categories.
Wind offshore country potentials are taken from NETP 2016,35 except for
Denmark, whose potential is based on.42 The country-wise potential is split into
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the different regions and technology categories of the model based on 4COffshore
data used in.26
Solar PV potentials are mainly taken from the ENSPRESSO database.43
The numbers taken correspond to the PV-ground potential, with a conservative
assumption of 85 MW per m2 and 3 % available non-artificial areas. The country
potential was split into the different regions based on region sizes. Inside each
region, a 50 % split was made for regions with two resource grades, and a split
10 %, 30 %, 60 % for the best, second, and third resource grades in the regions
with three resource grades, i.e. UK and France.
Emissions
Emission factors are associated to conversion from resources/fuels to energy vectors e.g. electricity and district heating. The use of fossil fuel is associated with
traditional emissions factors, while production from VRE is assumed to have
a zero emission factor. In the following, emission factors related to bioenergy
and municipal waste is highlighted as many different assumptions are applied
in various energy systems models.
Currently, there are no worldwide consensus within the scientific community
regarding emission factor for biomasses, as the factor varies, for example, according to the sustainability of the biomass and the transportation of resources
across space. In this data set biomass factors follows the values in.44 Emission
factors for biogas likewise varies according to, for example, feed-stocks, treatment during production, and upgrading technology. The data set apply the
emission factor adopted from an analysis conducted by University of Aahus.45
Emission factors associated to the conversion of municipal waste depend on
the mixture of the feedstock. However, a uniform emission factor for municipal
waste is applied in this data set.46
Fuel price
Fuel price developments is often a central parameter in the creation of future
energy scenarios. Fuel prices can, for example, vary according to the demand of
the type of fuel in specific scenario. This is often incorporated in the fuel price
estimate for a certain scenario. Thus, fuel prices needs to be chosen wisely and
in line with the other scenario parameters. However, fuel prices in this data set
is adopted from.35 Additionally, in order to simulate the effect that fuel prices
is, to a certain extent, determined by the demand, a stepwise fuel price function
is implemented for the internal use of biomass.

Transmission
The data set considers the power transmission only between power market areas for the considered countries. The fundamental transmission capacity values
relates to net tranfser capacity (NTC) in power markets. NTC values inserted
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include the existing connection capacities and expected capacities for which investment decisions have been confirmed in the near future. The primary source
for NTC values is the maximum NTC data published by Nord Pool.47 However, in order to cover a wider geographical scope, data has also been included
from NTC values published by ENTSO-E.48 ENTSO-E TYNDP data has additionally been used to reflect to future changes in NTC values, for example
due to regular grid expansion done by TSOs. However, only data for confirmed investment decisions reflected by ENTSO-E have been added. Because
ENTSO-E projects data is updated continuously, also after the release of the
official TYNDP dataset, the ENTSO-E projects page is also used to reflect the
latest status of expected grid expansion.49
In order to allow investment decisions on expanding transmission capacity
in the power system, the costs for possible investments are considered in the
data set. As with NTCs, investments can be made into expanding transmission
capacities between market areas, and the cost for doing so is determined by the
specific investment cost (EUR/W). The cost assumptions are based on historical
data - realized transmission expansion projects are used to calculate value for
new possible lines. The source of the data is the NETP 2016 report, in which
transmission investment data has been compiled from a variety of sources.35
Transmission input parameters describing the cost of energy transmitted
and the energy loss between market regions respectively is considered. Because
no significant marginal cost is present on transmitting power between market
regions, a small value is assumed for the cost of transmitting power in the model
for mathematical reasons. For transmission cost, a singular value is assumed
across all transmission connections.

Finance
Discount rate
Depending on the scenario assessment, the discount rate can reflect the either
the socio- or private-economic actor. A uniform discount rate is currently implemented, despite the scientific discussions in the research field.50–52
A socio-economic discount rate at 4 %, which is constituted by a risk-free
element and a small risk premium, is implemented for the period of investments
within 35 years.
As an attempt to take a more private economic approach to investment
decision-making, the weighted average cost of capital (WACC) is utilised. The
cost of capital used in the valuation is the average of the cost of equity and
the costs of debt, which are weighted according to the respective share in the
financing of the investor. Share of debt for the investment is 30 % and the
equity is 70%.
Annuity
Annual or annuity payment is calculated and used for every single investment.
A factor representing the annualized investment payment is calculated for every
13
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single investment option, e.g. generation technologies, storage, or interconnectors.

Data Records
The following countries are represented in the dataset: Norway, Denmark, Finland, Germany, Netherlands, Sweden, United Kingdom, Estonia, Latvia, Lithuania, Poland, Belgium and France. However, the core data is based on the
Flex4RES project, which is focused on the Nordics, Baltics and Germany.
The main dataset is available on the repository (https://github.com/balmorelcommunity/
Balmorel_data), where it can be downloaded, and used according to ISC license
rights. Table 1 gives an overview of the relevant data.

Technical Evaluation
An evaluation of the dataset using the Balmorel model has been preformed to
ensure quality and reliability. The year 2016 with every second week and every
second hour has been chosen due to computational and time constraints. This
results in 2184 timeslices per year.
The electricity production results for each of the included countries are compared to ENTSO-E53 and Eurostat54 historical data and are displayed in Figure 7. Two graphs are used due to the scale of the data.
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Figure 7: Electricity generation - 2016
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Table 1: Relevant data
Relevant data
Electricity
DE, DE_VAR_T, DEUSER
Heat
DH, DH_VAR_T, DHUSER
Technology data
GDATA, GKRATE
Installed capacities
GKFX
Variable renewable energy
WNDFLH, SOLEFLH, SOLHFLH
WND_VAR_T, SOLEVAR_T, SOLHVAR_T
Investment possibilities
AGKN
FLH
WTRRSFLH, WTRRRFLH
Profiles
WTRRSVAR_S, WTRRRVAR_T
Other
HYRSMAXVOL_G, HYRSDATA
Fuel data/emissions
FUELDATA
Fuel potential restrictions
FKPOT, SUBTECHGROUPFKPOT
GMINF, GMAXF, GEQF, GMAXFS
Fuelprice
FUELPRICE
Capacity
XKFX
Investment costs
XINVCOST
Losses
XLOSS
O&M
XCOST
Discount rate
DISCOUNTRATE
Annuity
ANNUITYC
Countries, Regions and Areas CCC,RRR,AAA
CCCRRR, RRRAAA, CCCRRRAAA
Scenario specific
M_POL
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Abstract
Energy system models provide insight into future energy trends, with real-life applications for supporting strategic decision-making. We
contribute to the scientific research field by developing and applying a rolling planning horizon methodology in a comprehensive energy system
model, and communicate the impacts on energy transition pathways, thus providing novel insights regarding the implications for energy system
modellers and decision-makers. We compare imperfect foresight i.e. myopic and limited foresight with full decision-making foresight, and test
how different socio-economic discount rates affect transitions of the Northwestern European electricity and district heating system. We find a
difference of up to 82 % in accumulated investment cost and 56 % in cumulative CO2 -emissions when comparing different foresight modes and
socio-economic discount rates in scenarios reaching net zero emissions in 2050, where the longest foresight planning horizon reaches the lowest
values. We find that the concept of rolling planning horizon proves its strength in long-term energy system planning, considering political energy
and environmental targets.

T

he world is currently experiencing global warming and
climate change.1, 2 As a global response to the threat
of climate change, the Paris Agreement aims to keep
the raise of the global temperature in this century
well below 2◦ C above pre-industrial levels, and to pursue efforts to limit the temperature increase even further to 1.5◦ C.3
This implies that energy systems will experience a remarkable transformation, with significant investments in renewable
energy production technologies required in the near term future.4, 1, 2, 5, 6, 7
Energy system models (ESM) are powerful tools to develop coherent and sustainable decarbonisation pathways, and
to guide policy makers and investors in their strategic decisions
in the energy transition. Energy systems are very complex systems where energy sectors are increasingly integrated. To capture synergies across energy sectors, holistic and integrated energy system models are applied. These modelling frameworks
represent the complex energy system in an aggregated manner,
suitable for long-term scenario assessments.
Long-term energy scenarios, which aim to achieve energy
and greenhouse gas (GHG) emissions targets, are subject to
uncertainty and risk regarding the development of technology,
fuel prices, and political decision developments, among others. Even though energy system modelling has a long tradition,
spanning back to the 1950’s,8 most energy system models are
deterministic models, which apply either myopic i.e. one simulated period at a time, or full foresight over the complete simulated period. Only few energy system models attempt to explore
methods between the two extremes of myopic or full foresight.
Although a few examples exist, the discussion of foresight in
∗ Corresponding

author
Email address: rapbe@dtu.dk (Rasmus Bramstoft)

energy modelling is underrepresented with regard to its effect
on results.9, 10 Even in comprehensive literature reviews of energy system models, the energy models are not characterised by
their foresight ability.11, 12, 13, 14, 15, 16, 17, 18, 19, 20
Energy system models applying full foresight over the planning horizon provides an energy pathway determined as the
global optimal solution, whilst myopic foresight may find suboptimal solutions. Compared to the level of detail of these
models (with regard to e.g. technology developments, spatial and temporal resolution), it is surprising that a critical
model characteristic like the foresight ability is not broadly discussed. Heuberger et al.,21 compares myopic and full foresight
decision-making in scenarios with disruptive events and show
the large effect on the results. Both myopic and full foresight
approaches provide insights on important aspects, but a method
closer to real-world planning is required since decision makers
neither base their decision on full knowledge about the future
nor single years. Therefore, to capture the development of future energy scenarios closer to real-world foresight behaviour,
novel approaches within the field are required.22
Compared to existing studies that assess the impact of myopic and full foresight decision making in energy system models,21, 9, 10, 22, 23 we bridge the existing research gap by developing and applying a rolling time horizon methodology in a comprehensive, technology-rich energy system model. Our modelling framework enables a flexible choice for the user with regard to foresight horizon and valuing of the future. This enables
a comparison of how future energy system configurations differ depending on the foresight into the future. Using the North
European electricity and district heating system as a case study,
we evaluate the impact of implementing a rolling time horizon
with different foresight attitudes in the energy system model by
means of economic and environmental consequences. In this
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way, we provide novel insights about the implications for energy modellers, as well as for policy- and decision-makers.

resolution, or extending the amount of included generation and
storage technologies.
A key concept in decision-making in society, which also applies to energy system modelling, is discounting, as an expression of how to value the future compared to today. The objective function is computed as a function of the discounted total
system costs. Here, the discount rate is crucial for the economic
valuation, and potentially has a significant impact on the final
solution. Despite this high impact on modelling results, discussions and sensitivity analysis on discount rate, payback time
and interest rate has not yet come to prominence in the energy
modelling community.24, 25, 26

The concept of a rolling time horizon
Implementing the concept of a rolling yearly time horizon in
comprehensive energy system models allows the models to simulate scenarios with either myopic, perfect foresight or limited
foresight between years, as illustrated in Figure 1.

Rolling time horizon in a comprehensive energy system
model
To conduct the model-based evaluation of future energy scenarios, which include increasing integration of generation from
dispatchable and variable renewable energy (VRE), the energy
system models should feature: 1) high temporal resolution;27
2) high spatial coverage, i.e., covering a large geographical
area, and high spatial resolution, which allows for detailed local modelling of, for example district heating (DH); 3) endogenous operation and investment optimisation; 4) analysis based
on a validated and sufficient representation of existing infrastructures, along with decommissioning of existing plants.28
The methodology of a rolling time horizon is implemented
in the comprehensive open-source energy model, Balmorel,29
which has the objective of maximising social welfare for the
integrated electricity and district heating sectors. It features the
recommended characteristics for energy system models and is
applied for various calculations of future energy scenarios with
a high penetration of VRE generation.
The Method section describes the main characteristics and
features of the Balmorel model, whilst Supplementary Note 2,
presents a thorough description of the implemented concept of
a rolling horizon in Balmorel. Moreover, a review of the characteristics of existing energy system models, as well as energy
system models applying different planning horizon approaches
is presented in Supplementary Note 1.

Figure 1: The concept of myopic, limited, and full foresight
Deterministic models applying perfect foresight over the full
planning horizon provide global optimum solutions where investment and operation decisions are optimised over the whole
time-frame in one single model. In contrast, deterministic models built upon a myopic approach that optimise investment and
operations in the simulated year under the assumption that future years are equivalent to the simulated years. Myopic models
are simulated as n smaller sub-models (with n being the number
of time periods modelled in total), with the risk of providing
sub-optimal investment decisions, particularly when the optimisation is not carried out for each year, but rather undertaken
with larger intervals such as five or ten year intervals. An alternative to the conventional foresight approaches is the implementation of a rolling horizon planning. In rolling horizon planning the years in the full planning horizon are sub-divided into
intermediate models, which can overlap, as illustrated in Figure 1. That means, decision makers have a partial knowledge
about the future and include that in investment decisions for
today. But the presumption on what the system will look like
in the partial foresight period will be adjusted in the following
optimisation period.
The main motivation for utilising a rolling horizon model is
twofold. The first is to have a better representation of the problem being studied, for instance in relation to policy decisions,
technological development, and the future of fuel prices that
the decision-makers have to take into account in their strategic
decisions of investment and of the operation of energy plants.
The second is the reduction of calculation time compared to full
foresight models. This facilitates additional sensitivity analyses or inclusion of more details, e.g., higher spatial or temporal

Case study - The Northwestern European power and district heating systems
The effects of implementing a rolling time horizon approach
in a large-scale energy system model are evaluated by means
of a case study of the North European electricity and district
heating systems.
The case study constitutes a storyline for a plausible energy
future. The case study applies a socio-economic discount rate
at 4 % and amongst other things, takes fuel price projections
into account along with technological developments, and energy policies regarding phase out of fossil fuels e.g. coal and
lignite, for the various countries. It is assumed that the power
and district heating sector is completely decarbonised by 2050.
The case study addresses the transition from 2020 towards 2050
2
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with 5-year intervals. To examine the impact of a rolling time
horizon, three scenarios are compiled to represent energy futures optimised using different time horizons, as presented in
Table 1.
Table 1: Scenario setup
Scenario
name
Myopic
Limited
Full

Foresight horizon
Myopic
(1 year)
X

Limited
(10 years)

Full
(until 2050)

X
X

The Method section highlights the methodology used to conduct the scenario assessments; whilst Supplementary Note 3
describes the main input parameters and data assumptions.

Figure 2: Comparative assessment of discrepancies in aggregated non-discounted generation investments costs (shown as
dots) and the evolution of cumulative CO2 emissions (shown as
areas) across scenarios, optimised using various foresight approaches

The economic consequences of knowledge about the future
The objective of the model is to maximise the social welfare
that, in this case study, is equivalent to minimising the total system costs because we assume inelastic energy demands. Figure
2 presents the economic consequences, in relation to the costs
of investments in new generation capacity, of applying different foresight modes for the operation and investment decisions
in the model. To compare the results, we show the aggregated
non-discounted generation investment costs. Evidently, perfect
foresight over the full planning horizon provides a global optimum solution, where investment decisions are made with complete knowledge of the evolution towards 2050, thus providing
a system with the lowest investment costs in new generation
capacity, whilst myopic foresight is cost-inefficient in comparison. Normalising the aggregated non-discounted generation
capital costs to the limited foresight scenario, we find a myopic
solution to be 12 % more expensive in total by 2050, which emphasises the risk of sub-optimal solutions when applying myopic foresight. Providing the global optimal solution, the full
foresight planning approach implies reductions in total generation capital costs at 4 % compared to limited foresight, which
is on the other hand too optimistic, as full foresight will never
be possible.
The prospective evolution in the aggregated non-discounted
generation capital costs follows closely towards 2030, where
the consequences of sub-optimal investment decisions in the
myopic foresight scenario already appear. This picture arises
throughout the simulation period towards 2050. Moreover,
there is evidently a need for a late sprint in 2040 and again
towards 2050 in order to achieve the GHG emission reduction
target, entailing significant economic consequences in the myopic foresight scenario.

Normalising the accumulated annual emissions to the limited foresight scenarios, myopic foresight causes higher emissions of around 10 %, while full foresight scenarios provides
solutions with 10 % lower emissions. There seems to be a tendency that myopic and limited foresight scenarios have higher
annual emissions compared to the full foresight scenario since
the energy and GHG targets are not yet known. This emphasises
the advantage for decision-makers of knowing clear, consistent
long-term energy and GHG emissions targets well into the future. Moreover, it stress the importance for energy modellers
to design scenarios and to carefully choose the relevant time
horizon for the research question at hand.
The full and—to a certain extent—limited foresight scenarios start transforming the energy system early to prepare for the
future energy and emission restrictions. This forward-thinking
system compilation is cheaper in total and leads to lower emissions. These results show that costs can be saved if investments
are taken early enough, taking into account future energy and
GHG emissions targets.
Tomorrow’s energy mix
The Northwestern European electricity and district heating
systems currently consist of a mix of fossil fuels like coal
and lignite, natural gas, nuclear, dispatchable renewable energy
sources like hydro and biomass, and variable renewable energy
sources, such as wind and solar photovoltaics (PV). The transition to a zero emission energy mix is motivated by and oriented
towards energy and GHG emission targets. Moreover, the transition is influenced by decommissioning of generation plants
and phase-out policies for fossil fuels and nuclear generation.
In Figure 3a, the annual fuel consumption of the resulting energy mix is visualised, giving a closer insight on the differences
in CO2 emission between the foresight modes.
Even though the 2050 zero emission energy mix is similar

The consequences for the climate may be affected by the
possibility of looking ahead
The chosen foresight mode has significant consequences for
climate emissions, as illustrated in Figure 2.
3
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(a) Annual fuel consumption for the three different fore- (b) Accumulated endogenous investments in electricity
sight scenarios
generation capacity

Figure 3: Annual fuel consumption and accumulated endogenous investments in electricity generation capacity
across all scenarios, the transition towards it deviates. A general finding is that increasing foresight leads to less fuels used
for electricity and district heat, and more generation from wind
and solar PV. This is in particular illustrated in the myopic and
limited foresight scenarios towards 2035, where fossil fuels still
constitute a substantial share of the energy mix. The scenarios
align in 2040, primarily due to close down of coal power production in Germany prompted by the announced energy target.
The higher consumption of fossil fuels and even investments in
generation capacity in the beginning of the simulated period,
illustrates the problem of stranded investments in lack of anticipating future targets. This gives rise to increased total emissions, as shown in Figure 2, and requires a catch up of capacity expansion of low-carbon technologies in the years towards
2050. It thus leads to an underutilised total capacity stock explaining the higher total costs (Figure 2).

interconnectors are made i.e. in 2040 and 2050, allowing more
power to be traded with adjacent markets and utilising sideeffects such as smoothing effects as a consequence of weather
conditions (see results in Supplementary Note 4).
More foresight - more computer brainpower
The myopic scenario provides a sub-optimal solution, whilst
the full foresight scenario has perfect knowledge regarding the
future and thus provides a global optimal solution. Processing additional information comes at a cost: The computation
time of the investigated scenarios reflects the additional computational effort for foresight. The deviations in computation
time for the different foresight scenarios are due to the different
sizes of the model. The computation time increases more than
linearly with the number of variables within a model. Thus, as
myopic scenarios are computed as smaller individual models
with fewer variables, the solution is found faster compared to,
for example, full foresight models, which simulate the energy
systems over the complete planning horizon in one model. This
creates more variables, e.g. more investment options of generation technologies. Therefore, the models with longer foresight
takes longer to solve than n number of smaller models.30

Investment decisions depend on foresight
Hydro power capacity plays a key role in balancing power
demand and generation in the North European power system.
The capacity of the already exploited hydro power potentials
remains the same throughout the investigated period, whilst
the remaining generation portfolio is endogenously decommissioned based on lifetime and economic profitability, or phased
out due to policies as illustrated in Supplementary Note 3. To
meet future electricity and district heat demands, new investments have to be made. Figure 3b illustrates that these decisions
depend on the foresight of the decision-makers.
Increased deployment of VRE generation pave the way for
carbon neutrality, however, at the same time this energy transition towards energy production based on variable renewable
energy sources call for system flexibility. This flexibility can be
provided by flexible generation, storage, demand side management and interconnectors. In particular in periods with accelerated deployment of VRE technologies, more investments in

Value of the future
Discounting represents society’s perception of how future
years’ costs and benefits shall be evaluated today. In the described model runs, a socio-economic discount rate of 4 % is
utilised.
Our sensitivity analysis of the discount rate shows that variation to 2 % or 6 % strongly affects investment decisions and thus
the configuration of the system. A higher discount rate counteracts the effect of foresight, since costs in the future matter less.
This again leads to investments decisions, that are focused on
today, not caring about future developments. Thus, compared
4
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(a) Varying the socio-economic discount rate influences the paths (b) The choice of socio-economic discount rate affects the investfor cumulative CO2 emissions depending on the possibility of ment decision pathways for generation capacity depending on the
looking ahead
knowledge about the future

Figure 4: Sensitivity analysis enlighten the influence on the cumulative CO2 emissions and aggregated non-discounted generation
capital costs by varying the socio-economic discount rate on the scenarios with different knowledge about the future
tem perspective. As energy system models are powerful tools
with real-life applications of supporting policy-makers and investors in strategic decision-making, this emphasises the importance of presenting scenarios under realistic conditions. Limited foresight is a meaningful way to capture the realistic developments without providing either a global optimal system or a
sub-optimal system with compelling economical and environmental consequences.
The conducted case study illustrates the impact of applying
different foresight into the future, for a shock scenario, where
phase-out energy policies as well as GHG emissions targets are
implemented for specified years. Here, we have shown how
well the different foresight approaches capture issues related to
the choice of yearly specific system boundaries (e.g. energy
and GHG emissions targets). However, the choice of foresight
should go hand in hand with the chosen scenario framework
and research question. While shock events, as the ones simulated in this case study, or even disruptive technology innovation may result in sub-optimal solutions for myopic decisionmaking, monotonic development and evolution of, for example, fuel prices, climate targets stated as linear decline of GHG
emissions, and technological development yields less dependencies of the planning foresight, as the monotonic development acts as an indirect implementation of the planning foresight.
We have demonstrated that limited foresight has several advantages for energy system modelling. However, another critical finding is that main parameters (e.g. discount rate) and
model structures (e.g. foresight mode) influencing the way
the future-valuing and future-knowledge are taken into account,
have to be consistent and explicitly communicated by the modeller. It is to some extent an ethical or philosophical discussion
on how the future is valued and it is not the modeller’s responsibility to judge what the right way is. But, since the decision
is implicitly taken for each model run, each result is biased by
this. Since it is not possible to make a "neutral" or "objective"

to the limited foresight scenario applying a socio-economic discount rate at 4 %, Figure 4b show that the aggregated nondiscounted generation investment costs by 2050 are about 1937 % higher in the scenarios using a socio-economic discount
rate at 6 %, whilst 15-25 % lower in the scenarios applying
a socio-economic discount rate at 2 %. This is no surprise as
the discount rate represents a risk perception. Comparing the
two extreme cases i.e. Full_2pct and Myopic_6pct, the myopic
foresight planning reaches 82 % higher investment costs in generation capacity by 2050, which stress the high impact the foresight approach in combination with the discount rate has on the
results. Also the effect of having lower emissions if making
forward-looking decisions is drastically reduced. This effect
can partly be explained by the finding, that fuel-intensive plants
are favoured by a high discount factor compared to capitalintensive plants (wind and solar). The results in Figure 4a also
show a spread in possible solutions. Using the limited foresight 4 % discount rate scenario as a base, the cumulative CO2
emissions by 2050 are about 5-20 % higher in the 6 % discount
rate scenarios, whilst 5-23 % lower in the 2 % socio-economic
discount rate scenarios. Again, comparing the Full_2pct and
Myopic_6pct scenarios, the myopic foresight planning reaches
56 % higher cumulative CO2 emissions by 2050.
We argue, that the discount rate has to be chosen in accordance with the foresight mode. High discount rates can reduce
effects of foresight modes. A first important step for the energy
modelling community would be to openly state their assumed
discount factors. The significance and effect of how we value
the future in energy system models is too high to be hidden in
internal model settings.
Implications for energy modellers and decision-makers and
conclusions
The impact of myopic, limited, and full foresight decisionmaking is significant when seen from a holistic energy sys5
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assumption on this, it is thus the modellers’ responsibility to
make the underlying assumptions of the planning foresight and
the discount rate explicit and communicate its impact on the
results.
Furthermore, our findings stress the importance for energy
modellers to carefully choose the relevant foresight horizon,
which is dependent on the scenario design applied to address
the research question. It not only stresses the need within the
field of energy modelling, but also the need for policy actions
to design well-defined frameworks in order to reach ambitious
emission reduction obligations, enabling the necessary deployment of VRE technologies in cost-efficient and sustainable decarbonisation pathways.
This study thereby contributes to the scientific research field
by developing and applying a rolling planning horizon methodology in a comprehensive energy system model, and communicate the impacts on energy transition pathways, thus providing novel insights regarding the implications for energy system
modellers and decision-makers.
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The energy system model. Balmorel29 is an open-source energy system
model, with the objective of maximising social welfare for the integrated electricity and district heating sectors. Balmorel is a partial equilibrium model built
upon a bottom-up modelling approach. It is a deterministic model which can
be simulated with different yearly foresight approaches for the planning horizon. Moreover, Balmorel allows analyses of the integrated power and district
heating system using different modes, for example, economic dispatch and unit
commitment, with or without endogenous investments and decommissioning
decisions. The modelling framework in Balmorel assumes perfect market competition and economic rational decision-makers as well as end-consumers. Balmorel is demand driven and computes the conversion of primary energy to energy carriers in the form of electricity and district heat, whilst simultaneously
optimising investments and/or operational decisions subject to i.a. policy and
environmental restrictions.
The first version of Balmorel was released in 2001 by Ravn et al.31 Due
to extensive data collection, Balmorel holds a comprehensive representation
of technical components in the current energy system. The Balmorel version
used in this study cover a large geographical area i.e. the Northern European
power and district heating system, whilst allowing high spatial analysis to be
conducted focusing, for example, on district heating or the conversion of locally distributed bioenergy resources. Each country is divided into electricity
price regions which are, for example, split in the Nordic countries, in accordance to the Nordpool spot price regions. Electricity is allowed to be traded
between adjacent markets. Each region consists of one or more areas, which
represent e.g. district heating networks or installations of wind power parks.
The temporal resolution in Balmorel is user-defined, allowing the system to be
simulated using an hourly time-resolution or be aggregated according to the
research question. The Balmorel core model is linear, but mixed-integer modelling may be applied, e.g. in order to represent economies of scale and unit
commitment. Thus, Balmorel is a suitable tool for long-term planning of future
energy system which require simulations with high spatio-temporal resolution.
The Balmorel model version utilised in this study is available at the branch
“Rolling_planning_horizon_in_ESM”32 in the Balmorel model repository on
Github.33 The data version utilised in this study can be found in the branch
“Rolling_planning_horizon_in_ESM_data”34 in the Balmorel Data repository
on Github.35
Rolling time horizon. Optimisation models including a rolling horizon
planning have been applied in a number of fields. The most common application within energy seems to be in operational and tactical planning.36, 37, 38, 39
Strategic planning models (typically investment models) applying a rolling
horizon seems to be less studied within energy40, 41 —but also to a limited extend in other areas, e.g. within shipping42 and supply chain planning.43
Formulation of an energy system model with inclusion of investments requires some implicit or explicit choices about the future. An early systematisation of this is as follows,44 (a) Year-by-year optimisation without any idea of the
future, (b) Year-by-year optimisation with some look-ahead, (c) Optimisation
over the full planning horizon. The classification highlights an essential aspect
of long term modelling, viz., the importance of assumptions and handling of
future years.
Rolling horizon planning may be seen as a refinement to the above classification. In the rolling horizon planning applied in this study, the years in the
full planning horizon are subdivided into sub-models, possibly overlapping, as
illustrated in Figure 1. In this way, long-term decisions are made based on the
limited knowledge about the future.
Supplementary Note 2 provides a thorough description of the implemented
concept of a rolling horizon in Balmorel.
Data accessibility: inputs, assumptions, results and their availability. To
contribute with opening the black box of energy system modelling,45 additionally to having open source model code, we provide open data both on the input
and output side, as well as highlighting main data assumptions.
Supplementary Note 3 presents main data input parameters and assumptions.The data version utilised in this study can be found in the branch
“Rolling_planning_horizon_in_ESM_data”34 in the Balmorel Data repository
on Github.35
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Supplementary Note 1: Literature review
Energy systems models
Energy systems models are used to guide energy and climate policy as well as investment and operation decision-making in the
energy transition towards decarbonised energy systems. Here, the future is subject to uncertainty and risk due to limited knowledge
about the future development of e.g. fuel prices, technology innovation, and political decisions. The foresight into the future has
an impact on the investment and operation decisions in the energy transition. However, until now, the topic is underrepresented and
even comprehensive literature reviews of energy systems models do not mention the foresight ability of an energy model as one of
the main characteristic.11, 12, 13, 14, 15, 16, 17, 18, 19, 20
Table 2: Overview of literature reviews of energy systems models
Publication
Energy systems models
Ringkjøb et al., 201811
IRENA, 201712
Hall and Buckley, 201613
Després et al., 201514
Pfenninger et al., 201415
Connolly et al., 201017
Bhattacharyya and Timilsina, 201018
Jebaraj and Iniyan, 200620
Electricity system models
Bazmi and Zahedi, 201116
Foley et al., 201019
Ventosa et al., 200546

Focus
Review of electricity and energy systems models
Long-term modelling and tools to expand VRE power production
Energy systems models in the UK
Review of energy modelling tools to modelling the impact of VRE on the power sector
Energy systems models modelling for twenty-first century energy challenges
Review of energy systems models
Review of energy systems models
Review of energy models
Overview of power sector optimisation models
Review of electricity systems models
Electricity market modelling trends

Energy systems models with various planning horizon
There exist worldwide recognised energy systems models, which have the possibility to operate in various foresight modes.
Those energy models have various foci:
Table 3: Energy models have various foci
Focus
Global models
Hybrid bottom-up macroeconomic energy models
technology-rich integrated energy systems models
Power systems models
Energy models taking into account behaviour lifestyles and sector-specific actors

Energy systems models
MESSAGE,47, 10 GET,48, 49, 50 and SAGE51
IKARUS52, 53
TIMES22, 54 and Balmorel29
PERSEUS-NET9 and the ESO modelling framework21
the BLUE model55, 56

Built upon the worldwide recognised energy systems modelling framework MARKAL,57 both the TIMES and SAGE models
have been further developed to allow both myopic and perfect foresight assessments.
Existing studies addressing the impact on the energy system with various foresight planning horizons
Even though limited attention has been paid to the implementation of limited foresight in comprehensive energy systems models,
the impact of myopic decision-making versus full foresight planning horizon has been investigated previously.21, 9, 10, 22, 23
Heuberger et al.,21 find significant discrepancies in total system costs when analysing the impact of myopic decision-making
in power systems subjected to disruptive technology innovation. They find that the total system cost can be reduced by 13% in
perfect foresight planning scenarios, while applying a waiting strategy for a ’unicorn’ technology, that never appears, can increase
cumulative total system costs by 61% compared to deploying already available technologies in myopic decision-making scenarios.
Focusing on reducing computing time of energy systems models, Babrowski et al.,9 assess the impact of utilising a myopic decisionmaking approach compared to perfect foresight in the energy systems model PERSEUS-NET. The study concludes, that the myopic
decision-making approach is as suitable as perfect foresight for scenarios with stable input parameters, but has the advantages of
reducing the computation time significantly i.e. in the order of 10-times. Babrowski et al., however, find similar results as Heuberger
et al., when analysing the impact of disruptive events in the form of a CO2 chock scenario.
Moreover, Babrowski et al. note that myopic and full foresight decision-making represent two extreme horizon approaches,
and that a limited foresight approach may combine the strengths and provide the most plausible scenario. The concept of limited
foresight was, however, not further considered in that study.
10

lii

Articles I-VIII

Article III

Poncelet et al.,23 investigate the use a myopic optimisation model for simulating investment decisions in the Belgian power sector,
and critically reflect on a myopic approach reflect more realistic investment decisions and scenarios. Keppo and Strubegger10 apply
the MESSAGE energy systems model to address the effect of foresight on model based energy systems analysis. The study finds
that a shorter foresight leads to delayed deployment of investments, yielding high investments towards the end of the simulation
period, which also leads to higher greenhouse gas emissions. Fuso Nerini, Keppo and Strachan22 come to similar conclusions in a
study investigating myopic decision making in energy system decarbonisation pathways for the UK using the UK TIMES Model
(UKTM). Moreover, they stress the need for future work that analyses the impact on different limited foresight horizons on each
energy sector as well as conducting analyses, which enrich the understanding of the impact of differentiated discount rates.
The existing literature shows that the concept of limited foresight is implemented in few energy models. More specifically on
technology-rich integrated energy systems models we find the TIMES and Balmorel modelling framework as well as PERSEUSNET and the ESO modelling framework.
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Supplementary Note 2: Rolling planning horizon in the energy system model, Balmorel
This section presents main elements in the formulation of the rolling horizon model, including the mathematical formulation of
the main equations and assumptions and constraints used in Balmorel specifically for this. More general aspects of the model are
described in references Wiese et al.29 and Ravn et al.31
In the following some considerations on planning horizons and rolling intermediate models are presented, followed by details
on the linkage between years for endogenous investments in, for example, generation capacities. Finally endogenous investment
related elements in the objective function will be highlighted.
Planning horizon
For the following exposition the focus will be on investments, but other elements that link years will also be briefly mentioned.
Formulation of an energy system model with inclusion of investments requires some implicit or explicit choices about the future.
An early systematisation of this is as follows,44 (a) Year-by-year optimisation without any idea of the future, (b) Year-by-year
optimisation with some look-ahead, (c) Optimisation over the full planning horizon. The classification highlights an essential
aspect of long term modelling, viz., the importance of assumptions and handling of future years.
Rolling horizon planning may be seen as a refinement to the above classification. In rolling horizon planning the years in the full
planning horizon are subdivided into (possibly overlapping) groups.
There seem to be two main motivations for working with a rolling horizon model. The first one is to have a better representation
of the problem being studied. For instance, if decision makers take into account only a short time horizon for investment decisions,
this could be reflected by having only a short time horizon in a model. To then simulate what will happen on a longer time scale
a rolling horizon approach with sequential short-time models could be applied. Another example is that with uncertainty about
important future input values it will make sense to make estimates for these values, to find a solution. When then with time more
information becomes available, previous decisions may be revised (if not implemented yet) and new ones may be made, and this
may be implemented in a rolling horizon manner.
The second motivation is to reduce calculation time. The reason that a rolling horizon might do so is that calculation time
for solving an optimisation problem typically increases faster than proportional with the model size. Hence, it will be faster to
solve many small problems than to solve one large problem representing the many small problems together, an observation also
motivating the long tradition for study of decomposition methods for optimisation.30 To the extent that application of a rolling
horizon is motivated by model quality, this is fortunate also for calculation time.
Planning horizon and rolling intermediate models
The following terminology is applied in the sequel [with examples from Table 4]:
Represented years The years in Y [2020, 2025, 2030, 2035, 2040, 2045, 2050]
Planning horizon Time span until and including the last year in Y [from 2020 to 2050]
Intermediate model A model solved as part of the full BB4 run [five are formulated, e.g. the first one is over years (2020, 2025,
2030)]
Current model The intermediate model currently solved [for the second model with years 2025, 2030, 2035]
Current model horizon Time span until and including the last year in the current intermediate model [for the second model: the
year 2035]
Base year The first year in Y [2020]
The methodology behind the application of the rolling time horizon is visualised in Tables 4 and 5.
Table 4: Methodology behind rolling time horizon; IM= Intermediate model
Year
IM-1
IM-2
IM-3
IM-4
IM-5

2020
2020

2025
2025
2025

2030
2030
2030
2030

2035
2035
2035
2035

2040

2045

2050

2040
2040
2040

2045
2045

2050

The represented years, planning horizon, intermediate models and their model horizons are defined by the user according to the
research questions at hand.
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Table 5: Two extreme possibilities. Full has all included years in s single model, while the following seven Myopic-1 through
Myopic-7 are single-year models
Year
Full

2020
2020

Myopic-1
Myopic-2
Myopic-3
Myopic-4
Myopic-5
Myopic-6
Myopic-7

2020

2025
2025
2025

2030
2030

2030

2035
2035

2035

2040
2040

2040

2045
2045

2045

2050
2050

2050

Table 5 illustrates two extreme choices. Both are formulated using every fifth year to represent the planning horizon to 2050. In
the first line (called Full) the choice was to have only one multi-year model including all the represented years within the planning
horizon. The following seven lines line represent an alternative choice with seven single-year intermediate models (Myopic-1
through Myopic-7), each with a time horizon of only a single year (hence the term myopic).
Table 4 illustrates another main possibility, viz., to have overlapping intermediate models. Thus for instance, IM-1 and IM-2
have the years 2025 and 2030 in common. This represents situations where decision-making are made with limited foresight into
the future.
The user can quite freely choose how the relations like those in the two Tables should be defined in a particular analysis in
Balmorel.
Investments and relations between intermediate models
If endogenous investments in energy technologies or transmission lines are allowed, investment decisions are made for any
intermediate model. Investments may be made in any of the years in the current model, and added capacity is assumed to be
available from the beginning of the investment year.
Solving an intermediate model provides i.a. optimal investments for each of the years in that model. To explain what happens
when the next intermediate model (if any) is solved it is expedient to distinguish between decision and implementation. Investments
in the current intermediate model are decisions that would be advantageous to implement. However, when taking the next intermediate model the investment decisions may be revised. The assumption is that only the investments in the current model that are
earlier than the first year in the next intermediate model are implemented. Therefore these investments are transferred to the next
intermediate model. For instance, relating to Table 4, assume that for intermediate model IM-2 investments are made in all years
2025, 2030 and 2035. Since the next intermediate model IM-3 starts in 2030, investments made in 2025 are transferred to IM-3
while investments made in 2030 and 2035 are disregarded. When solving IM-3 these disregarded investments may be re-decided if
now found advantageous. The equation expressing this dynamics is seen in the equation below.
Finally observe that linkage between years is not related to investments only. For instance, in systems with large hydro reservoirs
such as e.g. Norway and Sweden, above-average hydro inflow during a year may to some extent be transferred to the next year. To
reflect this dynamics in the model the hydro reservoirs have to be linked between years.
The following notation is used:
Sets:
G Generation technologies that may be endogenously invested
A Areas in which generation technologies that may be endogenously invested
Yc The years included in the current mode (a subset of all years Y)
Yd Same as Yc
Yc1 The first element in Yc
Yc− Yc except the first element
P(Yc , Yd ) The year touples (Yc , Yd ) where Yd is the year previous to Yc
Variables:
vyc ,a,g Endogenously invested generation capacity year yc
vaccum
yc ,a,g Gross accumulated endogenously invested generation capacity up to and including year yc
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The key equation for investments relate the investment in the current year to the accumulated investments over previous years, as
follows:
X
vaccum
vaccum
∀yc ∈ Yc , a ∈ A, g ∈ G
(1)
yc ,a,g = vyc ,a,g +
yd ,a,g
yd ∈P(yc ,yd ),yc <Yc−

For this, vaccum
yc ,a,g is initialised to be equal to the capacity given exodogenously.
A quite similar equation is given in the model for endogenous investments in transmission capacity.
The above equation does not account for decommissioning, hence it is to be understood as gross accumulated investments.
Investment costs in the objective function
The investment decision is based on the information available for the current model (including technology, geography and
temporal specific data). The evaluation of a potential investment decision of an energy technology installation is based on balancing
the discounted income against the discounted costs over the current model years.
The income originates from sale of the produced electricity (and/or heat, for simplicity heat is disregarded here). This income
depends on the generation level and the market prices. These elements are determined endogenously for each time-segment in any
model year. The costs are composed of three parts, the fuel and variable operating cost for each time segment, and the annual cost
(the annuity) related to the investment. Assuming a given technical life time of n years and applying an interest rate r for the cost of
r
1
capital for investment, the annuity A may be calculated as A = 1−(1+r)
−n . This amount may be used, or the annuity may additionally
be modified, for example, by an uplift to represent e.g. risk aversion.
In any intermediate model the cost and income components related to the years in that model are included. For investments this
specifically means the annuities as defined above. Other elements like taxes, tariffs, subsidies operation cost of technologies or
consumers’ utility from consumption are given by the annual amounts, if included in the scenario assessment.
Suppose an investment is made in an intermediate model such that the technological life time of the invested technology extend
beyond the current investment horizon. This does not necessarily mean that if current investment horizon had been long the
investment would also then have been attractive - conditions in later years may be different. So the investment decision may be seen
as if assumptions were that future conditions will remain similar to those within the current model horizon. In other words, not
giving any assumptions on the conditions beyond the current model horizon simply means that it is implicitly assumed that future
conditions are as favourable for investment as those within the current model horizon. The flexibility provided by the model then
permits handling this challenge according to the choice of the user.
A compact formulation of the objective function is as follows

Minimize

z=

X

P P

y r Cy
(1
+
I)yt −ystart
y ∈Y
t

(2)

where Yc are the years in the current model, Yc1 is the fist year in Yc and the denominator specifies the time discounting expresses
through the calculation rent I.
The main components of the objective cost Cy include i.a. the investment cost for endogenous technology and transmission lines.
For the former the terms Cy in the above expression are here given in more detail


XX
vy,a,g · InvCostg · Aa,g

(3)

a∈A g∈G

where vy,a,g is the invested capacity (MW), InvCostg is the investment cost per MW and Aa,g is the annuity as discussed above, the
sub-indexes a and g here indicate that the annuity may depend on geography and technology type.
For endogenous transmission investments the expression is quite similar, the difference is that the applied calculation rent for
transmission line is taken as the average of the annuities for the two countries connected.
The above two expressions highlight that there are two expression for time preference. First, the calculation rent I which applies
to the model as a whole and which may be interpreted as related to society’s time preference. Second, the interest rate for actors’
investments as contained in the annuity; this also includes a time preference as expressed by r, but as mentioned may also contain
other elements like e.g risk.
1 It is important to note that the time span of any intermediate model may be shorter than the assumed life time of a technology. This raises the question of how
much of the investment cost that is reasonably allocated to the current intermediate model.
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One advantage obtained from this distinction is for cases where the objective function is supposed to represent society’s time
preference. Here, the time preference, as represented by the discount factor I, may be chosen according to the research question at
hand. It has for instance been argued that in relation to environmental decision making a low discount rate should be preferred due
to the long time horizon involved.
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Supplementary Note 3: Main input data
The foundation of the input data in Balmorel started in 2001 and encompasses a comprehensive data collection. The processed
input data utilised in this study is available at the branch “Rolling_planning_horizon_in_ESM_data”34 in the Balmorel Data
repository on Github.35 However, this Supplementary Note present some of the main input parameters and documents the origin of
the data.
Spatial resolution
The spatial representation in Balmorel consists of three heretical geographical levels, that are, Countries, Regions, and Areas, as
illustrated in Figure 5.

Figure 5: Spatial definition in Balmorel
As illustrated in Figure 5, Countries consists of Regions, and Regions consists of Areas. In this way, specifications of geographical characteristics, such as, locally distributed resources, capacities of conversion technologies, and policies, can be spatially
defined and modelled.
The geographical representation in Balmorel, enables, for example, energy and environmental targets at national, regional and
local area level. In the current Balmorel model, the electricity balance equation is defined at a Regional level, as electricity is
allowed to be traded between regions. Areas represents, for example, district heating networks. In this distinction heat is not
allowed to be exchanged between district areas2 . Moreover, conversions technologies are installed at Area level.
In this study, the Northwestern European power and district heating systems are used as a case-study. The countries included in
the analysis is; the Northern Europe (Denmark, Norway, Sweden, and Finland), Western Europe (United Kingdom, France, Belgium
and The Netherlands), The Baltic’s (Estonia, Latvia, and Lithuania), and Germany from Central Europe. Figure 6 visualises the
countries included in this study as well as the regional split, which for the Nordic countries is corresponding with the division in
the Nordpool spot market.

2 An

add-on is developed allowing heat exchange between district areas, and can be utilised according to the research question at hand
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Figure 6: Geographical scope of the study
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Temporal resolution
Balmorel permits a flexible and user-defined temporal resolution. The general structure is defined at three heretical levels i.e.
Year, Season and Time-segments. Balmorel allow system simulations with an hourly time resolution, utilising 52 Seasons (weeks)
and 168 Time-segments (hours) within each Season. However, due to extensive computation times, this study applies an aggregated
temporal resolution. Here, we use 4 Seasons, 24 Time-steps, and a stretching algorithm to represent the full year. We optimise the
scenarios of the energy transition from 2020 towards 2050 with 5 year intervals.
Installed capacities
Balmorel is characterised as a technology rich model. The comprehensive representation of the existing infrastructure and
current capacity stock allow high-quality assessments of current and future investment and operation-decisions in energy transition
scenarios. Based on energy producer surveys and energy statistics the currently installed generation capacity is specified, and the
decommission and phase-out policies affecting the capacity stock is implemented for the respective countries. The comprehensive
data collection of the existing generation capacity stock encompasses a total of 1261 aggregated technology units distributed in
Areas in the integrated power and district heating systems for the represented countries.
Figure 7 illustrate the cumulative electricity and district heating capacity stock over time, illustrating the required need for
investments to ensure sufficient capacity to satisfy demands.

(a) Cumulative installed electricity capacity stock

(b) Cumulative installed district heating capacity stock

Figure 7: Installed capacity stock in the power and district heating sectors for all simulated countries
The capacity stock and energy mix varies across the considered countries. While some countries rely on a significant capacity
of nuclear power generation, such as France, other countries still rely on a large capacity based on fossil fuels, e.g. Germany.
However, the transition towards energy production based on VRE generation already appear, and countries like Germany, already
have installed a significant generation capacity of wind and solar PV. Moreover, in particular, Norway and Sweden have large
already exploited resource potentials of hydropower. The large share of dispatchable hydro power generation, is utilised as a "North
European battery", balancing power demand and generation.
The cumulative district heating capacity stock is visualised in Figure 7b. District heating can potentially be an efficient way to
supply end-consumers with heat. While the deployment of district heating in some countries is significant, e.g. Germany, Denmark,
Sweden, Finland and the Baltic’s, other countries, such as the UK, only to a limited extent use district heating networks.
Technology specifications and techno-economic parameters
Characterised as a technology rich energy systems model, Balmorel, include 1261 unique conversion technologies, gathered from
high-quality sources, as the techno-economic parameters are pivotal for computing investment and operational decisions, and thus
future energy mix.
Relying of high-quality energy data catalogues, for example,58, 59 the technology specific techno-economic parameters are implemented in Balmorel.
The processed input data utilised in this study is available at the branch
“Rolling_planning_horizon_in_ESM_data”34 in the Balmorel Data repository on Github.35
Investments options
The inclusion of investment optimisation calls for price development estimates (projections) of technologies at all technology
readiness levels (TRL). Balmorel includes 569 unique investment opportunities to be installed across the represented Balmorel
Areas. Typically we distinguish between available investments opportunities in 1) Condensing + PV + onshore wind, 2) offshore
wind areas, 3) large CHP areas, 4) medium CHP areas, 5) small CHP areas.
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Resource potentials
Energy resource potentials are critical constrains in determining a future energy mix. Due to low technology costs, VRE electricity generations technologies, such as wind and solar PV, are promising future technologies. The potentials for VRE generation
technologies are categorised into groups, to represents different potentials according to locations. In this way, we introduce three
groups to represent solar PV and onshore wind potentials, respectively. The groups are distinguished by the full load hour of operation, which thereby represents a step-wise function i.e. the best available locations are occupied first. Resource potentials for
offshore wind, biomass and other resources can be found in the available data set.

Figure 8: Solar PV and onshore wind potentials split into the simulated electricity price regions

Energy demands
The electricity demand projection an annual increase by 2% for the years between 2020 and 2050. District heating demand are
assumed to be constant from 2020 and on-wards as a response of increased energy efficiency in combination with urbanisation as
expansion of district heating networks.
Fuel prices
Table 6 presents the biomass price development, and the fossil fuel prices for natural gas and coal, which are taken from WEO
2018.60
Table 6: Future fuel prices used in this study
Unit: [EUR/GJ]
Fossil fuel prices
Biomass prices

Fuels
Natural gas
Coal
Straw
Wood waste
Wood chips
Wood pellets
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2020
5.4
2.4
5.4
5.6
6.2
8.2

2030
6.3
2.0
6.0
5.6
7.0
9.0

2040
6.8
2.0
6.1
5.6
7.3
9.3

2050
6.8
2.0
6.1
5.6
7.3
9.3
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Supplementary Note 4: Additional results
Additional results and results for sensitivity analysis - impact of discount rate
As described in the paper, the discount rate is another important part of the whole picture about foresight and value of the future
in energy scenarios. By varying the discount rate by 2%-point from the base case of 4% (thus: 2% and 6%), we test the effect it has
on emissions, costs related to investments in new generation capacity, the electricity mix, the power and district heating fuel mix,
and electricity transmission capacity.
The variation range of the discount rate applied here does not reflect the full conceivable range of discount rates and annuities in
reality. However, we here restrict the variation to 2%, 4% and 6%, which already results in quite significant effects. In the model
application, this is implemented by the annuity, which is calculated based on the discount rate. The annuity is thus also different
for the 2 and the 6%- sensitivities, which has quite an effect on the results.
Investments in transmission capacity

Figure 9: Additional transmission installed by scenario, foresight mode and year
Figure 9 illustrates the accumulated endogenous investment in inter-connectors, summarised for all connections between regions
in the countries within the model scope. The figure show the results obtained by the scenarios with is differenciated by foresight
and discount rate. The amount is displayed in GW per model year, starting in 2030. In the years until 2030 is not allowed for
transmission investment since it was considered a too short time frame for installation of new lines, as seen from today. However,
existing and planned interconnectors until 2030 is exogenously implemented in the modelling setup. A general trend of increasing
interconnector capacity from 2030 to 2050 is clearly visible for all scenarios. In particular, in 2040 and 2050 more additional
transmission capacity is invested in, which coincides with strict energy policies and a shift towards even more energy production
based on variable renewable energy (VRE) resources. These results underline that investments in additional interconnector capacity
take place to a greater extent, since the system behind is relying more on fluctuating renewables, that profit on a strong infrastructure
balancing the varying input across the regions and countries.
The influence of the discount rate is visible in all result parameters shown, and the chosen discount also affects the investments in
transmission capacity. As illustrated in Figure 9, lower discount rates clearly lead to an emphasise on infrastructure-heavy systems.
These transmission lines support the higher utilisation of fluctuating renewables, since these can be better exploited with a strong
grid, which balances out the weather patterns. Especially wind and solar have high capital, but low variable and no fuel costs, which
makes them favourable in case of lower discount rate and better foresight to the emission targets in the future.
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Fuel consumption

(a) Discount rate of 2%

(b) Discount rate of 6%

Figure 10: Annual fuel consumption - Marathon
Even though electricity demand is increasing and district heating demand is constant, the annual fuel consumption is generally
not following this trend, due to higher efficiency of the energy sources shifted to. When describing the figures, we will use the
term fuel for the combustible fuels (coal, natural gas, waste, biomass, RE-gas). Again, less fuel intensive production appear when
increasing the planning foresight (see Figure 10). In addition, higher discount rate results in higher fuel intensity, and thus higher
emissions. Another, general finding is that higher discount rate benefit production from plants with high full load hours, while
production from VRE is less profitable. This effect is also illustrated by the higher utilisation of biomass by 2050 in the scenario
applying a 6% socio-economic discount rate compared to 2%.
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Endogenous installed electricity generation capacity

(a) Discount rate of 2%

(b) Discount rate of 6%

Figure 11: Endogenous installed electricity generation capacity
The socio-economic discount rate affect the investment pathway. Figure 11 illustrate the different pathways, where in particular,
a lower discount rate leads to earlier deployment of VRE generation capacities.
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Summary
Based on our findings we summarise, that the lower the discount rate, the more climate friendly the solutions. This is due to the
fact that the main technologies without climate emissions during operation are with wind and solar capital-intensive plants. When
having a low discount rate, the future is valued more important and thus, higher installation costs today do not pose a barrier for
early investments. The lower discount rate appreciates that it pays off in the future to have a less fuel intensive system. With a high
discount rate, today is most important and thus investment decisions are rather directed to fast earnings.
But looking ahead and setting the basis for the climate neutral system already today is beneficial for society in the long run.
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Abstract
This study conducts an integrated energy system assessment to evaluate pathways for using locally distributed 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 renewable 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 fossilindependent 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.
Keywords:
Energy systems analysis, Energy systems modelling, Renewable gas, Renewable liquid fuels, Biomass

Highlights
• Novel modelling framework allow spatiotemporal optimisation of energy systems
• Co-simulating regional power market model and local biomass and district heat model
• New detailed spatial optimisation of renewable gas and fuel production
• PtX shows promising economic-viability in the future
• Excess heat from biorefineries is efficiently used for district heating
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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 increase 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 energy 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 uncertainty 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 configurations 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 computational 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
3
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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
4

lxx

Articles I-VIII

Article IV

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=

X

a∈A
t∈T
g∈G

cvOP
· pa,t,g +
g

X

a∈A
g∈G

new
cfg xOP · (pex
a,g + pa,g ) +

X

a∈A
g∈G

cCAP
· pnew
g
a,g +

X

r,r 0 ∈Rex
r,r 0

trnew
cCAP
r,r 0 · pr,r 0

(1)

Subject to
g
new
dis
pa,t,g ≤ ka,t,g
· (pex
a,g + pa,g ) ∀ a ∈ A, t ∈ T , g ∈ G

X

a∈AR
r
el
g∈G

(2)

g
ex
new
nd
pa,t,g + pcurt
a,t,g = ka,t,g · (pa,g + pa,g ) ∀ a ∈ A, t ∈ T , g ∈ G

(3)

tr
trex
trnew
0
ex
ptrans
r,r 0 ,t ≤ kr,r 0 ,t · (pr,r 0 + pr,r 0 ) ∀ r, r ∈ Rr,r 0 , t ∈ T

(4)

pel
a,t,g +

X

r 0 ∈Rim
r 0 ,r

er0 ,r · ptrans
r 0 ,r,t −

X

r 0 ∈Rex
r,r 0
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X

g∈G dh

pdh
a,t,g −

X

g∈G St

pdh,toST
+
a,t,g

X

g∈G St

romST
pdh,f
= ddh
a,t,g
a,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
; and the amount
g
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
, which takes into account the discount rate and the economical lifetime of
g
the investments, which are defined by the variable pnew
a,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, pcurt
a,t,g , as shown in Equation 3. Equation
4 describes the limits to power transmission between interconnected regions r − r0 given by the capacity of
trnew
the lines, ptrex
r,r 0 + pr,r 0 , and their availability at the time period t.
Equation 5 ensures that the electricity demand, del
r,t , is met in all regions (geographical areas a are aggregated
into transmission regions r) and time periods. Electricity might be transmitted between regions; ptrans
r,r 0 ,t shows
trans
the amount of electricity exported from region r ∈ R to a connected region r0 ∈ Rexp
r,r 0 , and the variable pr 0 ,r,t
imp
0
denotes the amount of electricity imported, including losses, from the region r ∈ Rr0 ,r towards r during
the time period t. Similarly, Equation 6 represents that all the district heating demand, ddh
a,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 userdefined 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
6
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properties (e.g. fuel in mass units, fuel in energy units, ash from waste, etc.), including monetary or emissions
AP P F
flows. The topology of the connections between nodes and arcs is described through the set Ra,p,p
0 ,f , which
0
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 (P So ), sink (P Si ), buffer (P B ), interior (P I ), transport (P T ) and storage
(P St ) 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 ∈ P B , flows can enter, Va,t,p0 ,p,f ,
B
and/or leave, Va,t,p,p00 ,f , the systems boundary. The sign of the buffer process net flow, Va,t,p,f
, can be
B
positive, negative or zero, as expressed in Equation 7. In addition, the net buffer flow, Va,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.
B
Va,t,p,f
=

X

p00 ∈P
PF
|(a,p0 ,p,f )∈RAP
a,p0 ,p,f

Va,t,p0 ,p,f −

X

Va,t,p,p00 ,f

p0 ∈P
PF
|(a,p,p00 ,f )∈RAP
a,p,p00 ,f

∀a ∈ A, t ∈ T , p ∈ P B , 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
FF
parameter cAP
a,p,f,f 0 describes the relationships of transformation, splitting or joining of a flow f into a flow
f 0 in the process p in the area a.
X

p0 ∈P
PF
|(a,p0 ,p,f )∈RAP
a,p0 ,p,f

FF
Va,t,p0 ,p,f · cAP
a,p,f,f 0 +

1many
∧(a,p,f,f 0 )∈R
/ a,p,f,f
0

=

X

X

Va,t,p0 ,p,f

p0 ∈P
PF
|(a,p0 ,p,f )∈RAP
a,p0 ,p,f

1many
∧(a,p,f,f 0 )∈Ra,p,f,f
0

X

Va,t,p,p00 ,f 0 +

00

00

p ∈P
PF
|(a,p,p00 ,f 0 )∈RAP
a,p,p00 ,f 0

p ∈P
PF
|(a,p,p00 ,f 0 )∈RAP
a,p,p00 ,f 0

1many
∧(a,p,f,f 0 )∈R
/ a,p,f,f
0

FF
Va,t,p,p00 ,f 0 · cAP
a,p,f,f 0

1many
∧(a,p,f,f 0 )∈Ra,p,f,f
0

∀a ∈ A, t ∈ T , p ∈ P, f ∈ F, f 0 ∈ 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 p0 , Va,t,p0 ,p,f , and on the right side there are the flow or flows f 0 leaving the process p towards the
FF
process or processes p00 , Va,t,p,p00 ,f 0 . The parameter cAP
a,p,f,f 0 multiplies the input flow, i.e. f , to get the flow
0
f through transformation and/or combination of one or more flows f in the process p. However, when a
1many
flow f is split into several flows f 0 in the process p, which is defined through the set Ra,p,f,f
0 , the parameter
AP F F
0
ca,p,f,f 0 multiplies the output flows f .
The user decides those processes whose flow might be limited by the already installed capacity, mex
a,p , and
CAP
AP
an endogenously optimised capacity, Va,p
, through the set Xa,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
F −in
F −out
input or an output flow, according to the sets Xp,f
and Xp,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,p0 ,p,f

(
F −out
CAP
0
mex
∀ p0 ∈
/ P St
a,p0 + Va,p0 , if p , f | Xp,f
≤
F −in
ex
CAP
ma,p + Va,p , if p, f | Xp,f
∀p∈
/ P St

PF
AP
∀{a ∈ A, t ∈ T , f ∈ F | (a, p0 , p, f ) ∈ RAP
a,p0 ,p,f ∧ (a, p) ∈ Xa,p }
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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 a0 by
means of different transportation types defined as transport processes P T , e.g. road transport by trucks,
transport
AAP F
which is described through the set Ra,a
0 ,p,f , and represented with the variable Va,t,a0 ,p,f .

Va,t,p0 ,p,f +

X

X

Vatransport
=
0 ,a,t,p,f

0

transport
Va,a
+ Va,t,p,p00 ,f
0 ,t,p,f

0

a ∈A
F
|(a0 ,a,p,f )∈RAAP
a0 ,a,p,f

a ∈A
F
|(a,a0 ,p,f )∈RAAP
a,a0 ,p,f

PF
00
AP P F
∀{a ∈ A, t ∈ T , p ∈ P T , p0 ∈ P, p00 ∈ P, f ∈ F | (a, p0 , p, f ) ∈ RAP
a,p0 ,p,f ∧ (a, p, p , f ) ∈ Ra,p,p00 ,f }

(10)

OptiFlow enables the definition of a flow enforcement, e.g. fixed relationships between two input flows f
In2in−F x
and f 0 to the process p, Va,t,p0 ,p,f and Va,t,p00 ,p,f 0 respectively, defined through the parameter ea,p,f,f
.
0
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.

x
Va,t,p0 ,p,f = Va,t,p00 ,p,f 0 · eIn2in−F
a,p,f,f 0

∀{a ∈ A, t ∈ T , p ∈ P, p0 ∈ P, p00 ∈ P, f ∈ F, f 0 ∈ F |

PF
00
0
AP P F
(a, p0 , p, f ) ∈ RAP
a,p0 ,p,f ∧ (a, p , p, f ) ∈ Ra,p00 ,p,f 0 }

(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.
c−St
hydrogen) in a storage process p ∈ P c−St (e.g. hydrogen storage), Va,t+1,p,f
is equal to the amount of
c−St
flow stored in the previous time slice, Va,t,p,f , plus the amount of flow sent to storage from a process p0 ,
Va,t,p0 ,p,f , minus the amount of flow that leaves the storage to a process p00 , Va,t,p,p00 ,f . It is assumed that
the same storage level is maintained at an annual level. The equation related to capacity of storage facilities
c−St
is equivalent to Equation 9, but using the amount of stored flow Va,t,p,f
.

c−St
c−St
Va,t+1,p,f
= Va,t,p,f
+ lt ·

hX

Va,t,p0 ,p,f −

p0 ∈P
PF
|(a,p0 ,p,f )∈RAP
a,p0 ,p,f

Va,t,p,p00 ,f i
∀ a ∈ A, t ∈ T , p ∈ P c−St , f ∈ F
AP F F
Ca,p,f,f

X

p00 ∈P
PF
|(a,p,p00 ,f )∈RAP
a,p,p00 ,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
B
the term Va,t,p,f
for p ∈ P Econ , where P Econ ⊆ P B , and f ∈ F M oney , where F M oney ⊆ 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
, associated to investments in processes p is included as well the transport cost,
p
transport
dist
0
ctrans
, per unit of flow transported, Va,a
0 ,t,p,f , and distance, ja,a0 ,p , between area a and a .
p
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Figure 1: Modelling framework of the co-simulation of Balmorel and OptiFlow

Minimize z =

X

a∈A
t∈T
g∈G

+

cvOP
· pa,t,g +
g
X

X

a∈A
g∈G

B
Va,t,p,f
+

a∈A
t∈T
p∈P Econ
f ∈F M oney

new
cfg xOP · (pex
a,g + pa,g ) +

X

AP
a,p|Xa,p

X

a∈A
g∈G

cCAP
· pnew
g
a,g +

X

CAP
cCAP
· Va,p
+
p

X

r,r 0 ∈Rex
r,r 0

dist
ctrans
· ja,a
0 ,p
p
t∈T
0
0
AAP F
a,a ,p,f |(a,a ,p,f )∈Ra,a0 ,p,f

trnew
cCAP
r,r 0 · pr,r 0 +

transport
· Va,a
(13)
0 ,t,p,f

2. Electricity and district heating generation and consumption are linked to the electricity and heat
B
in OptiFlow for the buffer process p ∈ P El ,
balancing equations in Balmorel, using the terms Va,t,p,f
El
B
El
El
where P
⊆ P , and f ∈ F , where F
⊆ F , i.e. the net flow of electricity (generation and
demand); and for p ∈ P DH , where P DH ⊆ P B , and f ∈ F DH , where F DH ⊆ 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.
X

pel
a,t,g +

a∈AR
r
g∈G el

X

g∈G dh

X

r 0 ∈Rim
r 0 ,r

pdh
a,t,g −

X

er0 ,r · ptrans
r 0 ,r,t −

g∈G St

+
pdh,toST
a,t,g

X

ptrans
r,r 0 ,t +

r 0 ∈Rex
r,r 0

X

romST
+
pdh,f
a,t,g

X

a∈A
t∈T
p∈P El
f ∈F El

X

B
Va,t,p,f
= del
r,t ∀ r ∈ R, t ∈ T

a∈A
t∈T
p∈P DH
f ∈F DH

g∈G St

B
Va,t,p,f
= ddh
a,t ∀ a ∈ A, t ∈ T

(14)

(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
9
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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. (b) Transport of biomass resources by truck between
The figure shows the Danish district heating demand the resource areas in OptiFlow, which represent Danby 2050.
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
11
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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 a0 , 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 conx
ditions, i.e. the parameter eIn2in−F
in Equation 11. Furthermore, Figure 4 also shows the relationships
a,p,f,f 0
between flows leaving the CO2 removal, methanation and methanol syntheis processes, and their entering
FF
flows, i.e. cAP
a,p,f,f 0 from Equation 8.
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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 FisherTropsch 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

Straw
Wood chips
Wood pellets
Manure
Deep litter
Grass
Organic waste
Other biogas resources

Potential

Reference

PJ

mio ton

54.0
41.6
Import
17.6
6.4
2.7
3.6
5.0

3.7
2.6

[40]
[40]

38.0
3.0
0.5
0.9

[53]
[53, 66]
[53, 66]
[53, 66]
[67]

Price
e/GJ

e/ton

6.8
7.9
9.8
0.0
0.0
7.1
8.0

102.0
128.0
193.6
0.0
0.0
38.7
32.7

Reference

[65]
[65]
[65]
[59]
[66, 59]
[66]
[66]

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 challenging 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 commercially 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.
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.
High electrification of the transportation which results in a reduced demand for liquid biofuels.
Biojet fuels is produced in Denmark, simulating a future where all liquid fuels required to supply
Danish transportation demands are produced in Denmark.
As the BioJet scenario, but with a breakthrough of hydrogen use for vehicles.

Liquid biofuel

More EV
BioJet
H2

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

Scenarios

Base line
Liquid biofuel
More EV
BioJet
H2

Biomethane
and SNG
demand
(PJ)

Liquid biofuel for
heavy transport
and shipping
(PJ)

75
25
25
25
25

75
30
30
30

BioJet
demand
(PJ)

58
58

Exogenous
hydrogen
demand
(PJ)

Exogenous
electricity
demand
(PJ)

40

217
247
277
277
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.

(a) Base line scenario

(b) BioJet scenario
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 constitutes 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 connected 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 documented 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 liquefaction 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- (b) Excess heat from biorefineries, data centres and
Flow in the BioJet scenario
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.
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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 optimisation 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 demand, 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 representation 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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1.5 c, Nature Climate Change 8 (4) (2018) 325–332, ISSN 17586798, doi:\let\@tempa\bibinfo@X@doi10.1038/s41558018-0091-3, URL http://dx.doi.org/10.1038/s41558-018-0091-3.
[3] L. E. Clarke, K. Jiang, K. Akimoto, M. Babiker, G. Blanford, K. Fisher-Vanden, J.-C. Hourcade, V. Krey, E. Kriegler,
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pex
a,g

Sets used in Balmorel and OptiFlow
A
Areas
R
Regions
S
Seasons
T
Time periods in a season
Sets for Balmorel
Subset of areas in region r ∈ R
AR
r
G
Technologies
G dh
Subset of technologies that produce district
heating
G dis
Subset of technologies that are dispatchable
G el
Subset of technologies that produce electricity
G nd
Subset of technologies that are not dispatchable
G St
Subset of storage technologies
Rexp
Subset of regions that region r ∈ R can exr,r 0
port to
Rimp
Subset of regions that region r ∈ R can imr,r 0
port from
Variables for Balmorel
pnew
Investment in technology g in area a
a,g
ptrans
r,r 0 ,t
ptrnew
r,r 0
pa,t,g
pcurt
a,t,g

Existing power transmission capacity between region r and region r0 in the time period t
Sets for OptiFlow
R1many
Flow f that goes inside a process p, where it
a,p,f,f 0
is transformed into more than one flows f 0 in
the area a
F
Flows
P
Processes
PB
Subset of buffer processes p
PT
Subset of transport processes p
P c−ST
Subset of combined inter-seasonal and intraseasonal storage processes p
P Si
Subset of sink processes p
P So
Subset of source processes p
PF
RAP
Topology of flows f from process p to process
0
a,p,p ,f
p0 in the area a
F
RAAP
Flow f that can be transported from the area
a,a0,pT ,f

a to the area a0 through the transport process
pT
AP
Xa,p
Process p in area a whose capacity is endogenously optimized
F −in
Xp,f
Process p whose capacity is endogenously optimized according to the input flow f
F −out
Xp,f
Process p whose capacity is endogenously optimized according to the output flow f
Variables for OptiFlow
CAP
Va,p
Endogenous capacity of the process p in the
area a
B
Va,t,p,f
Net flow f from the buffer process pB in the
area a during the time period t
Va,t,p,p0 ,f
Flow f from the process p to the process p0
in the area a during the time period t
transport
Va,a0,t,p,f
Flow f that is transported from the area a
to the area a0 through the transport process
pT during the time period t
Parameters for OptiFlow
FF
cAP
Relationship between the flow f and the flow
a,p,f,f 0
f 0 in the process p in the area a
cCAP
Annualised investment cost of process p
p

Transmission of electricity between region r
and region r0 in the time period t
Investment in power transmission capacity
between Region r and r0
Commodity level in area a of technology g in
the time period t
Commodity level in area a of technology g in
the time period t that is curtailed

romST
pdh,f
Heat from storage in area a of technology g
a,t,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 energy demands
Parameters for Balmorel
cCAP
Annualised investment cost of technology g
g
cCAP
r,r 0
cfg xOP
cvOP
g
ddh
a,t
del
r,t
g
ka,t,g
tr
kr,r
0 ,t

Existing capacity of technology g in area a

ptrex
r,r 0 ,t

Annualised investment cost of power transmission line from r to r0
Fix Operational cost of technology g
Variable operational cost of technology g

x
eIn2in−F
a,p,f,f 0

District Heating demand in the area a in the
time period t
Electricity demand in the region r in the time
period t
Availability of the technology g in the area a
in the time period t
Availability of the transmission line between
the region r and the region r0 in the time
period t

dist
ja,a
0 ,p

lt
mex
a,p
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Fix bound between the two input flows f and
f 0 to the process p in the area a
Distance between the area a and the area a0
by the transport process p
Length in hours of the temporal slice t
Exogenous capacity of the process p in the
area a
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Supporting information for:
Modelling of renewable gas and renewable liquid fuels in future integrated energy systems

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 FischerTropsch 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 resolution, 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]
EA Energy Analyses (2016) [2]

RAMSES
PETRA, Balmorel

Simulation
Simulation

Denmark
Denmark

Mathiesen et al. (2014) [3]
Mathiesen et al. (2009) [4]
Mathiesen et al. (2015) [5]
Skytte et al. (2016) [6]
The Danish Board of Technology (2012) [7]
Bramstoft and Skytte (2017) [8]
Skytte and Bramstoft (2017) [9]
Börjesson and Ahlgren (2012) [10]
Börjesson et al. (2014) [11]
Börjesson et al. (2015) [12]
Hagberg et al. (2016) [13]
Venturini et al. (2019) [14]

EnergyPLAN
EnergyPLAN
EnergyPLAN
STREAM
STREAM
STREAM
STREAM
MARKAL
MARKAL
MARKAL
MARKAL
TIMES-DK- Balmorel-OptiFlow

Simulation
Simulation
Simulation
Simulation
Simulation
Simulation
Simulation
Optimisation
Optimisation
Optimisation
Optimisation
Optimisation

Denmark
Denmark
Denmark
Denmark
Denmark
Sweden
Finland
Sweden
Sweden
Sweden
Sweden
Denmark

Not specified; seems to be national potentials
National potentials, for manure potential is split into
east and west
Not specified; seems to be national potentials
Not specified; seems to be national potentials
Not specified; seems to be potentials
National potentials
National potentials
National potentials
National potentials
Not specified; seems to be national potentials
Not specified; seems to be national potentials
Not specified; seems to be national potentials
Not specified; seems to be national potentials
TIMES-DK - national potentials; OptiFlow: straw
potentials at municipal level
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Study

Temporal resolution

Fuels

Danish Energy Agency (2014) [1]
EA Energy Analyses (2016) [2]
Mathiesen et al. (2014) [3]

3-hour time steps
yearly
hourly

Mathiesen et al. (2009) [4]

hourly

Mathiesen et al. (2015) [5]

hourly

Skytte et al. (2016) [6]
The Danish Board of Technology (2012) [7]
Bramstoft and Skytte (2017) [8]

hourly
hourly
hourly

Skytte and Bramstoft (2017) [9]
Börjesson and Ahlgren (2012) [10]

hourly
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).
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).
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).
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).
32 time-steps in TIMES-DK; Balmorel-OptiFlow 672

SNG, ehtanol, biodiesel, biokerosene, hydrogen, electricity
Biogas, ethanol, biodiesel
Biogas, ethanol, biodiesel, methanol/DME, - electrofuels
(methanol/DME, syn-jetfuel), electricity
Biogas, ethanol, biodiesel, methanol/DME, - electrofuels
(methanol/DME, syn-jetfuel), electricity
Biogas, ethanol, biodiesel, methanol/DME, - electrofuels
(methanol/DME, syn-jetfuel), electricity
Biogas, ethanol, biodiesel, methanol, hydrogen, electricity
Biogas, biofuels, hydrogen, electricity
Biogas, SNG, Ethanol, Biodiesel, methanol/DME, biokerosene,
hydrogen, electrofuels (methanol/DME), electricity
Biogas, ethanol, biodiesel, methanol, hydrogen, electricity
Biogas, SNG, ethanol, biodiesel, methanol, DME, RME, electricity

Börjesson et al. (2014) [11]

Börjesson et al. (2015) [12]

4
Hagberg et al. (2016) [13]

Venturini et al. (2019) [14]

c

Electrofuels

Yes
Yes
Yes

Yes

Methane, ethanol, biodiesel, methanol, DME, electricity

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

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

Biogas, ethanol, biodiesel, biomethanol, biokerosene, - electrofuel (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 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 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, 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.
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Modelling of renewable gas and renewable liquid fuels in future integrated energy systems

Supplementary Material B:
Techno-economic data for renewable gas and renewable liquid fuel
conversion technologies
Rasmus Bramstoft, Amalia Pizarro Alonso, Ida Græsted Jensen, Hans Ravn, Marie Münster
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
e/ton

O&M costs
e/ton

Energy Density
GJ/ton

Dry Matter
%

32.2
15.3
42
4.9
29.3

2.9
5.7
8.6
5.4
8.6

0.464
2.120
8.440
4.096
5.453

6%
28%
85%
37%
58%

Manure
Deep litter
Straw
Organic waste
Grass

Source
[1]
[1]
[1]
[1]
[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
MEUR/MW

OM
EUR/MW

Source

Bioethanol

Fermentation

Straw

100%

Bioethanol
Heat
Electricity

41%
24.6%
3.0%

0.89

68191

[2, 3]

Biodiesel

TG-FT

Dry biomass

100%

Biodiesel
Heat
Electricity

39%
21.3%
3.0%

1.89

53424

[2, 3]

Biooil

HTL

Dry biomass

100%

Biooil
Heat
Electricity

86%
0%
5.3%

0.95

150954

[2, 3]

Biokerosene

TG-FT

Dry biomass

100%

Biokerosene
Biofuel
Heat
Electricity

40%
16.8%
21%
3.6%

1.33

58590

[2, 3]

Biokerosene

TG-FT + H2

Dry biomass
Hydrogen

100%
34%

Biokerosene
Biofuel
Heat
Electricity

40%
23.2%
25.0%
3.4%

1.33

58590

[2, 3]

ciii

1

Articles I-VIII

Article IV

Table 3: Techno-economic parameters for technologies.
Main fuel

Process

Inputs

Syngas

TG

Dry biomass

100%

Syngas
Heat

Hydrogen

Electrolysis

Electricity

100%

Biomethanol

Methanol synthesis

Syngas
Hydrogen

Bio SNG

Methanation

Syngas
Hydrogen

Bio SNG

Dry biomass
Electricity

Biomethane

Water scrubbing

Biogas

Biomethane

Methanation

Biogas
Hydrogen

Shares
%

Outputs

Shares
%

Inv
MEUR/MW

OM
EUR/MW

Source

75%
15%

0.6300

25236

[4]

Hydrogen
Heat

79%
21.3%

0.3564

10746

[5]

100%
45%

Biomethanol
Heat

114%
10.8%

0.1764

5281

[4]

100%
128%

Bio SNG
Heat

200%
17%

0.4932

24613

[4]

63%
35%

1.4900

40536

[5]

100%

0.4176

10335

[5]

0.4932

24613

[5]

100%
9%

Bio SNG
Heat

100%

Biomethane

100%
60.5%

Biomethane
Heat

150%
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 monodigestion 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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Supporting information for:
Modelling of renewable gas and renewable liquid fuels in future integrated energy systems

Supplementary Material C:
Potential available biomass resources
Rasmus Bramstoft, Amalia Pizarro Alonso, Ida Græsted Jensen, Hans Ravn, Marie Münster

Figure 1: Potential available manure for biogas production (data based on Birkmose et al. [2013]).
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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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Supporting information for:
Modelling of renewable gas and renewable liquid fuels in future integrated energy systems

Supplementary Material D:
Selection of four representative weeks
Rasmus Bramstoft, Amalia Pizarro Alonso, Ida Græsted Jensen, Hans Ravn, Marie Münster
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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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 electrofuels 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 catalogue 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 competition 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.
Keywords:
Electrofuels, Biofuels, Future Energy Systems, Energy Modelling

Highlights
• Electrofuels have high use potential in future transport systems
• Fuels using hydrogen can be more economically attractive compared to biofuels
• Modelling of electrofuels in holistic energy systems enables sector coupling
• Novel modelling of electrofuels with high temporal and spatial resolution
• Linkage of power market model and detailed spatiotemporal network model
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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
2
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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 decarbonise 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 environment. 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.
3
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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 network 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 technologies. 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, manure, 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. Temporally, 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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Straw
Woodchips
Woodpellets
Manure
Deep litter
Organic waste
Grass

Price
[e/GJ]
6.80
7.90
9.80
0
0
8
7.1

Potential
[PJ]
54
41
∞
17.6
6.4
3.6
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.

Maritime
Road
Aviation

Demand [PJ]
10
80
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
Base

Description
-

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 ForeignEFuels 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 investments 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.

Denmark
Germany
Norway
Sweden

Electricity
[e/MWh]
38.5
46.7
32.4
34.0

District Heating
[e/MWh]
19.0
22.2
19.4
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.
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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
12
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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 methodology. 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 country 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 wellto-wheel study conducted by the EU’s Joint Research Centre has calculated a life cycle carbon intensity
of 1.3 gCO2 e/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 gCO2 e/MJ) [10, 16]. The
emissions intensity of biofuels ranges from 15 to 55 gCO2 e/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 gCO2 e/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 conducted 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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Supplementary Material for:
Analysis on Electrofuels in Future Energy Systems: A 2050 Case Study

Supplementary Material A:
Electrofuel Technology Catalogue
Mason Scott Lester, Rasmus Bramstoft, Marie Münster
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]. Technologies 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 combustion [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 purpose of carbon capture and long term geological storage. Pre-combustion capture, as the name implies,
1
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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

Energy Data
Input(s)
Electricity
Heat

Note

[GJ/tono ]
[GJ/tono ]

0.66
3.97

[28]
[28]

Output(s)
Carbon Dioxide

[ton/tono ]

1.00

[28]

Financial Data
Investment
Fixed O&M

[Me /(ton/hour)]
[ke /(ton/hour)/year]

1.72
68.7

Technology Data
Lifetime

[year]

20

A

Reference

[28, 49]
[28, 49]

[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

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
Heat

[GJ/tono ]
[GJ/tono ]

0.09
3.35

B
B

[10]
[10]

Output(s)
Carbon Dioxide

[ton/tono ]

1

B

[10]

Financial Data
Investment
Fixed O&M
Variable O&M

[Me /(ton/hour)]
[ke /(ton/hour)/year]
[e /ton]

0.47
12.6
30

A

[27]
[27]
[27]

Technology Data
Lifetime

[year]

20

Energy Data

[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

Energy Data
Input(s)
Carbon dioxide
Electricity

Note

[ton/tono ]
[GJ/tono ]

1.02
0.43

[19]
[19]

Output(s)
Carbon dioxide

[ton/tono ]

1

[19]

Financial Data
Investment
Fixed O&M

[Me /(ton/hour)]
[ke /(ton/hour)/year]

1.52
30.4

Technology Data
Lifetime

[year]

20

A

Reference

[4]
[4]

[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].
4
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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
Fixed O&M

[Me /(GJe /h)]
[ke /(GJe /h)/year]

0.10
2.87

[29]
[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]

[Me /(GJi /h)]
[ke /(GJi /h)/year]

0.09
4.45

[34]
[34]

[Me /(GJi /h)]
[ke /(GJi /h)/year]

0.17
7.95

[34]
[34]

[year]

20

[29]

Financial Data
Centralised Tank Storage
Investment
Fixed O&M
Distributed Tank Storage
Investment
Fixed O&M
Technology Data
Lifetime

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 →
− CH3 OH + H2 O, ∆H ◦ = −131kJmol−1
Unit

2050

Reference

Energy Data
Input(s)
Electricity
Hydrogen
Carbon Dioxide

[GJ/GJo ]
[GJ/GJo ]
[ton/GJo ]

0.37
0.84
0.07

[33]
[33]
[33]

Output(s)
Methanol
Heat

[GJ/GJo ]
[GJ/GJo ]

1
0.11

[33]
[33]

Financial Data
Investment
Fixed O&M

[Me /(GJo /h)]
[ke /(GJo /h)/year]

0.15
5.32

[19, 33]
[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: 2CH3 OH →
− CH3 − O − CH3 + H2 O

Olefin Synthesis: CH3 − O − CH3 →
− (CH2 )2 + 2H2 0
Oligomerisation: 0.5n(CH2 )2 →
− Cn H2n

(2)
(3)
(4)

Hydrotreating: Cn H2n + H2 →
− Cn H2n+2

(5)

Methanol upgrading has a low technology readiness level. There are no current production facilities upgrading 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
Gasoline
LPG
Heat

[GJ/GJi ]
[GJ/GJi ]
[GJ/GJi ]
[GJ/GJi ]

0.65
0.08
0.07
0.1

A, B
A, B
A, B
C

[4,
[4,
[4,
[4,

Financial Data
Investment
Fixed O&M

[Me /(GJi /h)]
[ke /(GJi /h)/year]

0.07
2.60

D
D, F

[4]
[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 M Wf uel
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 + H2 O

(6)

(2n + 1)H2 + nCO →
− Cn H2n+2 + nH2 O

(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

Energy Data
Input(s)
Electricity
Hydrogen
Carbon Dioxide

[GJ/GJe ]
[GJ/GJe ]
[ton/GJe ]

1.00
20.5
1.07

[11]
[11]
[11]

Output(s)
Diesel
Jet Fuel
Heat

[GJ/GJe ]
[GJ/GJe ]
[GJ/GJe ]

8.92
3.74
4.95

[11]
[11]
[11]

Financial Data
Investment
Fixed O&M

[Me /(GJe /h)]
[ke /(GJe /h)/year]

1.73
69.3

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

20

Note

A

Reference

[4]
[4]

[4, 11]

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) →
− 2N H3(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

Energy Data
Input(s)
Electricity
Hydrogen

Note

[GJ/GJo ]
[GJ/GJo ]

0.22
1.19

[52]
[52]

Output(s)
Ammonia

[GJ/GJo ]

1

[52]

Financial Data
Investment
Fixed O&M

[Me /(GJo /h)]
[ke /(GJo /h)/year]

0.19
7.77

Technology Data
Lifetime

[years]

20

A

Reference

[32]
[32]

[54]

Notes:
A: 4% of investment p.a.
Table 14: Technological and Financial Data: Power to Ammonia
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Supplementary Material for:
Analysis on Electrofuels in Future Energy Systems: A 2050 Case Study

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 =

r
1
∗ PV TC ∗
q
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, Optimistic, 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
1
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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 electricity 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
Synthetic Liquid Fuel
[e /GJ]
Investment
O&M
Electricity
Distribution
Total

6.1
4.3
21.7
32.1

German Environmental Agency
Jet Fuel
Methanol Route
FT Route
DAC Point Source DAC Point Source
9.2
6.1
9.2
6.1
3.2
3.2
3.5
3.5
22.1
17.5
22.1
17.5
0.7
0.7
0.7
0.7
35.2
27.5
35.5
27.8

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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Supplementary Material for:
Analysis on Electrofuels in Future Energy Systems: A 2050 Case Study

Supplementary Material C:
Data Analysis and Model Validation
Mason Scott Lester, Rasmus Bramstoft, Marie Münster
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
3
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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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Modelling the gas transmission system in the energy transition
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Innovative application of OR in a real-life application of the Danish gas infrastructure
Novel mixed-integer second-order cone relaxation programming on gas networks
Modelling decentralised renewable gas production, transport, storage, export and use
Impact of the energy transition on the use and operation of the gas infrastructure

ARTICLE INFO

ABSTRACT

Keywords:
Gas network
Energy transition
Renewable gas
Mixed-integer linear programming
Mixed-integer second-order cone
programming

The transition of the energy system towards energy production based on
renewable energy sources is crucial to mitigate climate change. Facing the
challenging future, gas and the gas infrastructure can potentially contribute to
an effective and cost-efficient energy transition. This study develops and
applies a methodology for modelling the gas infrastructure, including
decentralised renewable gas production, transport, storage, export and use, in
the energy transition. We apply two modelling methodologies for solving the
non-linear and non-convex Weymouth equation, which relates pressure drop
to flow: outer linear approximation and second-order cone relaxation
methods, where the former method results in a MILP formulation, and the
latter is formulated as a MISOCP. We show the innovative application of
operational research in a real-life application on the future Danish gas system.
Results indicate that despite introducing the gas flow constraints, no
bottlenecks were observed in the studied system, leading to the conclusion
that operability of the transmission system will not be constrained in the
scenarios assessed, due to adequate capacities. The benefit from large scale
storages is illustrated through an analysis of a full year. Results furthermore
illustrate that both methodologies are suitable for simulating the Danish gas
infrastructure, including the transmission pipeline network and large-scale
storage facilities. The challenges addressed in this study are applicable for
many countries worldwide, which emphasises the importance of bridging
research gaps in order to create tools and methods with real-life applications,
such as the developed model in this study.
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Various methodologies and tools can be applied to
provide insight into energy trends in energy transition
pathways. Integrated assessment models or integrated
energy systems models utilise a holistic approach to
compute long-term energy systems transition
pathways, however, due to the aggregated nature of the
models, they might lack details regarding physical
dynamics and constraints in the specific systems, e.g.
gas, electricity or district heating. Thus, to provide
insight into systems dynamics within the gas system,
including possible physical restrictions, detailed gas
network models are needed to allow a comprehensive
assessment of the use and operation of the gas
infrastructure in future energy transition scenarios
[12].
Studies applying mathematical modelling for
investigating investments in, and the operation of, the
gas infrastructure have been carried out previously due
to a high interest for decision-makers worldwide [13].
Crucial for all gas system modelling methods is a basic
understanding and inclusion of the fundamental gas
flow dynamics, which are described through partial
differential (highly non-linear) equations. An
appropriate representation of gas flows and pressure
levels can be obtained relying on fundamental flow
equations, described in, e.g. Osiadacz [14] and Crane
[15]. The Weymouth equation is most commonly used
to represent high-pressure gas flows, as it describes the
relation between flow and pressure drop through a
horizontal pipeline, in a simplified and accurate
manner [13].
Literature reviews of optimisation problems related
to gas networks have been conducted by, e.g. Hamedi
et al. [16] and Rios-Mercado and Borraz-Sanchez [13].
Hamedi et al. [16], reviewed and categorised
various studies assessing the gas transmission and
distribution networks. The reviewed studies have
different objectives for the optimisation problem, i.e.
fuel cost minimisation at compressor stations or
investment and operation cost minimisation, which
were distinguished according to the assumed state of
the system, i.e. steady-state or transient, and whether
the model is deterministic or is solved using stochastic
programming. The gas models are solved using various
solving approaches, i.e. exact, or using heuristics to
solve the different mathematical solution methods, i.e.
linear problems (LP) or non-linear problems (NLP),
using either continuous variables, integer variables (I)
or a mix of continuous and integer variables (MI).
Combining different methods results in the following
types of mathematical model solution methods: LP,
NLP, ILP, INLP, MILP, and MINLP. In addition,
Schwele et al. [17], identify novel solving approaches

Introduction
Reduction of greenhouse gas (GHG) emissions is
essential to mitigate climate change [1]. The Paris
Agreement aims to limit the increase in average global
surface temperature to well below 2 ⁰C, in comparison
to pre-industrial levels, and pursue a maximum
increase of 1.5 ⁰C [2]. Currently, the energy sector
contributes with a high share of global greenhouse gas
(GHG) emissions. Therefore, to achieve a lowemission society in the future, a substantial and
challenging transition of the energy system is required,
from relying on fossil fuels today to relying on energy
production based on sustainable and renewable energy
sources in the energy system of tomorrow [1].
Gas is a key energy carrier in the energy system
worldwide, accounting for 22 % of the world primary
energy demand by fuel in 2017 [3]. Gas, renewable gas
and the existing gas infrastructure might contribute to
an effective and cost-efficient transition of the energy
system since gas can: 1) be used in various end-use
sectors [4, 5]; 2) be used in the conversion to other
products, such as liquid fuels [6, 7] ; 3) allow a fast and
flexible conversion to electricity and heat, which
serves as a means of flexibility [8]; 4) used for longterm seasonal storage; 5) enable integration across
energy sectors and vectors [9, 10]. However, the future
use of gas in the energy system is highly uncertain and
varies considerably across global scenarios for the
energy transition, varying from 22 to 267 EJ yr-1 by
2050 in scenarios for reaching a global temperature
increase of 1.5 °C [11].
In the past, extensive long time perspective
investments in the gas infrastructure have led to a
current well-functioning gas system, which transports,
stores and distributes gas to meet gas demands.
Traditionally, gas has been extracted from central
extraction points. However, in some countries, e.g.
Denmark, gas production is starting to undergo a
transition from large-scale centralised natural gas
extraction points to decentralised small-scale energy
production based on renewable energy sources, due to,
for example, limited natural gas resources and energy
and climate policy targets. Given the long-term energy
policies, the uncertainty related to future use of gas,
and a potential decentralised renewable gas
production, has initiated discussions regarding future
utilisation of the current gas infrastructure [4].
Therefore, seen in the context of the green energy
transition, it becomes relevant to assess whether the
decentralised production and injection of renewable
gases and potential export can be managed with
existing pipeline capacity.
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such as second-order cone programming (SOCP)
relaxation and MISOCP.
The literature, therefore, shows that there is a spread
of mathematical solving methods are applied in the
field of optimising the gas infrastructure [16]. Previous
experiences with the different mathematical solving
methods can, therefore, be used to wisely choose the
solving method according to the research question at
hand. Here, the modeller should apply a method, which
enables a sufficient representation of the problem
being studied, e.g. can the problem be linearised or is
results based on non-linear relations critical in the
study. Furthermore, the solving time of the various
mathematical solving method differs, as computation
time increases with complexity, e.g. from linear to
non-linear problems, or the inclusion of various
elements which are represented in the gas
infrastructure.
In an extensive state-of-the-art review of
optimisation problems in natural gas transport systems,
Ríos-Mercado and Borraz-Sánchez [13], highlight
research challenges related to adequately represent
various elements in the gas pipeline network, i.e.
physical flows through pipelines, compressor stations,
valves and regulators, line-packing, seasonal storage
facilities, gas storage in the form of, e.g. LNG or fuels,
gas quality satisfaction (pooling) (i.e. Wobbe index,
gas gravity, heating value), and pipeline capacities. In
addition, looking at future energy systems, it is,
however, also important to take decentralised
production and injection of biomethane into account.
The Weymouth equation is the most widely used to
represent high-pressure gas flows. Therefore, several
studies have applied the equation in sophisticated
manners. Ríos-Mercado et al. [18] decrease the
problem dimension of the gas pipeline network
seeking to minimise compressor fuel consumption in a
steady-state gas transmission system. They exploit a
reduction technique to solve the complex, non-linear
and non-convex problem. De Wolf and Smeers [19]
apply a piecewise linear approximation method to
solve the non-linear gas flow-pressure relations, with
the objective of minimising the system cost of
distributing gas through a gas pipeline system.
Midthun et al. [20, 21] developed a combined model
for optimising natural gas markets and modelling the
technical characteristics of the gas transmission
network. The model optimises economic dispatch of
natural gas to consumers, subject to transmission
network operating pressure constraints. Taylor series
expansion around fixed pressure points is used to
develop a linearisation of the non-linear and nonconvex Weymouth equation. The magnitude of
pressure drops in the system is limited by the

maximum pressure limit at the pipeline inlet and the
minimum pressure limit at the pipeline outlet. Capacity
constraints arising from other limitations, e.g. flow
velocity, are not considered. The piecewise
linearisation of the Weymouth equations is further
refined in applications of, for example, an integrated
market for electricity and gas, by Ordoudis et al. [22]
and Shao et al. [23].
Schwele et al. [17] review eight gas flow models to
identify solution methods, and the inclusion of
bidirectional flows and line-pack, which are essential
characteristics of gas systems. Based on this, Schwele
et al. [17] propose a novel MISOCP model including
McCormick relaxation and compare the approach with
the MILP applied in Ordoudis et al. [22], with the
finding that the MISOCP method is solved 100 times
faster than the MILP method. The novel modelling
framework is evaluated applying an artificial 12-node
gas system and the IEEE 24-node reliability system for
a 24-hour test case study and thereby is lacking
representation of a real-life application of the gas
system, including distributed gas production and
storage facilities, both crucial elements in the
modelling of plausible scenarios for the future of the
gas system.
Based on our literature overview, we identify a
research gap of an open-source model, which
combines the state-of-the-art gas system modelling to
sufficiently represent the critical elements in the gas
pipeline network, physical flows through pipelines,
compressor stations, line-packing, seasonal storage
facilities [13, 17], bidirectional flows [17], and include
decentralised production and injection of renewable
gasses as well as export to surrounding gas markets,
with wisely chosen solving methods [16, 17], to show
an innovative application of the model on a real gas
system.
We bridge this research gap by developing a novel
model of the gas infrastructure, GasMo, which builds
upon the state-of-the-art gas system modelling in [17]
and include the critical gas infrastructure elements
identified above, and use the piecewise linear
approximation and the second-order cone relaxation
methods to solve the problem. Thereby, we develop a
novel model to optimise; 1) gas production from
distributed renewable gas facilities, 2); gas compressor
capacities; 3) gas storage, both large-scale seasonal
storages and line-packing for short-term storage; 4)
operation of gas infrastructure; 5) trade to adjacent gas
markets; to meet the gas demand at all times. In this
way, we develop a model which allows us to conduct
studies showing an innovative application of
operational research in a real-life application.
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We apply the developed GasMo model for the reallife application of Denmark, which includes actual
potentials for distributed gas production and gas
demands, real infrastructure capacities, e.g. pipelines
and storages, as well as high-quality data on technoeconomic parameters. The case of the Danish
infrastructure is chosen because; 1) Denmark has set a
target to reach 70% greenhouse gas reductions by 2030
compared to 1990 levels, and achieving a fossilindependent energy system by 2050 [24]; 2) Extraction
of natural gas from Danish gas reserves in the North
Sea are expected to decrease significantly towards
2040 [25], and the locally distributed renewable gas
production, i.e. biomethane, to increase rapidly, which
accounts for 10 % of consumption in 2019 [26]; 3) the
future Danish gas demand is uncertain; 4) the
conditions in Denmark have made decisions-makers
initiate the discussion regarding the future use of the
gas infrastructure. Using Denmark as a case study
further allow the vital assessments of whether the
future decentralised production and injection of
renewable gases and potential export can be managed
with existing pipeline capacity.
The challenges which Denmark is currently facing
are applicable for many other countries worldwide,
which underlines the importance of bridging research
gaps in order to create tools and methods with real-life
applications, such as the GasMo model.
Following this introduction, Section 2 presents the
developed gas model, GasMo, by presenting the
mathematical formulation for the MILP approximation
and MISOCP relaxation. Section 3 describes the main
data assumptions, while Section 4 describes the case
studies. The results obtained by the model runs are
presented and discussed in Section 5. Finally, Section
6 provides conclusions and suggests future work.

We apply a steady-state pressure drop correlation to
model the fluid dynamics in the gas transmission
system. Additionally, gas energy flows in transmission
pipelines, and the short-term line-pack possibility, is
modelled based on incoming and outgoing gas energy
flows for each pipeline segment. The gas flow,
described by the non-linear and non-convex equations,
is solved using either an outer bound linear
approximation method or a convex quadratic
relaxation method. For the latter method, we apply a
novel mixed-integer second-order cone problem
(MISOCP) formulation, which relies on the
McCormick envelope relaxation method to represent
gas energy flows and the short-term line-packing in the
gas transmission system.
GasMo models the gas transmission system and
related infrastructure. The model is formulated with
the objective of maximising the sum of all revenues
received from gas consumption and trade to adjacent
gas markets, less the sum of costs related to production,
import and the operation and utilisation of the gas
transmission infrastructure. The objective function is
optimised subject to the following constraints:










Renewable gas production and potentials
Gas compression capacity
Gas demand
Gas trade
Gas flow direction and magnitude
Gas transmission system operating pressure
Gas storage
Line-pack in the gas transmission system
Gas pressure-flow correlation

In the following, the mathematical formulation of
the GasMo model is provided. Furthermore, the
nomenclature is found in the Appendix.

Methodology

2.2.1

In this study, we develop a detailed model of the gas
infrastructure and apply two methods to identify
potential bottlenecks within the system, using different
approaches for solving the non-linear Weymouth
equation, which relates pressure drop to flow: outer
linear approximation and second-order cone (SOC)
relaxation methods.

Objective function

The objective function in GasMo equals the total
revenues minus the total costs of operation. The
investment costs are annualised based on the discount
rate, r, and the number of payments, n, and is
calculated according to Eqn. (1) using present value of
the costs, PV.

2.1 Modelling of the gas infrastructure

𝐴𝑛𝑛𝑢𝑖𝑡𝑦 = 𝑃𝑉

A model of the gas transmission infrastructure is
developed in this study, called GasMo, which is used
to conduct an assessment of the operation, gas flows
and potential bottlenecks in the gas transmission
infrastructure.

𝑟
(1 − (1 + 𝑟)−𝑛 )

(1)

Gas transmission infrastructure already exists, and
therefore all costs associated with developing the
infrastructure are treated as sunk costs in the modelling
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setup, i.e. not considered. The gas transmission
infrastructure is currently well-functioning and is
assumed to continue effectively in the modelled time
horizon, i.e. towards 2050. Reinvestments will have to
be made since transmission pipelines will experience
erosion and large-scale storage facilities will require
maintenance, but this will not affect the results, as they
will be the same for all scenarios and are therefore
omitted.
The objective function in the GasMo is formulated
as follows:
𝑟
𝑖𝑛𝑣
𝑖𝑛𝑣
max 𝑧 =
(− 𝐶𝑝𝑟𝑜𝑑
− 𝐶𝑐𝑜𝑚𝑝
)
(1 − (1 + 𝑟)−𝑛 )
𝑜𝑝
𝑜𝑝
𝑜𝑝
− 𝐶𝑝𝑟𝑜𝑑 − 𝐶𝑐𝑜𝑚𝑝 − 𝐶𝑡𝑟𝑎𝑛

2.2.2

The production of renewable gas is constrained by
the maximum capacity of the aggregated production
facilities in each node (Eqn. (12)). Considering the
conversion of bioenergy to biogas via anaerobic
digestion, the variability and flexibility in the
production is limited by the biogenic process.
Therefore, biogas is continuously produced and can
turn the production rate down to 90 % (Eqn. (13)).
𝑔𝑖,𝑡 ≤ 𝐺𝑖𝑚𝑎𝑥
𝑔𝑖,𝑡 ≥ 0.9𝐺𝑖𝑚𝑎𝑥
2.2.3

𝑜𝑝

𝐼

𝑖𝑛𝑣
𝑖𝑛𝑣
𝐶𝑝𝑟𝑜𝑑
= 𝑐𝑝𝑟𝑜𝑑
∑ 𝐺𝑖𝑚𝑎𝑥

(3)

𝑖𝑛𝑣
𝑖𝑛𝑣
𝐶𝑐𝑜𝑚𝑝
= 𝑐𝑐𝑜𝑚𝑝
∑ Κ 𝑚𝑎𝑥
𝑖

(4)

𝑖
𝐼
𝑖

𝐼

𝑓𝑖𝑥

𝐼

𝑇

𝑖

𝑖

𝑡

𝐼

𝑜𝑝

(5)

𝑓𝑖𝑥

𝐶𝑐𝑜𝑚𝑝 = ∑ 𝑐𝑐𝑜𝑚𝑝 Κ 𝑚𝑎𝑥
𝑖
𝑖

𝐼

𝑇

𝑖

𝑡

(6)

𝐴

𝑓𝑖𝑥

𝐴

𝑇

𝑎

𝑡

(7)

𝑣𝑎𝑟
+ ∑ ∑ 𝑐𝑡𝑟𝑎𝑛
|𝑄𝑎,𝑡 |

The costs associated with the large-scale storage
facilities consist of two elements, where the fixed costs
are the product of fixed costs of compression and
maximum storage injection capacity, and the variable
costs are the product of variable compressor costs and
storage injection rate.
𝑜𝑝

𝐼

Renewable gas is injected into the gas transmission
pipeline network using compressors. The rate of gas
injection is limited by the specific capacity of the
compressor at each node (Eqn. (15)). Gas subsequently
flows between nodes via the gas transmission pipeline
system to supply demands at other nodes, or is
transported to neighbouring markets for export.
Flaring of renewable gas is excluded from the model
optimisation.

𝑓𝑖𝑥

𝐼

𝑇

𝑖
𝑇

𝑡

(8)

𝑣𝑎𝑟
+ ∑ ∑ 𝑐𝑐𝑜𝑚𝑝
𝜎𝑖𝑛,𝑖,𝑡
𝐼

𝐶𝑑 = ∑ ∑ 𝑐𝑑,𝑡 𝛿𝑖,𝑡
𝑖

𝐼

(9)

𝑡

𝑇

𝐶𝑒𝑥𝑝 = ∑ ∑ 𝑐𝑒𝑥𝑝,𝑡 𝑄𝑒𝑥𝑝,𝑖,𝑡

(10)

𝐶𝑖𝑚𝑝 = ∑ ∑ 𝑐𝑖𝑚𝑝,𝑡 𝑄𝑖𝑚𝑝,𝑖,𝑡

(11)

𝑖
𝐼
𝑖

(14)

2.2.3 Gas compression capacity

𝑚𝑎𝑥
𝐶𝑠𝑡 = ∑ 𝑐𝑐𝑜𝑚𝑝 𝜎𝑖𝑛,𝑖
𝑖

∀𝑖 ∈ 𝐼

Gas can furthermore be extracted from the natural
gas reserves in the North Sea. Optimised investmentdecisions for natural gas in the North Sea are excluded
from the modelling. However, a constant flow of
natural gas from extraction points in the North Sea is
included, according to the description in Section 3.

𝐶𝑡𝑟𝑎𝑛 = ∑ 𝑐𝑡𝑟𝑎𝑛 𝐿𝑎 𝑄𝑎𝑚𝑎𝑥
𝑎

Gas production potential

∑𝑇𝑡 𝑔𝑖, 𝑑𝑡 ≤ 𝑍𝑖

𝑣𝑎𝑟
+ ∑ ∑ 𝑐𝑐𝑜𝑚𝑝
𝜅𝑜𝑢𝑡,𝑖,𝑡
𝑜𝑝

(12)
(13)

In the modelling setup, the production of renewable
gas is a part of the optimisation, with specific
investment-decisions in renewable gas technologies.
Biomass potentials limit the annual production of
renewable gas at each node. The yield of renewable gas
is determined by the feedstock to the conversion plant,
i.e. the biomass types (Eqn. (14). Potentials for
domestic and location-specific biomass resources are
considered in this study, and thus import of biomass is
not a part of the optimisation.

Where:

𝑜𝑝

∀𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇
∀𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇

(2)

− 𝐶𝑠𝑡 + 𝐶𝑑 + 𝐶𝑒𝑥𝑝 − 𝐶𝑖𝑚𝑝

𝑣𝑎𝑟
𝐶𝑝𝑟𝑜𝑑 = ∑ 𝑐𝑝𝑟𝑜𝑑 𝐺𝑖𝑚𝑎𝑥 + ∑ ∑ 𝑐𝑝𝑟𝑜𝑑
𝑔𝑖,𝑡

Renewable gas production

𝜅𝑜𝑢𝑡,𝑖,𝑡 ≤ Κ 𝑚𝑎𝑥
𝑖

𝑡
𝑇
𝑡
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Gas demand

2.2.7

Gas demands vary spatially and temporally, i.e.
between nodes and due to daily and seasonal changes
in demands over the year. The gas consumption is
equal to demand in each node at each time step (Eqn.
(16)).
𝛿𝑖,𝑡 = Δ𝑚𝑎𝑥
𝑖,𝑡

2.2.5

∀𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇

The model computes the operating pressure of the
gas flows between nodes. The operating pressure is inbetween the maximum and minimum operating limits,
which for the Danish transmission system is between
40 bar and 80 bar (Eqn. (22)).
𝑃𝑚𝑖𝑛 ≤ 𝑃𝑖,𝑡 ≤ 𝑃𝑚𝑎𝑥

(16)
2.2.8

Gas trade

∀𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇

𝑚𝑎𝑥
𝑄𝑒𝑥𝑝,𝑖,𝑡 ≤ 𝑄𝑒𝑥𝑝,𝑖

∀𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇

(17)
(18)

𝑚𝑎𝑥
𝜎𝑖𝑛,𝑖,𝑡 ≤ 𝜎𝑖𝑛,𝑖

𝑠𝑖,𝑡 ≤ 𝑆𝑖𝑚𝑎𝑥

Gas flow direction and magnitude

The flow direction in each arc (pipeline between
nodes) is computed endogenously for each time step.
An initial step for computing the gas flow direction is
by exogenously specifying the orientation of each arc.
Gas flows are defined as positive when the flow and
the predefined orientation of the pipeline are in the
same direction. The binary flow direction variable
(𝑦𝑎,𝑡 ) directs the flow as positive when it equals one
and negative flow direction when it equals zero. The
binary flow direction variable further ensures a flow
through the arc, i.e. gas flow does not simultaneously
enter or exit both ends.
The gas energy flow rates are constrained in both
positive and negative flow directions, as defined by
Eqn. (20) and (21), respectively. The parameter, M,
ensures that the specified binary flow direction
variable does not constrain the flow rate.
+
−
𝑄𝑎,𝑡 = 𝑄𝑎,𝑡
− 𝑄𝑎,𝑡

∀(𝑖, 𝑗) ∈ 𝐴, 𝑡 ∈
𝑇

+
0 ≤ 𝑄𝑎,𝑡
≤ 𝑀𝑦𝑎,𝑡
∀(𝑖, 𝑗) ∈ 𝐴, 𝑡 ∈ 𝑇
−
0 ≤ 𝑄𝑎,𝑡
≤ 𝑀(1 − 𝑦𝑎,𝑡 )
∀(𝑖, 𝑗) ∈
𝐴, 𝑡 ∈ 𝑇

(22)

Gas storage

𝑚𝑎𝑥
𝜎𝑜𝑢𝑡,𝑖,𝑡 ≤ 𝜎𝑜𝑢𝑡,𝑖

2.2.6

∀𝑖 ∈ 𝐼

Large-scale gas storage facilities allow gas to be
stored over time and between seasons, thereby
providing valuable flexibility to the system. The
maximum gas injection and withdrawal rates limit the
rate of injection (Eqn. (23)) and withdrawal (Eqn. (24))
from the large-scale storage facilities. Moreover, the
total amount of gas stored in the large-scale gas storage
facilities cannot exceed the maximum capacity of the
storages (Eqn. (25)).

In the modelling setup, Denmark is connected to
three adjacent gas market, i.e. Germany, Sweden and
Poland. This enables assessments of a variety of
scenarios that the Danish gas systems face in the
energy transition. The flow rate of import and/or
export is constrained at each border nodes according to
current and expected capacities (Eqn. (17) and (18)).
𝑚𝑎𝑥
𝑄𝑖𝑚𝑝,𝑖,𝑡 ≤ 𝑄𝑖𝑚𝑝,𝑖

Gas transmission system operating pressure

∀𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇

(23)
(24)
(25)

∀𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇
∀𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇

A positive variable describes the initial gas storage
level, which varies according to the optimised solution.
Costs of procuring gas inventory are excluded in the
formulation of the objective function. Therefore, a
constraint is defined to ensure that the initial gas
storage level is less than or equal to the level of the gas
storage in the final time step of the simulation (Eqn.
(26)).
𝑠𝑖,0 ≤ 𝑠𝑖,𝑇

∀𝑖 ∈ 𝐼

(26)

The level of gas in the large-scale storage facility
increases and decreases according to the injected and
withdrawn gas represented by the energy balance
below (Eqn. (27)).
𝑠𝑖,𝑡 − 𝑠𝑖,𝑡−1 = (𝜎𝑖𝑛,𝑖,𝑡 − 𝜎𝑜𝑢𝑡,𝑖,𝑡 )𝑑𝑡
𝐼, 𝑡 ∈ 𝑇

∀𝑖 ∈

(27)

(19)
2.2.9

(20)
(21)

Line-pack in the gas transmission system

Line-pack is categorised as short-term energy
storage in gas pipelines, which provides flexibility to
the gas pipeline systems and is used in the short-term
operation of the gas transport system. Line-pack
thereby adds an additional storage variable. The gas
packed in each pipeline segment depends on the
6
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pipeline volume as well as the density of the gas within
the pipeline segment. The density of the gas depends
on the gas composition, the operating pressure as well
as the temperature as defined in Eqn. (28).
𝜌 =

𝑃𝑀𝑀
𝑧𝑅𝑇𝑔

(28)
Figure 1: The pipeline energy balance

The gas density is estimated using the average of the
inlet and outlet pressure of the pipeline segment.
Although the gas compressibility varies with pressure,
we apply a constant compressibility value for the full
operating range. We apply the highest compressibility
value, which is determined by the lowest gas density,
and thus results in the lowest gas content of the arc, i.e.
lowest line-pack energy content. In this way, a
conservative estimate for the line-pack storage
capacity is included in the modelling setup. The gas
compressibility is 0.836, which corresponds to the
compressibility of methane at 40 bar. The line-pack is
defined in Eqn. (29), where the volume of the pipeline
is multiplied by the gas density.
ℎ𝑎,𝑡 =

0.5(𝑝𝑖,𝑡 +𝑝𝑗,𝑡 )𝑀𝑀
𝑧𝑅𝑇𝑔

𝜋

𝐷𝑎2
4

𝐿𝑎

∀(𝑖, 𝑗) ∈

A definition of the average flow rates in each gas
pipeline segment is required since different variables
for inlet and outlet flows of the pipeline segment is
defined both for positive and negative flow directions
in Eqn. (31). The average of the inlet and outlet flow
rates at each pipeline segment is thereby defined
(Eqns. (32) and (33)).
+
+
+
𝑄𝑎,𝑡
= 0.5(𝑄𝑖𝑛,𝑎,𝑡
+ 𝑄𝑜𝑢𝑡,𝑎,𝑡
)
𝐴, 𝑡 ∈ 𝑇
−
−
−
𝑄𝑎,𝑡
= 0.5(𝑄𝑖𝑛,𝑎,𝑡
+ 𝑄𝑜𝑢𝑡,𝑎,𝑡
)
𝐴, 𝑡 ∈ 𝑇

∀(𝑖, 𝑗) ∈

(32)

∀(𝑖, 𝑗) ∈

(33)

2.2.10 Gas energy balances

(29)

𝐴, 𝑡 ∈ 𝑇

The energy balance is essential for the conservation
of gas flow between nodes in the gas transmission
system. The sum of all gas flows from nodes, i.e. gas
flow out of a node, gas off-take to the distribution grid
and gas export, is equal to the sum of all flow of gas to
the node, i.e. gas flow to the node, gas compressed to
the transmission grid and import of gas (Eqn. (34)).

The initial energy level of the line-packing is,
likewise to the large-scale gas storage facilities, less
than or equal to the line-pack level at the final time
step. The total sum of the all initial line-pack energy
levels is less than or equal to the sum of the line-pack
in the final timestep for all pipeline segments, as stated
in Eqn. (30).

∑ 𝑄𝑖𝑗,𝑡 + 𝜅𝑜𝑢𝑡,𝑖,𝑡 + 𝑄𝑒𝑥𝑝,𝑖,𝑡
𝑖|(𝑖,𝑗)∈𝐴

𝐴

𝐴

∑ ℎ𝑎,0 ≤ ∑ ℎ𝑎,𝑇
𝑎

=

(30)

𝑎

−
𝑄𝑜𝑢𝑡,𝑎,𝑡
)𝑑𝑡

∀𝑎 ∈ 𝐴, 𝑡 ∈ 𝑇

(34)

𝑗|(𝑖,𝑗)∈𝐴

∀𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇

The change in line-pack energy levels between time
steps occurs as a response to differences in the inlet and
outlet flow rates to each pipeline segment. The pipeline
energy balance is presented in Eqn. (31), and
visualised in Figure 1, and shows that in situations
where the average pressure of the gas transmission
pipeline increases, the gas flow rate entering the
pipeline segment exceeds the gas flow rate exiting the
pipeline segment.
+
−
+
ℎ𝑎,𝑡 = ℎ𝑎,𝑡−1 + (𝑄𝑖𝑛,𝑎,𝑡
− 𝑄𝑜𝑢𝑡,𝑎,𝑡
+ 𝑄𝑖𝑛,𝑎,𝑡
−

∑ 𝑄𝑗𝑖,𝑡 + 𝜅𝑖𝑛,𝑖,𝑡 + 𝑄𝑖𝑚𝑝,𝑖,𝑡

At a node where gas is produced, the gas can either
be consumed within the same node, injected to a largescale storage facility or be transported via the
transmission pipeline infrastructure to other nodes
where it subsequently supplies gas demands. The
energy balance for each node is given by gas flow from
production facilities, the gas that is compressed to the
transmission grid, and the gas withdrawal from gas
storage, which equals gas consumption, gas off-take to
the distribution grid and injection of gas to storages
(Eqn. (35)).

(31)

𝑔𝑖,𝑡 + 𝜅𝑖𝑛,𝑖,𝑡 + 𝜎𝑜𝑢𝑡,𝑖,𝑡 = 𝛿𝑖,𝑡 + 𝜅𝑜𝑢𝑡,𝑖,𝑡 + 𝜎𝑖𝑛,𝑖,𝑡
∀𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇
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2.2.11 Gas pressure-flow correlation

methodology to solve the non-linear and non-convex
Weymouth equation, as described in Eqns. (43) to (45),
where the auxiliary variables 𝜙𝑎+ and 𝜙𝑎− are
constrained according to Eqns. (46) and (47),
respectively, while 𝜓𝑎 is constrained by the
McCormick envelopes method, as further detailed in
[17].

The relation between pressure drop and the rate of
volumetric gas flow in pipelines is described by the
Weymouth equation, as defined in Eqn. (36). The
relationship between the volumetric gas flow rate and
the pressures pipeline inlet and outlet is quadratic, thus
non-linear. The resistance of pipeline flow is
determined by the flow constant, Kw. Applying an
outer bound piecewise linearisation approximation
method the Weymouth equation can be linearised
according to Eqns. (37) to (42) [22].
+
𝑄𝑎,𝑡

−
𝑄𝑎,𝑡

𝑄𝑎2 = 𝐾𝑤2 (𝑃𝑖2 − 𝑃𝑗2 )
+
+
≤ 𝐾𝐼𝑎,𝑣
𝑃𝑖,𝑡 − 𝐾𝑂𝑎,𝑣
𝑃𝑗,𝑡 + 𝑀(1 − 𝑦𝑎,𝑡 )
∀(𝑖, 𝑗) ∈ 𝐴|𝑖 < 𝑗, 𝑡 ∈ 𝑇, 𝑣 ∈ 𝑉
+
−
−
𝑄𝑎,𝑡
≤ 𝐾𝐼𝑎,𝑣
𝑃𝑗,𝑡 − 𝐾𝑂𝑎,𝑣
𝑃𝑖,𝑡 + 𝑀𝑦𝑎,𝑡
∀(𝑖, 𝑗) ∈ 𝐴|𝑖 < 𝑗, 𝑡 ∈ 𝑇, 𝑣 ∈ 𝑉
+
+
≤ 𝐾𝐼𝑎,𝑣
𝑃𝑖,𝑡 − 𝐾𝑂𝑎,𝑣
𝑃𝑗,𝑡 + 𝑀(1 − 𝑦𝑎,𝑡 )
∀(𝑖, 𝑗) ∈ 𝐴|𝑖 < 𝑗, 𝑡 ∈ 𝑇, 𝑣 ∈ 𝑉
−
−
−
𝑄𝑎,𝑡
≤ 𝐾𝐼𝑎,𝑣
𝑃𝑗,𝑡 − 𝐾𝑂𝑎,𝑣
𝑃𝑖,𝑡 + 𝑀𝑦𝑎,𝑡
∀(𝑖, 𝑗) ∈ 𝐴|𝑖 < 𝑗, 𝑡 ∈ 𝑇, 𝑣 ∈ 𝑉

(36)
(37)

𝜙𝑎+ = 𝑃𝑖 + 𝑃𝑗
𝜙𝑎− = 𝑃𝑖 − 𝑃𝑗
𝜓𝑎 = 𝜙𝑎+ 𝜙𝑎−
𝑚𝑖𝑛
𝑚𝑖𝑛
𝑃
+𝑃
≤ 𝜙𝑎+ ≤ 𝑃𝑚𝑎𝑥 + 𝑃𝑚𝑎𝑥

(43)
(44)
(45)
(46)

𝑃𝑚𝑖𝑛 − 𝑃𝑚𝑎𝑥 ≤ 𝜙𝑎− ≤ 𝑃𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛

(47)

The variables are representing the pressure in the
pipelines in the Eqns. (22), (29), and (37) to (42), are
replaced by Eqns. (48) to (50) in the MISOCP
formulation:

(38)
(39)

ℎ𝑎,𝑡 =

(40)
2
𝑄𝑎,𝑡

Where:
+
𝐾𝐼𝑎,𝑣
=

𝐾𝑤,𝑎 𝑃𝑖,𝑣
2 −𝑃 2
√𝑃𝑖,𝑣
𝑗,𝑣

+
, 𝐾𝑂𝑎,𝑣
=

𝐾𝑤,𝑎 𝑃𝑗,𝑣
2 −𝑃 2
√𝑃𝑖,𝑣
𝑗,𝑣

(41)

𝐾𝑤,𝑎 𝑃𝑗,𝑣
2 −𝑃 2
√𝑃𝑗,𝑣
𝑖,𝑣

−
, 𝐾𝑂𝑎,𝑣
=

𝐾𝑤,𝑎 𝑃𝑖,𝑣
2 −𝑃 2
√𝑃𝑗,𝑣
𝑖,𝑣

𝑧𝑅𝑇𝑔

𝜋

𝐷𝑎2
4

𝐿𝑎

∀(𝑖, 𝑗) ∈ 𝐴, 𝑡 ∈ 𝑇

2
2
𝑄𝑎,𝑡
≤ 𝐾𝑤,𝑎
𝜓𝑎 + 𝑀2 (1 − 𝑦𝑎,𝑡 )
∀(𝑖, 𝑗) ∈ 𝐴, 𝑡 ∈ 𝑇
2
≤ −𝐾𝑤,𝑎
𝜓𝑎 + 𝑀2 𝑦𝑎,𝑡
∀(𝑖, 𝑗) ∈
𝐴, 𝑡 ∈ 𝑇

(48)
(49)
(50)

Figure 2 displays the Weymouth and the outer
bound piecewise linearisation approximation and the
second-order cone relaxation of the Weymouth
equation.

∀(𝑖, 𝑗) ∈ 𝐴|𝑖 < 𝑗, 𝑣 ∈ 𝑉
−
𝐾𝐼𝑎,𝑣
=

+𝑀
0.5𝜙𝑎
𝑀

(42)

∀(𝑖, 𝑗) ∈ 𝐴|𝑖 < 𝑗, 𝑣 ∈ 𝑉

Despite the outlet pressure being greater than or
equal to the inlet pressure, gas can flow in a positive
direction, due to the relative KI and KO factor values.
In a situation where a positive flow occurs y equals
one, since 𝑄 − equals zero. The right-hand side of Eqn.
(37) is greater than zero in situations where the term
+
+
(𝐾𝐼𝑎,𝑣
𝑃𝑖,𝑡 ) is greater than the term (𝐾𝑂𝑎,𝑣
𝑃𝑗,𝑡 ), and
𝑀(1 − 𝑦𝑎,𝑡 ) equals zero. This situation can occur if the
inlet pressure exceeds the pressure at the outlet, but
also if the pressure at the outlet is greater than at the
+
+
inlet, provided that 𝐾𝐼𝑎,𝑣
/𝐾𝑂𝑎,𝑣
≥ 𝑃𝑗,𝑡 /𝑃𝑖,𝑡 .

Figure 2: Outer bound piecewise linearization
approximation and the second-order cone relaxation of
the Weymouth equation

2.2.12 MISOCP Formulation
A novel alternative method to the outer bound
piecewise linearisation approximation method of the
Weymouth equation is the relaxed mixed-integer
second-order cone problem (MISOCP) relaxation.
Three auxiliary variables are introduced in this

2.3 Flow correlation validation
The outer bound linearisation approximation and
the second-order cone relaxation have been used to
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solve the non-linear and non-convex Weymouth flow
equation. A pre-comparative assessment is carried out
to shed light on discrepancies in the methods. Figure 3
visualises the estimated volumetric flow rate for a
range of inlet and outlet pressure values, using the two
respective solving methods of the Weymouth equation.
In this comparative assessment, a nominal value for the
flow constant, Kw, at 0.2 is applied.

bar between the minimum at 40 bar to the maximum at
80 bar. Naturally, applying a less refined resolution,
i.e. reducing the number of pressure points,
consequently results in an increased error, in
particular, related to the approximation of the low
pressure drops in the pipeline. On the other hand,
increasing the number of points will result in
improvements, while increasing the number of
equations and the computational time for solving the
problem. This trade-off is crucial in designing the
model for solving pressure-flow constraints using the
mixed-integer problem formulation.
Figure 3 (top) shows that the outer bound linear
approximation method, in particular, performs well for
volumetric flow rates larger than 250 kNm³/d, i.e.
approximately 3060 MW, in systems, which can be
represented with flow constant, Kw at 0.2. In pipelines
characterised by a higher Kw value, the required flow
rate for an accurate pressure-dependent flow constraint
is increased, and vice versa.
The second-order cone relaxation method (Figure 3
(bottom)), on the other hand, results in accurate
volumetric flow estimations in pipelines with low
pressure differences. A continually increasing overestimation occurs for volumetric flow rates with
increased differences in the pressure levels. Therefore,
the SOC relaxation method is better suited for pipeline
segments with lower pressure difference and the
associated flow rates.
2.4 Methodology for solving GasMo with and without
flow constraints

Figure 3: Pre-comparative assessment of the estimated
volumetric flow rate calculated for a range of pressure
levels between the Weymouth equation (represented by
the lines) and outer bound linear approximation (top)
and second-order cone relaxation (bottom), which are
represented by the dots, respectively.

GasMo can solve the gas transmission system with
no flow constraints or with the application of the outer
bound piecewise linearisation approximation (MILP)
method or using the second-order cone relaxation
(MISOCP) method.
The systems with no flow constraints tend to be
solved with relatively low computation time. However,
entering the simulation with flow constraints, either
outer bound piecewise linear approximation or secondorder cone relaxation, increases the computational
burden. Therefore, a two-step solving procedure is
proposed, which is illustrated in Figure 4. First, the gas
transmission systems elements are solved without
constraints, to obtain production levels for the
renewable gas production facilities, the capacity of the
associated compressors as well as energy balances and
the gas flow direction. Secondly, the gas flow
direction, renewable gas production levels and
compressor capacities identified in the no constraint
model simulation are given as exogenous inputs to the
outer bound piecewise linear approximation or second-

Figure 3 visualises the computed relation between
volumetric flow rate and the pressure levels. The flow
rate calculation is performed using the pressure level
range for the transmission pipeline system, i.e. 40 bar
to 80 bar.
Figure 3 (top) illustrates that the outer bound
linearisation approximation method performs well for
differences in inlet and outlet pressure levels of more
than approximately 1 bar, while for differences less
than 1 bar the method over-estimates the flow. The
outer bound linearisation method results in a positive
flow value in situations where the inlet pressure equals,
or is less than, the outlet pressure, due to the
application of the terms, KI and KO.
The calculations of the flow rate are conducted
using 41 fixed pressure points each corresponding to 1
9
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order cone relaxation solving methods. The two
methods thereby solve the operation and gas flows in
the gas transmission system, while applying flow
constraints.

gas production and are heading towards energy
production based on renewable energy sources.
The gas transmission system is represented by 40
nodes which allow gas to be transported from
production sites to demand nodes. Figure 5 visualises
the geographical location of nodes, the large-scale
storage facilities, as well as the entry points, i.e. North
Sea (NS) and Germany (DE), and exit points, i.e.
Germany, Sweden (SE) and Poland (PL).

Figure 4: Methodology for solving GasMo with and
without flow constraints

Data assumptions
The developed model is applied to solve and
provide insight into a real-life problem of the future use
and operation of the gas transmission system in
Denmark. Therefore, the main data assumptions
applied to the Danish gas transmission system are
presented in this section. Additionally, the
Supplementary Material provides further insight into
some of the main general data assumptions applied.
3.1. Danish gas system
The Danish gas transmission system connects
supply and demand nodes, with two large-scale storage
facilities, Lille Torup in Denmark West and Stenlille
in Denmark East. The Danish gas transmission
pipeline system has transported gas from large Danish
gas reserves in the North Sea from the mid-80’s until
now. Danish gas extraction of reserves in the North Sea
are expected to be decrease significantly towards 2040
[25]. Additionally, declining gas consumption, as well
as climate and energy targets, make the future of
traditional centralised gas extraction uncertain.
Production of renewable gas in the form of upgraded
biogas is entering the market rapidly, from a level of
around 7.4 PJ in 2018, which corresponds to 7 % of the
total gas demand, to expected production more than
three to four times higher in the coming years [25];
transforming the supply from centralised to
decentralised production. This energy transition
pathway is interesting to investigate as similar trends
could follow in other countries, motivated by
ambitious climate and energy targets. This means that
the GasMo modelling framework is applicable for
other countries which have resources for renewable

Figure 5: Geographical locations of nodes simulated in
GasMo. GasMo simulates the Danish gas infrastructure,
with production and consumption, storage as well as
entry/exist points from/to surrounding countries.

A detailed overview of the Danish gas transmission
systems is presented in the Supplementary Material,
which details the design of the system, length and
diameter of all pipeline sections, the capacity at each
M/R station as well as the location and size of the
storages in Denmark. Moreover, capacities for the
entry and exit points of the gas transmission system are
outlined in the Supplementary Material. The
dimensions, i.e. length and diameter, of the pipeline
sections and the simplified (Eqn. (36)) and the
Weymouth equation (Eqn. (51)) are used to calculate
the flow correlation factor (Kw), as denoted in Eqn.
(52). The specific flow correlation factor for each
pipeline section is also provided in the Supplementary
Material.
10
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The relation between the gas flow correlation factor
and the gas compressibility yields a decreasing gas
flow correlation factor with increasing gas
compressibility. In this study, a conservative estimate
of the gas flow correlation factor for each pipeline
section is applied, which is calculated using the highest
gas compressibility value for methane, i.e. 0.836, for
the operation range of the gas transmission system,
which is between 40 bar and 80 bar.
𝑄𝑎 = 𝐾𝑑 2.67 [
𝐾𝑤 =

𝑃𝑖2 − 𝑃𝑗2
𝐿𝑆𝑍𝑇𝑔

mapping of available resources is made for estimating
production potentials at each node. For the biogas
production, the potentials include manure and deep
litter, as well as other biomass resources that can
increase the energy yield, such as, food waste, grass
and straw. An underlying assumption is that available
potentials of manure and deep litter are utilised at the
respective node, and thus transportation over longer
distances does not occur. This is in line with current
utilisation of energy resources for biogas production,
and in line with findings in studies such as Bramstoft
et al. [6] and Birkmose et al. [28], due to a high cost of
transporting low energy content resources, such as
manure, over longer distances. However, other
biomass resources such as straw are allowed to be
transported spatially, i.e. between nodes, and can thus
be used wherever is most suitable.
The potential for renewable gas production based on
manure and deep litter at each node is visualised in
Figure 6.

1/2

]

(51)

𝐾𝑑 2.67
1/2

(𝐿𝑆𝑍𝑇𝑔 )

(52)

Eqn. (51) describes the Weymouth equation, and
shows that the gas flow rate is a function of the inlet
and outlet pressure of the pipeline section along with
gas properties and physical characteristics of the
transmission pipeline. The constant (K) depends on the
units of the considered variables and the unit of the
volumetric gas flow rate. Finally, to convert the
volumetric flow rate to energy flow rate, the energy
density of the gas, i.e. methane, under normal
conditions, is multiplied in the equation.
The operating pressure for the Danish transmission
system is in-between 40 bar and 80 bar. In the outer
bound piecewise linearisation approximation method,
the Weymouth equation is linearised around 11 fixed
pressure points in the analysis, due to high
computational times. However, results are compared
with a simulation using 21 fixed pressure points
evaluated, which is suggested in Fodstad, Midthun and
Tomasgard [27].

(a) manure potential

(b) deep litter potential

Figure 6: Geographical representation of potentials for
renewable gas production based on manure and deep
litter.

3.2. Production of renewable gas
3.3. Gas demand profiles

Assessing the impact of the energy transition on the
operation of the Danish transmission system is
associated with a conversion from traditional
centralised extraction of natural gas in the North Sea to
decentralised renewable gas production facilities,
which are located according to local biomass resource
availability. This study focuses on biomethane
production from biogas, where the biomethane can be
upgraded to natural gas quality either by CO2 removal,
i.e. using water scrubbing or via methanation, where
CO2 is reacting with injected hydrogen. GasMo
optimises the local node-specific production of
renewable gas production facilities. Techno-economic
parameters for the renewable gas production plant is
provided in the Supplementary Material. Biomass
resources are available across the country, and a

Today, in a Danish context, gas is consumed in
various end-use sectors, such as the industrial,
residential, commercial, and the energy conversion
sector to produce power and heat. How gas will be
consumed in the future is still uncertain; however, gas
has unique properties, making it valuable in hard-toabate sectors such as the industrial sector. Two gas
demand profiles are utilised in this study; one is
representing the actual gas consumption pattern from
each M/R station in 2018; and a second profile
representing a potential future profile, which is created
based on profiles in the industrial sector, thus more flat
duration curve compared to 2018. Due to high
computational times, the full year is represented
11
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through four representative weeks, with comparable
duration curves.

in the energy transition, from relying on centrally
produced natural gas today towards increased gas
production from renewable energy sources in the
future. Table 1 provides a brief description of the
scenarios, and Table 2 presents the main parameter
defining the scenarios, which include gas demand,
profiles, potentials and export opportunities, all
integrated into the GasMo modelling setup.

Case study
A case study containing four scenarios are carried
out to show the application of GasMo to real-life
problems. The four scenarios are chosen to illustrate
the wide spectra of scenarios the gas system can face
Table 1: Description of scenarios
Scenario

Scenario description

Reference

The Reference scenario represents the Danish gas system in 2018. Gas is a key energy carrier in
the Danish system, and it is used in several sectors, i.e. residential, industry, or to produce
electricity and heat. Gas is primarily from the centralised natural gas reserves in the North Sea.
Finally, Denmark is a net exporter of gas to Sweden and Germany.

Medium gas
demand

Future scenario focusing on Denmark, where Danish gas demand is reduced to around half of the
demand in 2018, which is in line with projections from the Danish Energy Agency [25]. Gas is
primarily used in hard-to-abate sectors, such as the industrial sector. The consumption profile for
gas is, therefore, modified accordingly.

Low gas demand

The Low gas demand scenario focuses on a situation, where a minimum use of gas consumption
occurs in Denmark, in, for example, the industrial sector. The scenario strives to illustrate the
dynamics in a low flow gas transmission system.

High gas export

The High gas export scenario represents a situation where Denmark becomes an exporter of gas
and is used as a highway for gas in the North Sea to Poland via the Baltic Pipe connection. Low
Danish gas consumption is assumed, while the potentials for biogas production are high,
allowing high export to surrounding countries.

Table 2: Main parameters defining the scenarios
Scenario

Danish
Gas
demand

Consumpti
on profiles

Biogas
potentials

Gas export

Reference

109 PJ

Today

63 PJ

Sweden: 33
PJ
Germany: 17
PJ

Medium gas
demand

55 PJ

From
industry

63 PJ

Low gas demand

25 PJ

From
industry

63 PJ

High gas export

25 PJ

From
industry

120 PJ

Optimised

Baltic
Pipe

Yes

capabilities, i.e. large-scale long-term storage facilities
and short-term line packing.

Results

5.1. Reference scenario results

The results section presents the results obtained
from the scenario simulations in GasMo. The focus in
this section is to provide insight into transmission
system dynamics, including transmission system
operation as well as the utilisation of storage

Four weeks are modelled to represent all hours
within the simulated year. Figure 7 shows gas energy
flows in the Reference scenario and illustrate the
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dynamics between production, consumption, export
and utilisation of large-scale storage facilities.
The 109 PJ consumption of gas in Denmark has a
high degree of seasonality, with two high gas
consumption seasons, and two lower consumption
seasons. The 33 PJ export of gas to Sweden also show
the same pattern with varying seasonal demand. The
export to Germany is assumed to follow the same
consumption profile as Sweden, and the export to
Germany account for 17 PJ. In the simulated Reference
scenario, extraction of gas in the North Sea is assumed
to be constant. Production of biogas accounts for 7.4
PJ and is continuously produced, due to a constant
environment in the anaerobic digestions process. To
balance gas production and demand, large-scale
storage facilities inject gas in seasons with demands
lower than production and withdraw in seasons with
higher gas demands.

transmission pipelines is conservatively estimated to
0.85 PJ, which occurs at maximum pressure limit, i.e.
80 bar. While a minimum gas inventory of 0.425 PJ
occurs at a minimum operating pressure of 40 bar.
Therefore, the energy of the gas that can be packed and
unpacked in the transmission system is 0.425 PJ, which
corresponds to around 1 % of the total capacity of the
large-scale facilities. Although the amount of energy
that can be stored via line-packing is small, it is a
crucial element in the short-term operation of the
transmission grid.

Figure 8: Utilisation of large-scale storage facilities and
line-pack possibilities over the simulated period in the
Reference scenario. Large-scale storage facilities are
primarily used for storing gas over seasons, while linepacking is used for short-term storage.

5.2. The differences in the solving methodologies

Figure 7: Results obtained from GasMo regarding gas
production, consumption and trade in the Reference
scenario

To solve the quadratic Weymouth equation, which
is used to compute the pipeline gas flow rate with given
inlet and outlet pressures, two methodologies are
applied in this study. The first method applies an outer
linearisation approximation method to formulate a
MILP problem, while the second method relaxes the
Weymouth equation and introduces auxiliary variables
to formulate a MISOCP problem. The introduction of
constraints, in both methodologies, yields an upper
bound for the flow rates in each pipeline section.
Moreover, the line-pack capacity in each pipeline
section is likewise constrained due to the dependency
between gas stored and operating pressure.

The two long-term, large-scale storage facilities in
Denmark, i.e. Stenlille and Lille Torup, are operated to
balance the gas transmission system over seasons.
Therefore, the utilisation of large-scale storage
capacities exhibits a high degree of seasonality, as
shown in Figure 8. The capacity of Stenlille and Lille
Torup is 21.1 PJ and 17.9 PJ, respectively. The
injection and withdrawal of gas differ between the two
storage facilities but follow the same trend. The gas
storage level at the beginning of the simulation is equal
to the gas stored at the end of the simulation. The peak
gas stored in both large-scale facilities coincides, after
the period with low gas demand, and reaches the full
available storage capacity.
Line-packing contributes to the short-term balance
and operation of the gas transmission grid. Evidently,
the storage provided by line-packing is considerably
smaller compared to the two large-scale storage
facilities. The maximum gas inventory in the gas

5.2.1

Operating pressure constraints

In situations where the operating pressure range
constrains the transmission system, applying the two
constraint methodologies yields reduced flow rates in
the obtained modelling results. Therefore, the
frequency of positive and negative flow rates in each
13
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flow rate bin can be used to compare the two different
solving methods. Figure 9 presents the results of the
cumulative frequency of positive flow rates obtained
by simulating the Reference scenario with no flow
constraints, with linear outer bound constraints and
with SOC flow constraints.
Figure 9 illustrates the appearance of flow
constraints in the method applying the MISOCP, as a
higher frequency of flow rates between 2500 MW and
3500 MW occur. The choice of relative high bin size,
and the specific bin-steps impacts the results, and a
more fine resolution might show less discrepancies in
the results. Although slight differences in the
cumulative fraction of flow rates occur, the objective
value is within the solution tolerance, of 1 %, in all
three scenarios.

Figure 10: Utilisation of large-scale storage facilities in
the Reference scenario for the three different solving
methodologies

Figure 11 illustrates the line-packing over time for
the different solving methods. The operation of the gas
transmission system slightly differs in the three solving
methods; however, the energy range of the line-pack in
the transmission system only corresponds to 1 % of the
capacity of the large-scale storage facilities. The
results regarding line-pack in the two constrained
simulation methods show less use of line-pack during
low demand seasons compared to the simulation with
no flow constraints.

Figure 9: Comparison of positive flow rate distributions
for the Reference scenario

Figure 10 and Figure 11 presents a comparison
between the utilisation of large-scale storage facilities
and short-term operation of line-pack for the three
different solving methodologies. Figure 10 shows the
utilisation of the combined large-scale storage
facilities and indicates limited differences in the
operation of the storage independent on the solving
methodology. However, solving the model with flow
constraints results in a slightly lower maximum
inventory of the storages.
.

Figure 11: Utilisation of line-packing over time for the
three different solving methods in the Reference
scenario

5.2.2

Computational aspects

The two solving methods, i.e. the outer bound
piecewise linearisation approximation (MILP) and the
SOC relaxation (MISOCP) methods are applied in this
study to test and evaluate both the accuracy in the
modelling but also the computational times, which can
be high due to complex systems, with many critical
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elements and parameters, solved with the desired time
resolution.
Using the novel SOC relaxation method was
motivated by the finding in Schwele et al. [17], who
found an average solving time of the MISOCP within
10 seconds, while the average solving times of the
MILP model was 1000 seconds, for a standard IEEE
12-node gas system and 24-node reliability test system.
We apply the GasMo model on a real Danish gas
system, which described the infrastructure using 40nodes. Four different scenarios are simulated, and the
computational time for solving the problem varies
significantly with the highest computation time
reached in the High gas demand scenario solved using
the MILP model at 55 minutes. By conducting an index
for the relative computational time between the MILP
and the MISOCP methods; defined by the solving time
of the MILP model divided by the solving time of the
MISOCP model, we find an average computation time
of the MISOCP model to be 7.5 times faster compared
to the MILP model solution. The average is within a
spread from a minimum index-value for the relative
solving time at 2 to a maximum index-value at 16.
Complexity and the inclusion of critical elements
and parameters results in increased computational
time. Furthermore, Taylor series expansion around
fixed pressure points is used to linearise the Weymouth
equation. Thus, a critical parameter for both the
accuracy of the modelling but also in particular for the
computation time is the number of fixed pressure point
applied in the study, as also identified in Fodstad,
Midthun and Tomasgard [27].

5.3. Scenario results
Four scenarios are chosen in this study to illustrate
the variety of scenarios, which the gas transmission
can face in the future. Table 1 and Table 2 describe and
present parameters for the respective scenarios, where,
for example, the scenarios differ in gas demands,
production of renewable gas and trade to adjacent gas
markets.
5.3.1 Gas consumption and renewable gas
production
GasMo enables a simplified optimisation of
location-specific renewable gas production plants,
according to defined resource potentials. Figure 13
presents results for gas demands and renewable gas
production divided into six aggregated areas in
Denmark. The results show that high gas demands
define the Reference scenario, while high production
of renewable gas characterises the High gas export
scenario. The gas energy balance presented in Figure
13 indicates the need for gas trade and flow between
areas in Denmark, where, in particular, significant
discrepancies between local demand and supply are
seen in the Reference and the High gas export
scenarios.

Figure 12: Relative computation time of the outer bound
piecewise linearisation approximation (MILP) and the
second-order cone relaxation (MISOCP) methods.
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Figure 13: Results for gas demands and renewable gas production divided into six aggregated areas in Denmark in the
four scenarios

The result regarding renewable gas production also
illustrates high production levels in Denmark West,
primarily due to high resource potentials for biogas
production. High gas demands in the Capital area
occur in the Reference scenario, however, due to the
assumption of reduction, or even phase-out, of gas in
the residential sector, lower shares of the gas
consumption appear in the Capital area in the three
future scenarios.

5.3.2

Gas energy flows

The results of the four scenarios simulated in
GasMo also include aggregated yearly gas energy
flows in the transmission system, which is presented in
Figure 14.
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(a) Reference scenario

(b) Medium gas demand scenario

(c) Low gas demand scenario

(d) High gas export scenario

Figure 14: Yearly gas energy flows in the transmission system in the four scenarios
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Figure 14 shows the respective gas energy flows in
the four simulated scenarios. The highest gas flows
across space appear in the Reference scenario and the
High gas export scenario. In the Reference scenario,
the gas energy flow is from the gas extraction fields in
the North Sea towards consumption areas in the East,
North and South. In the High gas export scenario,
demand in Poland is supplied by gas from the North
Sea, which is transported through Denmark and to
Poland via the Baltic pipe, making Denmark a gas
highway. Moreover, the low domestic gas
consumption allows renewable gas to be transported to
adjacent markets, which is seen by the high renewable
gas production in Jutland that generates a gas flow
from the North to the South and further to Germany. In
the scenarios without gas trade to adjacent markets, the
aggregated yearly gas demand and supply almost
balance, resulting in low gas flow in the transmission
system, which raises questions regarding the value of
a national transmission grid rather than supplying
renewable gas to end consumers via local distribution
grids.
The High gas export scenario illustrates the
situation with the highest pressure on the gas
transmission system. The high gas flows, in particular,
from the North Sea in the West to the Baltic pipeline
in the East, put pressure on the system. However,
Poland has reserved 80 % of the pipeline capacity,
over-dimensioning pipeline allowing higher export
rates to Poland in high demand situations.
5.3.3

Figure 15: Gas inventory in the large-scale storage
facilities for the different scenarios

Conclusion
In this paper, we build upon state-of-the-art gas
system modelling and develop a gas transmission
system model, GasMo, which allow optimisation of 1)
gas production from distributed renewable gas
facilities, 2); gas compressor capacities; 3) gas storage
both large-scale seasonal storages and line-packing for
short-term storage; 4) operation of gas infrastructure;
and 5) trade to adjacent gas markets; to meet gas
demands at all times at least-cost. We show an
innovative application of operational research in a reallife problem, by applying GasMo for a case-study of
the existing and future Danish gas transmission
system. The case study contains four scenarios to
illustrate the wide spectra of scenarios the gas system
can face in the energy transition, from relying on
centrally produced natural gas today towards increased
gas production from renewable energy sources in the
future.
Using a two-step solving procedure, renewable gas
production plants were first sized and situated under
the assumption of full availability of the gas
transmission pipeline system and large-scale storage
facilities, and without constraints on the operating
pressure.
In the second step, GasMo was simulated with flow
constraints, taking into account the relation between
the inlet and outlet of the pipeline as well as the
physical characteristics, which are explained by the
non-linear and non-convex Weymouth equation. Two
methodologies are proposed for solving the quadratic
pressure-flow relationship: outer bound piecewise
linearisation approximation method and second-order
cone relaxation. The former method results in a MILP
formulation, while the latter is formulated as MISOCP.

Gas storages

Visualising gas inventory in the large-scale storage
facilities for the different scenarios shows the
differences in the operation and need for gas storage in
the respective scenarios, as illustrated in Figure 15.
The operation and need for gas storage depend on the
scenario, where higher gas flows and demands yield
higher utilisation of the large-scale gas storage
facilities. In scenarios without gas trade with
surrounding countries, the utilisation of gas storages is
reduced, and only one of the gas storages is needed in
such a system. In these cases, the other storage facility
could be used to sell storage capacity to surrounding
countries or be converted for other purposes in the
future, e.g. hydrogen storage. The latter option could
be particularly interesting due to the recent European
hydrogen strategy [29], where storage possibilities in
Denmark are considered [30], and if hydrogen
consumption increases in the future, e.g. for direct use
in end-use sectors or used in conversion processes, e.g.
PtX technologies [31].
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the conclusion that operability of the transmission
system will not be constrained in the scenarios
assessed in this study, due to well-designed capacities
in the system.
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Appendix A
Nomenclature:
Scalars
𝑓𝑖𝑥
𝑐𝑐𝑜𝑚𝑝
𝑖𝑛𝑣
𝑐𝑐𝑜𝑚𝑝
𝑣𝑎𝑟
𝑐𝑐𝑜𝑚𝑝
𝑓𝑖𝑥
𝑐𝑝𝑟𝑜𝑑
𝑖𝑛𝑣
𝑐𝑝𝑟𝑜𝑑
𝑣𝑎𝑟
𝑐𝑝𝑟𝑜𝑑
𝑓𝑖𝑥
𝑐𝑡𝑟𝑎𝑛
𝑣𝑎𝑟
𝑐𝑡𝑟𝑎𝑛
𝑑𝑡
𝑚
𝑀𝑚
𝑛
𝑃𝑚𝑎𝑥
𝑃𝑚𝑖𝑛
𝑟
𝑅
𝜌
𝑇𝑔
𝑧
𝑣𝑎𝑟
𝑍𝐷𝐾

Compressor fixed O&M cost
Compressor investment cost
Compressor variable O&M cost

Positive Variables
𝑖𝑛𝑣
𝐶𝑐𝑜𝑚𝑝
Total compression investment cost
𝑜𝑝
𝐶𝑐𝑜𝑚𝑝
Total compression O&M cost
𝐶𝑑
𝐶𝑒𝑥𝑝
𝐶𝑖𝑚𝑝
𝑖𝑛𝑣
𝐶𝑝𝑟𝑜𝑑
𝑜𝑝
𝐶𝑝𝑟𝑜𝑑

Production fixed O&M cost
Production investment cost
Production variable O&M cost
Transmission fixed O&M cost
Transmission variable O&M
cost
Timestep
A large value
Molar mass
Technical lifetime
Maximum operating pressure
Minimum operating pressure
Discount rate
Gas constant
Density
Gas temperature
Compressibility factor
Total variable biogas potential

Parameters
𝑐𝑑,𝑡
Domestic gas price

𝑜𝑝

Total storage O&M cost
Total transmission O&M cost
Gas consumption
Gas production
Gas production capacity
Initial gas content (line-pack) of arc
Gas content (line-pack) of arc
Compression capacity
Gas compressed to transmission grid
Gas off-take to distribution grid
Node pressure
Flow in a negative direction
Flow in a positive direction

Q 𝑖𝑚𝑝,𝑖,𝑡

s𝑖,0

Gas import
Flow in a negative direction into an
arc
Flow in a positive direction into an
arc
Flow in a negative direction exiting
an arc
Flow in a positive direction exiting an
arc
The initial gas content of a storage
facility

s𝑖,𝑡

Gas stored in a storage facility

Export gas price

Q−𝑖𝑛,𝑎,𝑡

𝑐𝑖𝑚𝑝,𝑡

Cost of gas import

Q+𝑖𝑛,𝑎,𝑡

𝐷𝑎

Pipeline diameter

Q−𝑜𝑢𝑡,𝑎,𝑡

Δ𝑖,𝑡

Gas demand

Q+𝑜𝑢𝑡,𝑎,𝑡

𝐾𝑤

Flow constant
Linearised Weymouth Eqn.
coeff.
Linearised Weymouth Eqn.
coeff.
Linearised Weymouth Eqn.
coeff.
Linearised Weymouth Eqn.
coeff.
Pipeline length
Fixed pressure point

+
𝐾𝐼𝑎,𝑣
−
𝐾𝑂𝑎,𝑣
+
𝐾𝑂𝑎,𝑣
𝐿𝑎
𝑃𝑖,𝑣

Total export revenue
Total import cost
Total production investment cost
Total production O&M cost

𝐶𝑠𝑡
𝑜𝑝
𝐶𝑡𝑟𝑎𝑛
𝛿𝑖,𝑡
g 𝑖,𝑡
𝐺𝑖𝑚𝑎𝑥
h𝑎,0
h𝑎,𝑡
Κ 𝑚𝑎𝑥
𝑖
κ𝑖𝑛,𝑖,𝑡
κ𝑜𝑢𝑡,𝑖,𝑡
𝑃𝑖,𝑡
Q−𝑎,𝑡
Q+𝑎,𝑡
Q 𝑒𝑥𝑝,𝑖,𝑡

𝑐𝑒𝑥𝑝,𝑡

−
𝐾𝐼𝑎,𝑣

Total consumption revenue

Gas export

𝜎𝑖𝑛,𝑖,𝑡

Injection rate to gas storage

𝜎𝑜𝑢𝑡,𝑖,𝑡

Withdrawal rate from gas storage
Variable potential for biogas
production

𝑍𝑖𝑣𝑎𝑟

Free variables
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𝑄𝑎𝑚𝑎𝑥
𝑚𝑎𝑥
𝑄𝑒𝑥𝑝,𝑖
𝑚𝑎𝑥
𝑄𝑖𝑚𝑝,𝑖
𝑆𝑖𝑚𝑎𝑥
𝑚𝑎𝑥
𝜎𝑖𝑛,𝑖
𝑚𝑎𝑥
𝜎𝑜𝑢𝑡,𝑖
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ϕ−
𝑎,𝑡
ϕ+
𝑎,𝑡
𝜓𝑎,𝑡
Q 𝑎,𝑡
𝑧

Pipeline Capacity
Export capacity
Import capacity
Total storage capacity (energy)
Storage injection rate capacity
Storage withdrawal rate
capacity

Auxiliary variable
Auxiliary variable
Auxiliary variable
The flow rate in an arc
Optimisation variable

𝑓𝑖𝑥

𝑍𝑖

Fixed annual biogas potential
Binary variables
Maximum annual biogas
y𝑎,𝑡
𝑍𝑖𝑚𝑎𝑥
potential
The flow direction in an arc
Supplementary material to:
Modelling the gas transmission system in the energy transition
Mourad Boucenna, Rasmus Bramstoft, Marie Münster

Supplementary Material
The supplementary material includes additional information regarding the data assumptions used in the main
paper.
Capacity limitations at gas transmission system entry and exit points
Table 3 Capacity limitations at gas transmission system entry and exit points
Location

Direction

Capacity
[MW]

Nybro

Import

Ellund

Import

16500
7700

Ellund

Export

10000

Dragoer

Export

4400

Lille Torup

Injection

1800

Lille Torup

Withdrawal

4000

Stenlille

Injection

2400

Stenlille

Withdrawal

4100

Denmark

Exit

13000

The total storage capacity of the storage
Table 4 Large-scale gas storage facility capacity
Storage Facility
Lille Torup

Size
[GWh]
4965

Size
[PJ]
17.9

5855

21.1

Stenlille

The capacity at each M/R station
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Table 5 M/R station capacity
Station
Aalborg

Capacity
[Nm³/h]
100000

Station

Capacity
[Nm³/h]

Station

Hoejby

125000

Middelfart

Capacity
[Nm³/h]

Station

Capacity
[Nm³/h]

18500

Stenlille

50000

Billesboelle

18500

Hvidovre

120000

Maaloev

100000

Taulov

98500

Brande

18500

Karlslunde

70000

Nyborg

18500

Terkelsboel

18500

Broendby

Karup

18500

Nybro

18500

Torslunde

35000

Dragoer

70000

Koelbjerg

35000

Noerskov

18500

Ullerslev

18500

Egtved

70000

Koege

35000

Pottehuse

18500

Vallensbaek

35000

Ellidshoej

35000

Lilballe

10000

Ringsted

70000

Varde

35000

Froeslev

70000

LlSelskaer

35000

Slagelse

35000

VestAmager

Haverslev

18500

LlTorup

18500

Soroe

35000

Viborg

StAndst

35000

Herning

100000

100000

Lynge

100000

78500
100000

Notes:

1. Capacity at Hvidovre includes Avedoere, Taulov includes Skaervaerket and Vest Amager includes both Artillerivej
and Amager Faelled
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The length, diameter and Kw factor for each pipeline section of the transmission system
Table 6 Summary of pipeline properties
Inlet
Station

Outlet
Station

Length
[km]

Diameter
[mm]

Kw
[Nm³/Pa]

Nybro

Varde

13.8

762

0.394

Varde

Egtved

43.0

762

0.223

Egtved

Noerskov

22.2

508

0.105

Noerskov

Brande

19.5

508

0.112

Brande

Herning

21.7

508

0.106

Herning

Karup

20.9

508

0.108

Karup

Viborg

19.3

508

0.113

Viborg

LlTorup

23.3

508

0.103

LlTorup

Haverslev

23.2

356

0.040

Haverslev

Ellidshoej

19.0

356

0.044

Ellidshoej

Aalborg

18.4

356

0.045

Egtved

StAndst

13.0

610

0.224

StAndst

Pottehuse

5.3

610

0.349

Pottehuse

LlSelskaer

16.7

610

0.197

LlSelskaer

Terkelsboel

39.8

610

0.128

Terkelsboel

Froeslev

18.1

610

0.190

Egtved

Lilballe

18.1

762

0.344

Lilballe

Taulov

8.7

762

0.498

Taulov

Middelfart

11.0

762

0.442

Middelfart

Billesboelle

20.3

762

0.325

Billesboelle

Koelbjerg

6.6

762

0.570

Koelbjerg

Hoejby

28.6

762

0.274

Hoejby

Ullerslev

12.8

762

0.410

Ullerslev

Nyborg

9.4

762

0.479

Nyborg

Slagelse

36.4

762

0.243

Slagelse

Soroe

17.3

762

0.352

Soroe

Ringsted

17.1

762

0.354

Ringsted

Koege

19.2

762

0.334

Koege

Karlslunde

12.6

762

0.413

Karlslunde

Torslunde

6.6

762

0.570

Torslunde

Vallensbaek

9.2

762

0.482

Vallensbaek

Broendby

2.9

762

0.854

Broendby

Hvidovre

4.7

762

0.676

Hvidovre

VestAmager

3.6

762

0.768

VestAmager

Dragoer

8.0

762

0.518

Torslunde

Stenlille

43.3

610

0.123

Torslunde

Maaloev

15.2

406

0.070

Maaloev

Lynge

10.4

406

0.085
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The connection between gas nodes and municipalities
Table 7 Allocation of Municipalities to Nodes

Municipality

Node

Municipality

Node

Municipality

Node

Albertslund

Torslunde

Herning

Herning

Randers

Herning

Allerød

Lynge

Hillerød

Lynge

Haverslev

Assens

Billesboelle

Hjørring

Aalborg

Ballerup

Maaloev

Holbæk

Soroe

Rebild
RingkøbingSkjern
Ringsted

Billund

Noerskov

Holstebro

Herning

Roskilde

Torslunde

Bornholm

N/A

Horsens

Egtved

Rudersdal

Lynge

Brøndby

Broendby

Hvidovre

Hvidovre

Rødovre

Broendby

Brønderslev

Aalborg

Høje Taastrup

Torslunde

Samsø

N/A

Christiansø

N/A

Hørsholm

Lynge

Silkeborg

Herning

Dragør

Dragoer

Ikast-Brande

Herning

Skanderborg

Egtved

Egedal

Maaloev

Ishøj

Vallensbaek

Skive

Viborg

Esbjerg

Varde

Jammerbugt

Aalborg

Slagelse

Slagelse

Fanø

Varde

Kalundborg

Soroe

Solrød

Koege

Favrskov

Karup

Kerteminde

Ullerslev

Sorø

Soroe

Faxe

Ringsted

Kolding

Pottehuse

Stevns

Koege

Fredensborg

Lynge

København

Broendby

Struer

Herning

Fredericia

Taulov

Køge

Koege

Svendborg

Hoejby

Frederiksberg

Broendby

Langeland

Hoejby

Syddjurs

Herning

Frederikshavn

Aalborg

Lejre

Karlslunde

Sønderborg

Froeslev

Frederikssund

Maaloev

Lemvig

Herning

Thisted

Viborg

Furesø
FaaborgMidtfyn
Gentofte

Maaloev

Ringsted

Tønder

Terkelsboel

Maaloev

Tårnby

Dragoer

Broendby

Lolland
LyngbyTaarbæk
Læsø

N/A

Vallensbæk

Vallensbæk

Gladsaxe

Vallensbaek

Mariagerfjord

Haverslev

Varde

Varde

Glostrup

Vallensbaek

Middelfart

Middelfart

Vejen

StAndst

Greve

Karlslunde

Morsø

Viborg

Vejle

Egtved

Gribskov

Lynge

Norddjurs

Herning

Vesthimmerlands

Haverslev

Guldborgsund

Ringsted

Nordfyns

Koelbjerg

Viborg

Viborg

Haderslev

LlSelskaer

Nyborg

Nyborg

Vordingborg

Ringsted

Halsnæs

Lynge

Næstved

Ringsted

Ærø

N/A

Hedensted

Egtved

Odder

Egtved

Aabenraa

Terkelsboel

Helsingør

Lynge

Odense

Hoejby

Aalborg

Aalborg

Herlev

Vallensbaek

Odsherred

Soroe

Aarhus

Herning

Hoejby
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Methane Compressibility
The compressibility of methane depends on the pressure and temperature conditions. In this study, we assume
operation of the gas transmission system with isothermal conditions at 10 °C. The Figure shows the compressibility
of methane within the operating range for the gas transmission system, i.e. 40 – 80 bar. The compressibility of
methane decreases with increasing pressure, while the density is the opposite. A conservative estimation of the
methane density, assuming constant methane compressibility is at 40 bar with a value at 0.84. This values is
therefore applied in the study.

Figure 16 The methane compressibility and density under isothermal conditions (10 °C) within the operating
range of the gas transmission system
Gas volume data
A comparison of the hourly data for the gas volumetric flow rate and the daily gas commercial volumes, at
different critical locations across the Danish gas transmission system are presented in Figure 17. To obtain the daily
gas volumes, the hourly flows are aggregated for each gas day, which is a 24 hour period starting at 06:00 CET
each day. The total energy that are transported is subsequently calculated by multiplying the volume of gas by the
annual average value of the gross calorific content at that specific location, which is shown in Table 8.
Table 8 Average annual gas calorific values in the Danish gas system
Location
Stenlille (Storage)
Nybro (entry from North Sea)
Lille Torup (Storage)
Ellund (Boarder to Germany)
Egtved (Connection point in Western
Denmark)
Dragoer Border ( Boarder to Sweden)
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Calorific Value
[kWh/Nm³]
Gross
Net
12.2
11.0
13.0
11.6
12.2
11.0
11.9
No data
12.1

11.0

12.2

11.0
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Figure 17 Comparison between daily and hourly gas transport data for the Danish gas system
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Map of the Danish gas infrastructure.
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Potential role of renewable gas in the transition of electricity and district
heating systems
Ida Græsted Jensena,∗, Frauke Wiesea , Rasmus Bramstofta , Marie Münstera
a Technical

University of Denmark, Produktionstorvet, Bygning 426, 2800 Kongens Lyngby, Denmark

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

Highlights
• Analysing the role of renewable gas in the transition to zero-emission energy systems
• Simplified method for including renewable gasses in the energy systems model Balmorel
• Diversity of flexibility options (transmission and gas) complement each other
• Germany is more in need of renewable gas for electricity and heat than Scandinavia
• Early emission reduction strengthens role of electrification instead of renewable gas
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1. Introduction
To mitigate climate change, the world progresses towards a cleaner future, which implies that the energy
system will experience a remarkable transformation, heading towards energy production based on renewable
energy sources (RES) [1, 2, 3, 4, 5]. The prospective increase in the generation from RES and particularly
variable renewable energy (VRE) will essentially have implications of the entire energy system, and thereby
call for increased sector integration and flexibility in the system. In this respect, renewable gasses, such as,
gas from anaerobic digestion or thermal gasification and hydrogen can 1) be used in various energy sectors,
2) facilitate system integration, and 3) serve as a flexibility resource [6, 7].
Gas is a key energy carrier in the European energy system, accounting for 23% of the total primary energy
supply in 2017 [8]. However, given the long-term energy and climate policy targets, the role of renewable
gas in the transition of the electricity and district heating systems is a crucial field to investigate [9, 10].
Moreover, local renewable gas production, in particular biogas, is in some countries becoming privateeconomically attractive due to the regulatory frameworks for both local use and grid injection. This trend is
evident, for example, in Denmark where 4.3 PJ biogas was produced in 2010 [11], which has increased to 9
PJ biogas in 2016, corresponding to approximately 10% of the the Danish natural gas consumption. Of the
total biogas production in 2016, 4 PJ was upgraded and injected into the grid, and 5 PJ was used directly
to generate electricity [12].
Production and consumption of renewable gas has been investigated in several studies. Different approaches and models have been utilised for the investigations e.g. supply chain and feasibility models [13, 14, 15, 16]; energy, environmental, and life cycle assessment (LCA) [17, 18, 19, 20, 21]; or holistic and
integrated energy systems models [9, 22, 23, 24, 25, 26]. Supply chain models are often used to determine
the feasibility of defined local projects, while leaving out the dynamic integration with the surrounding
energy systems. Environmental and LCA models are developed to evaluate the environmental consequences
of producing renewable gas, which then are often used in the other types of models to provide valuable
information regarding e.g. green house gas (GHG) emissions, global warming potential (GWP) reduction,
and mineral fertiliser. Energy systems models, on the other hand, take into account the system integration
and hence are suitable for evaluating the potential role of energy technologies and resources in the energy
transition of local areas, regions, countries, or cross-country regions.
Energy system models are useful tools for providing knowledge about plausible energy futures; thus
valuable tools for supporting policy makers and stakeholders in strategic decision making related to the
green energy transition [27, 28, 1]. For these reasons, energy systems models have been used since the
1950s [29], and models have been developed, for example, as holistic energy systems models, comprehensive
integrated power and district heating models, or detailed power systems balancing. Overviews of the wide
range of worldwide employed energy systems models are provided in extensive literature reviews [30, 31, 32],
and illustrate that each of the models has different modelling approaches, characteristics, specifications,
input data and output results. Therefore, each energy systems model is qualified for different purposes, and
can be applied to answer various research questions. For that reason, the model should be chosen for a
specific study depending on its strengths and limitations.
Renewable gas is modelled with different levels of details in various energy systems models. The computational time can potentially increase dramatically when applying detailed network modelling of renewable
gas production in optimisation models. Thus, most comprehensive energy system models use a defined
price-level of the fuels. However, this approach lacks possible combinations like for example increasing the
biogas yield by adding hydrogen. It furthermore lacks the interaction between the production technologies
and the electricity and district heating systems, for example, in the form of electricity consumption from the
electrolyser to produce hydrogen as well as potentially usable excess heat from the electrolyser. However,
the energy systems models MESSAGE [33] and OSeMOSYS [34] include modelling of hydrogen production
and usage in fuel cells, however, to our understanding, the models do not include methanation of gasses
nor the usage of renewable gasses, e.g. biogas, that have been upgraded to natural gas quality. In [35],
both methanation and upgrading of renewable gasses have been included in the energy systems models,
Balmorel [36] and TIMES-DK [37]. The implementation increases the computational time of the model,
which is a hurdle when making general energy systems model.
2
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This paper investigates the future role of renewable gas in electricity and district heating systems in
North-Western Europe (i.e., Denmark, Germany, Norway, and Sweden) towards 2050. The energy optimisation model, Balmorel, is applied due to its detailed focus on the integrated electricity and district heating
system and its worldwide application [36]. The paper contributes to the research field by developing a
methodology for modelling renewable gasses in the comprehensive energy optimisation Balmorel, without a
detailed modelling of the upstream renewable gas production. This modelling framework allows integrated
energy assessment with the purpose of evaluating the potential role of renewable gasses in the energy transition of the electricity and district heating systems. The renewable gasses considered in this study are: 1)
hydrogen; 2) biogas (i.e., gas produced by anaerobic digestion); 3) upgraded biogas using a waterscrubber
(biomethaneUP ) or addition of hydrogen (biomethaneH2 ); 4) syngas (i.e., gas from thermal gasification); and
5) upgraded syngas through a water-gas shift (SNGUP ) or addition of hydrogen (SNGH2 ).
Following the introduction, section 2 contains the methodology applied in this study to model the
potential role of renewable gas in the transition of electricity and district heating systems. In section 3
the case study considered in this paper is described. The results obtained by the energy systems model,
Balmorel, and a discussion of the impacts of these are presented in section 4. Finally, section 5 contains the
conclusion.
2. Methodology
To evaluate the potential role of renewable gas, we use the energy systems model Balmorel [36] in the
version available at Zenodo [38], which also includes the data used for this study. Balmorel is an open
source energy systems model that optimises social welfare subject to satisfaction of energy demands along
with process specific constraints. Balmorel is a deterministic model, which allows simulations with a desired
yearly foresight i.e. myopic, partial, or full foresight. The temporal resolution is flexible in Balmorel and
allows for hourly time resolution. In this paper, Balmorel is applied using a simplistic representation of
socio-economic analysis where no taxes but also not all externalities are included.
Important shortcomings of the existing version of Balmorel, when it comes to renewable gasses, are:
1) Balmorel only represents the electricity and district heat demands and production thereof;
2) Only one type of fuel can be used in each production unit;
3) Fuel availability is only defined per fuel type, meaning that e.g. biogas and biomethane are not
restricted in the same equation;
4) Technologies do not have a minimum fuel usage throughout the year.
Point 1) is relevant when it comes to usage of biomethaneH2 and SNGH2 as hydrogen usage is necessary for
the upgrading process. This can be solved using a dedicated hydrogen add-on to Balmorel, see subsection 2.1.
Point 2) is relevant for the usage of biomethane and SNG as it can be used interchangeably with natural gas.
For this, the add-on CombTech can be used, see subsection 2.2. Regarding 3), the availability of biogas and
syngas—both in upgraded and direct form—is restricted by the same overall fuel availability, meaning that if
you have three units available biogas, you cannot use three units of biogas and three units of biomethaneUP
but only three units in total. We have developed a new add-on for restriction of a combination of fuels and
technologies, see subsection 2.3. Regarding 4), the use of biogas is overestimated as in reality, these fuels
need to be used when they are produced, i.e. consecutively over the planning horizon. This is managed by
adding a minimum fuel usage on new units, see subsection 2.4.
The constraints presented in the following sections are added to the current version of Balmorel. The
nomenclature used in these constraints is given in the Nomenclature list.
2.1. Hydrogen add-on
A hydrogen add-on was first introduced to Balmorel in [25], where the potential role of hydrogen is
considered for the Nordic countries and Germany in 2060. For the analysis described here, the hydrogen
3
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Sets

vgfy,a,g,s,t The use of fuel by unit g in year y, area a,
season s, and time period t
vgh2y,a,g,s,t Production of hydrogen by unit g in year y,
area a, season s, and time period t
vghy,a,g,s,t The production of heat by unit g in year y,
area a, season s, and time period t
vgkny,a,g The installed capacity of unit g in year y and
area a
vlh2y,a,g,s,t Load of hydrogen storage by unit g in year
y, area a, season s, and time period t

A(c) Areas in country c
A(r) Areas in region r
A Areas
C Countries
F max,rel (l) Fuels that has an upper bound and their related fuels
F max (l) Fuels that needs to be used for the upper bound
GGCOMB(g1 , g2 ) The set combining primary unit g1 with
secondary units g2
G(f ) Units using fuel f
G H2f uel Unit using hydrogen as fuel
G H2prod Unit producing hydrogen
G H2stor Hydrogen storage unit
G H2upgr Units using methanised gas
G HO (f ) Heat-only units using fuel f
G P (f ) Power producing units using fuel f
G SOEC Solid oxide electricity units
G Units
L The set of limits
R Regions
S Seasons
T Time period
Y Years

Parameters
CAPf Maximum amount available of fuel f
CBg Heat to power ratio of unit g
CVg The Cv-line coefficient of unit g
CfF low Lower bound on the capacity when using fuel f
[%]
P OT Capacity potential in year y, area a of unit g
Cy,a,g
γgH2toF uel The ratio between hydrogen needed and fuel
used in unit g (for methanation)
γgconv Conversion rate from raw material to the fuel of
unit g
γgcrate Capacity rate of unit g

Variables

γgf uel The fuel efficiency of unit g
dh2y,r,s,t Demand for hydrogen in year y, region r, season
s, and time period t

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

Nomenclature list 1
add-on has been extended to include also methanation of biogas and syngas as well as solid oxide electrolyser
cells (SOECs). The method for doing so is shown in figure 1.
Hydrogen can be produced either through an electrolyser (Alkaline and protone exchange membrane) or
an SOEC. The electrolyser converts electricity into hydrogen and heat, while the SOEC uses both electricity
and heat for the conversion to hydrogen. The hydrogen can either be stored, used for the methanation
process or converted to electricity again through a fuel cell. On the left, the gasses that need hydrogen
addition are shown. These are here referred to as ”SNGH2 ” and ”BiomethaneH2 ” as the hydrogen has not
yet been added. For the addition of hydrogen (methanation), a conversion factor is needed to calculate the
required amount of hydrogen for the process.
The hydrogen add-on consists of ten equations of which one – the demand constraint – has been modified
to add the methanation and two – hydrogen production from SOECs and heat used by SOECs – have been
added to model the SOECs. In the following, these new or modified constraints are introduced.
The modified demand constraint on a regional basis is as follows:
X
X
X
X
vgh2y,a,g,s,t −
vlh2y,a,g,s,t
a∈A(r) g∈G H2stor
P OT
|Cy,a,g
>0

a∈A(r) g∈G H2prod
P OT
|Cy,a,g
>0

= dh2y,r,s,t +

X

X

vgfy,a,g,s,t +

X

X

γgH2toF uel vgfy,a,g,s,t

(1)

a∈A(r) g∈G H2upgr
P OT
|Cy,a,g
>0

a∈A(r) g∈G H2f uel
P OT
|Cy,a,g
>0

∀y ∈ Y, r ∈ R, s ∈ S, t ∈ T
The first line of the equation sums the amount of hydrogen produced, vgh2y,a,g,s,t , in each season s and
P OT
time period t by each hydrogen producing unit g ∈ G H2prod if there is a capacity potential, Cy,a,g
, in the
4
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Heat
“SNGH2”

Hydrogen
Conversion
factor

El

Fuel cell

Storage

Heat

SNGH2

Methanation

Electrolysis

Conversion
factor

SOEC

El
BiomethaneH2

Methanation
Electricity
Heat
Product gas
Biogas
Hydrogen

“BiomethaneH2"

Figure 1: Modelling of hydrogen for methanation of biogas and syngas
year y in area a. Then the hydrogen loaded into hydrogen storages, vlh2y,a,g,s,t is subtracted. On the second
line the exogenously given demand of hydrogen, dh2y,r,s,t , is given per region. The second term denotes the
hydrogen used in the fuel cells, vgfy,a,g,s,t , where the fuel cells are given in the set G H2f uel . The last term
is the hydrogen used for the methanation processes, G H2upgr .
The added constraint for hydrogen production and use of electricity for the SOECs are:
vgey,a,g,s,t =

vgh2y,a,g,s,t
γgf uel

∀y ∈ Y, a ∈ A, g ∈ G SOEC s ∈ S, t ∈ T

(2)

Here the electricity used in the SOECs, vgey,a,g,s,t , is given by the fuel efficiency factor, γgf uel , and the
amount of hydrogen produced, vgh2y,a,g,s,t .
The need for an extra constraint when using heat for hydrogen production is explained by how fuel usage
is modelled in Balmorel. In Balmorel, it is only possible to have one fuel as input, so use of both heat and
electricity cannot be combined unless the CombTech add-on is used. To avoid the confusion of doing so for
a hydrogen technology, we have added the following constraint for the use of heat when generating hydrogen
by SOECs:
vgey,a,g,s,t = vghy,a,g,s,t CBg

∀y ∈ Y, a ∈ A, g ∈ G SOEC s ∈ S, t ∈ T

(3)

Where CBg represents the heat-to-power ratio.
2.2. CombTech add-on
The CombTech add-on in its basic version was applied and described in [24]. In the paper, biomethaneUP
and natural gas were allowed to be combined in one technology. In Figure 2a, the traditional way of modelling
the units can be seen. Here all fuels are tied to a technology, and if one wants to use another fuel in
combination with natural gas, capacity for the technology using this fuel must also be installed (represented
in the figure as a CHP technology). In Figure 2b, the idea behind the combination of technologies using
natural gas, biomethaneUP , biomethaneH2 , SNGUP , and SNGH2 is shown. The idea is that the fuels are
combined in one unit and it is therefore not necessary to install more capacity when combining the fuels.
5
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Natural gas

CHP

BiomethaneUP

CHP

BiomethaneH2

CHP

SNGUP

CHP

SNGH2

CHP

Natural gas
BiomethaneUP

El

El

BiomethaneH2

CHP

SNGUP

Heat

Heat

SNGH2

(a) Without CombTech

(b) With CombTech

Figure 2: The effect of using CombTech
It is not possible to use the different fuels in parallel in one unit, but equations are introduced such that
the capacity of the technology for natural gas can be used by the renewable gasses, while the capacities of
the units running on renewable fuels are set to zero. Following the naming convention of CombTech, natural
gas is the primary technology while all the renewable gasses are secondary technologies. For equations and
more details on CombTech, see [24].
All the natural gas technologies and their specifications in the data set have been copied to a new
technology for each of the fuels: biomethaneUP , biomethaneH2 , SNGUP , and SNGH2 . To set the connection
between primary and secondary fuels, all technologies copied from the same natural gas technology need to
be added to the data set GGCOMB(g1 , g2 ), where the primary technology, g1 , is the natural gas technology
and the secondary technologies, g2 , are the renewable gas technologies.
2.3. LimitsForFuels add-on
The LimitsForFuels add-on is developed to allow for a flexible setting of limits on the fuel usage in the
model. For the purpose of this study, a maximum fuel usage for a combination of technologies is necessary,
but also setting the maximum fuel usage using a combination of fuels. For syngas, the units using syngas,
SNGUP , or SNGH2 are restricted by the amount of biomasses used in gasification technologies in each
country. However, also other units using these biomasses needs to be considered. While the conversion of
biomass to syngas in any form requires a conversion rate, the energy content of biomass for use in e.g. a
boiler already has the right form.
To allow for the above characteristics, the following constraint is introduced:
X

X

X

a∈A(c) f ∈F max,rel (l) g∈G(f )
P OT
|Cy,a,g
>0

γgconv vgfy,a,g,s,t ≤

X

CAPf

f ∈F max (l)

∀l ∈ L, y ∈ Y, c ∈ C, s ∈ S, t ∈ T

(4)

As we have more than one of these types of limits, we use the set L to represent the limit under
consideration. F max,rel (l) represents the fuels that have an upper bound and the related fuels – in the case
described above, this will be syngas, SNGUP , SNGH2 , and the biomasses used for gasification technologies.
On the left hand side of the equation, the amount of fuel used by a technology g is summed and multiplied
on the conversion rate factor from raw material to fuel, γgconv . F max (l) represents the fuels that need to be
used for the upper bound, and is in the above case equal to the biomasses. The right hand side includes the
maximum amount available, CAPf , of the fuel f .
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2.4. Minimum fuel usage
As biogas is produced almost constantly over the year, its use in the power and heat producing units
should also be more or less constant throughout the year. If this is not the case, and no storage is installed,
the biogas would need to be flared, resulting in a loss of revenue for the biogas producer and additional
GHG emissions. This is in contrast to using biomethaneUP or biomethaneH2 , as both of these fuels can be
injected into the natural gas grid and thus be stored.
To ensure that the capacity is close to fully used throughout the year on all biogas using units, two
constraints are necessary: one for the power producing units and one for the heat only units (HO). The
constraint for the power producing units is:
vgey,a,g,s,t + vghy,a,g,s,t CVg ≥ CfF lo (vgkny−1,a,g + vgkny,a,g ) γgcrate
∀y ∈ Y, a ∈ A, f ∈ F|CfF lo > 0, g ∈ G P (f ), s ∈ S, t ∈ T

(5)

Here the left hand side represents the use of the capacity by use of the electricity production, vgey,a,g,s,t , and
adding the heat production, vghy,a,g,s,t , multiplied with the Cv-line coefficient, CVg . For power-only units
this coefficient is zero. The sum should be higher than the lower bound on the capacity, CfF low , multiplied
with the installation of new capacities in previous and current years, vgkny−1,a,g and vgkny,a,g , and lastly
multiplied with the capacity rate, γgcrate . The equation is set for all years, areas, season, and time steps, for
all fuels having a lower limit and power producing units using these fuels.
The constraint for the HOs is:
vghy,a,g,s,t ≥ CfF lo (vgkny−1,a,g + vgkny,a,g ) γgcrate

∀y ∈ Y, a ∈ A, f ∈ F|CfF lo > 0, g ∈ G HO (f ), s ∈ S, t ∈ T

(6)

The only difference from the constraint for the power producing units is the left hand side, where now only
the heat production, vghy,a,g,s,t , is used for defining the use of capacity.
3. Case study
The potential role of renewable gas in the transition of electricity and district heating systems is quantified
through a case study, which contains two potential energy transition pathways. The main assumptions are
highlighted, and the robustness of the scenario results obtained from the Balmorel model is tested through
a sensitivity analysis.
3.1. Main assumptions
3.1.1. Spatial resolution
This study investigates the potential role of renewable gas in the transition of electricity and district
heating systems for Denmark, Germany, Norway and Sweden. Each country is divided into electricity
price regions, which, in the Nordic countries, correspond to the division of the Nordpool spot electricity
price regions. Germany is divided into four power price regions to simulate the potential grid bottlenecks.
Electricity is allowed to be traded to adjacent markets. The aggregation on region level and the existing
transmission lines are shown in Figure 3. Each region consists of areas, which represent district heating
networks. The district heating networks are not connected, meaning that each area must meet the district
heat demand with local generation units.
3.1.2. Temporal resolution
This study considers the transition from 2020 towards 2050 with 5-year intervals. A partial foresight is
chosen using a two simulation year foresight corresponding in our chosen intervals to a five year foresight.
This restricted foresight reflects the uncertainty related to e.g. policy decisions, technology development,
and fuel prices. To reduce running time four weeks each of twelve hours is chosen to represent the full
simulation year.
7

clxxxviii

Articles I-VIII

Article VII

Figure 3: Spatial aggregation on regional level and the existing and planned transmission lines
3.1.3. Technologies: installed capacities, investments, and technology specifications
Balmorel is a technology rich model, both regarding the existing generation capacities and the possibilities
of investing in new generation technologies, and the data related to the technologies are therefore pivotal
for the results. The base year for the existing capacities is 2016 and the generation capacities are thereafter
decommissioned according to lifetimes. Additional exogenous generation capacity is only included if the
project is decided and under construction. The existing installed generation capacities are extracted from
national energy producers surveys and statistics (Denmark: [39], Germany: [40, 41], Sweden: [42, 43, 44, 45],
Norway: [46, 47, 48]). Transmission capacities are on the other hand exogenously implemented towards
2030, according to [28].
A key parameter for investment decisions in Balmorel is the socio-economic discount rate, which, in
this study, is set to 6% for generation technologies and 3.25% for inter-connectors. The techno-economic
parameters related to the future technologies are primarily taken from energy data catalogues [49, 50].
The technology specifications for electrolysers, hydrogen storage and fuel cell technologies are adopted
from [50, 51, 52], and are presented in Table 1, as these parameters are central for this study.
Finally, Balmorel is allowed to undertake investments in all relevant technologies except nuclear, hydropower, and run-of-river technologies to follow national plans.
In Table 2, the ratios for methanation is given. The amount of hydrogen required per unit of input
gas in terms of energy content, γgH2toF uel , is set to 1.08 for biogas technologies and 1.02 for thermal gas
technologies. It is found by taking the amount of hydrogen going into the process and dividing it with the
amount of raw gas going into the process [53, 54]. The lower bound on the utilisation of capacity in each
timestep when using biogas, CfF low , is assumed to be 90%.
3.1.4. Energy demands
The classical electricity demand per year are assumed to follow the TYNDP-2018 projections for all four
countries until 2040 [55]. From 2040 until 2050 we extend the projections with the average increase obtained
from 2020 to 2040. Additional electricity demand from electric heat pumps is endogenously optimised in
Balmorel, while the hydrogen demand is both exogenously defined for the transportation sector (i.e. for
8
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Table 1: Techno-economic parameters for: Electrolyser (Alkaline, Proton exchange membrane (PEM),
Solid oxide electrolyser cell (SOEC), Solid oxide fuel cell (SOFCC), Proton exchange membrane fuel cell
(PEMFC)—all available with changing parameters from years 2020, 2030, and 2050 (denoted with YEAR)—
2040 is the calculated mean of 2030 and 2050; and hydrogen storage technologies (underground (S und),
central tanks (S tank Cen) and decentral tanks (S tank deCen)). The costs are in e2018
Technology

Alkaline 20
Alkaline 30
Alkaline 40
Alkaline 50
PEMEC 20
PEMEC 30
PEMEC 40
PEMEC 50
SOEC 20
SOEC 30
SOEC 40
SOEC 50
PEMFC 20
PEMFC 30
PEMFC 40
PEMFC 50
SOFCC 20
SOFCC 30
SOFCC 40
SOFCC 50
S und
S tank Cen
S tank deCen
*

Fixed
Inv.
O&M
costs
[Me/MW] costs
[ke/MW]
0.59
29.4
0.54
26.95
0.51
25.725
0.49
24.5
1.08
53.9
0.59
29.4
0.49
24.5
0.39
19.6
2.16
64.68
0.59
17.64
0.49
14.7
0.39
11.76
1.27
63.7
1.08
53.9
0.93
46.55
0.78
39.2
3.23
161.7
1.96
98
1.37
68.6
0.78
39.2
0.00001
0.0008
0.000037
0.0017
0.000066
0.003

Efficiency
[%]

Output
heat
(Cbvalue)
7.14
8.33
10.42
12.50
8.33
9.17
10
7.08*
6.30*
6.30*
6.30*
1.25
1.25
1.25
1.25
1.67
1.61
1.61
1.61
-

63.6
65.9
67.6
69.2
58
62
64.5
67
89.4
92.9
92.9
92.9
50
50
50
50
58
60
60
60
100
98
98

Life time
[Years]

Load/
unload
[Hours]

25
25
25
25
15
15
15
15
20
20
25
30
10
10
10
10
20
20
20
20
30
22
22

100
30
5

References

[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[50, 52]
[50, 52]
[50, 52]

Here the Cb-value determines the amount of heat used

biofuel production), and endogenously optimised for the biomethaneH2 and SNGH2 production. The district
heat demand is assumed to be constant for all years. Excess heat generation associated to bio-fuel production
is likewise taken into account in the modelling framework, since these could supply a significant share of
district heat demand in the future. In this study, metrics for the hydrogen consumption (20 PJ) and excess
heat generation (14 PJ) for Denmark is taken from [22], which simulates a biofuel demand at 50 PJ in
Denmark by 2050, and increased linearly from 0 PJ in 2030. No hydrogen demand is assumed for the
remaining countries.
3.1.5. Resource potentials, and essential limits and ratios
Potentials for energy sources are essential constrains for Balmorel model in finding the optimal solution.
In particular, the resource potentials for renewable energy sources such as onshore and offshore wind, solar
(from [28]), and biomass [56, 57, 58, 59] are of high importance and are highlighted in Figure 4.
Table 2: Ratio of energy contents of input and output of the hydrogenation
Biogas
Syngas

Raw gas
50
53

Hydrogen
54
54

Hydrogen / Gas input (Ratio)
1.08
1.02
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(b) Biomass

(a) Onshore/offshore wind and solar PV

Figure 4: Resource potentials
In addition to the resource potentials other essential limits and ratios are introduced in the Balmorel
model. The LimitsForFuels add-on is applied for: 1) Biogas, biomethaneUP , and biomethaneH” with all
three fuels used for the capacity bound; 2) Syngas, SNGUP , and SNGH2 with straw and wood pellets used
for the capacity bound; 3) Straw, syngas, SNGUP , and SNGH2 with straw used for the capacity bound; 4)
Wood pellets, syngas, SNGUP , and SNGH2 with wood pellets used for the capacity bound; and 5) Straw,
wood pellets, syngas, SNGUP , and SNGH2 with straw and wood pellets used for the capacity bound.
The conversion rate from straw and wood pellets to thermal gas is set to 0.6 according to [60, 61].
3.2. Scenarios
Two main scenarios are constructed as story-lines for two plausible energy futures. The first scenario,
called Marathon, is a scenario representing the long-haul energy transition represented by continuously and
linearly declining CO2-emissions from today towards zero-emission electricity and district heating systems
by 2050. The second scenario, called Late Sprint, represents a future where the countries are only restricted
to meet the national CO2-emission reduction targets by 2030 and 2050, which by 2030 equals a reduction of
43% compared to 2005 for the Emission Trading (ETS)-scheme, and for the non-ETS scheme equals 39%,
38%, and 40% for Denmark, Germany and Sweden, respectively [62]. Like in the Marathon scenario, a
zero-emission electricity and district heating system must be met in 2050. This way, ”late sprints” appear
in the years shortly before 2030 and 2050 in order to satisfy the national agreed CO2-emission obligations.
The two scenarios differ in the CO2-emission reduction pathways, and in the fossil fuel prices, which are
adopted from [55] towards 2050, as shown in Table 3, where also the assumed prices for biomass [63] and
renewable gas [13, 22, 64] are shown. For wood chips, it is assumed that the price depends on the amount
used and thus, a step-wise price curve is applied in the modelling. In the table, the medium wood chip
price is displayed. It reflects the assumed price if the amount of wood chips used today in the respective
countries. The price for biomethaneH2 and SNGH2 does not include the cost of the required hydrogen since
these costs are determined endogenously in the model depending on the electricity price.
3.3. Sensitivity analysis
Sensitivity analyses are carried out to clarify the robustness of the optimised model results. The sensitivity assessment is facilitated by varying the main input parameters according to the metrics presented
in Table 4. The costs for hydrogen technologies and future fuel prices for renewable gas have been chosen
as parameters, as hydrogen technologies and renewable gas production technologies are early in their development stage. The CO2-emission factor for biogas is chosen as parameter to reflect an uncertainty in the
10
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Table 3: Future fuel prices used in the two main scenarios in e2018/GJ
Marathon

Late Sprint

Biomass prices

Fuel
Natural gas
Coal
Lignite
Natural gas
Coal
Lignite
Straw
Wood waste
Wood chips
Wood pellets
Biogas
BiomethaneUP
BiomethaneH2
Syngas
SNGUP
SNGH2

2020
6.48
2.44
1.17
6.48
2.44
1.17
5.82
6.07
6.73
8.93
10.84
12.85
11.59
12.46
24.04
14.56

2025
7.43
2.23
1.17
7.86
2.65
1.17
6.13
6.07
7.11
9.29
10.84
12.85
11.59
12.46
24.04
14.56

2030
7.33
4.56
2.44
5.31
2.55
1.17
6.45
6.07
7.54
9.79
10.84
12.85
11.59
12.46
20.37
14.52

2035
8.13
3.24
1.81
5.57
2.60
1.17
6.56
6.07
7.73
9.93
10.84
12.85
11.59
12.46
20.37
14.52

2040
8.92
1.91
1.17
5.84
2.65
1.17
6.65
6.07
7.89
10.03
10.84
12.85
11.59
12.46
20.37
14.52

2045
8.92
1.91
1.17
5.84
2.65
1.17
6.65
6.07
7.89
10.03
10.84
12.85
11.59
12.46
20.37
14.52

2050
8.92
1.91
1.17
5.84
2.65
1.17
6.65
6.07
7.89
10.03
10.84
12.85
11.59
12.46
18.53
14.52

actual CO2-emission factor from biogas. Lastly, the biomass potential has been chosen to reflect the uncertain availability of biomasses in the future energy system as the competition between sectors increases—the
availability of biomass directly affects the availability of renewable gasses in the energy system. The sensitivity analyses are performed on both the Marathon and Late Sprint scenarios, for each parameter individually
(C, E, F, P), giving a total of eight sensitivity analyses to be performed. The name of the sensitivity scenario
is thus a combination of the scenario and the parameters varied, e.g. the Late Sprint scenario varying fuel
prices is Late Sprint-F.
Table 4: Parameters for sensitivity analysis
Short name
C
E
F
P

Description
Costs for all hydrogen technologies
Emission factor for biogas
Fuel price for renewable gas
Reduction of biomass potential

Change
-30%
-20.75 kgCO2 -eqv per GJ [65]
-30%
-90% for biomass and biogas

4. Results and discussion
4.1. Main scenarios
In Figure 5, the primary energy usage for electricity and district heating systems in the Late Sprint and
Marathon scenario is illustrated. The main difference is in the pathway towards 2050, where Late Sprint
utilises most primary energy. Furthermore, more coal and less wind is utilised in the Late Sprint compared
to the Marathon. In 2020, less natural gas is used compared to 2030, due to higher CO2 allowances (more
coal and lignite) and a higher nuclear energy production in Germany. The energy mix in the two scenarios
differs both in the pathway towards 2050, but also in the 2050 system. This picture appears, because of lower
fossil fuel prices in Late Sprint and the fact that CO2-emission limits are continuously tighter in Marathon;
thus more wind and solar is deployed instead of coal, lignite and natural gas. In 2030, although both
scenarios have the same emission restriction, less renewables are deployed in Late Sprint. This can further
be explained by the five-year foresight mechanism used in this study: in Marathon, the steady, continued
reduction of CO2-emissions is taken into account also in 2035 and leads to more investment in renewables,
while Late Sprint keeps as many fossil fuels in the system as possible as no restriction in the future is yet
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influencing the investment decision. This leads to significant higher climate impact: the accumulated CO2emissions are 1.6-times higher in the Late Sprint scenario. Thus, one intermediate CO2-emission target, like
in Late Sprint, and running the model with a partial foresight of five years do not seem to be sufficient for
motivating a linear reduction until the zero-emission target in 2050.

Figure 5: The fuel usage in the two scenarios
In the year 2050, biomethaneUP and syngas are utilised for generation of electricity and district heating.
In both scenarios, the available biogas is upgraded and subsequently some of the available syngas is additionally produced and consumed. This reflects the order of renewable gas options being taken. Biogas is
the cheaper option, but raw biogas has the disadvantage of having to be consumed steadily instead of being
able to exploit the huge storage of the natural gas grid. Thus, biomethaneUP provides more flexibility to
the system. It can be stored in the gas grid and it can be used in already existing natural gas plants. The
application in industry and transport would also be possible, however, is not within the scope of this study.
Due to the modelling assumptions, syngas provides more flexibility to the system than biogas, since it does
does not have to run at least at 90% of capacity. The additional flexibility the conversion to SNGUP would
offer, is not the chosen option considering the additional costs.
The reason for a significant lower amount of raw biogas used in 2020 than in reality in 2017 – although
there would be already installed biogas plants available – is that the support and subsidies payed for biogas
and its co-benefits are not included in the model assumptions. In 2030, in both scenarios around 4 TWh
of biogas are applied which helps to reach the CO2-emission reduction target, but none is used before. In
both senarios, a small amount of woodchips is used already in 2020 and 2030 (about 4 TWh), and in 2050,
14 TWh are consumed in Marathon and 16 TWh in Late Sprint. At this amount the woodchips are still
within the cheapest price step and thus have a price below woodwaste.
In 2050, no CO2-emissions are allowed for any of the scenarios. Moreover, differences in fossil fuels
prices do not influence the CO2-emission free system configuration. Despite these even conditions, the fuel
consumption differs slightly: in Late Sprint, 28 TWh of straw are used, mainly instead of wind compared
12
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Figure 6: Sensitivity analyses: Fuel consumption of gasses in the Marathon (M) and Late Sprint (LS)
scenario. For explanation of C,E,F,P see Table 4
to Marathon. The required ”late sprint” from fossils to zero CO2-emissions causes the system to still rely
stronger on fuels instead of more electrification and a stronger integration of the sectors and the countries’
electricity systems. In the Late Sprint, a fast deployment of renewable generation capacity is needed from
2045 to 2050 both in the electricity and district heating systems. Since heat was available from CHP-plants
until 2045 in the Late Sprint scenario, the system has not been pushed to an early deployment of power-toheat technologies. Evidently, more wind, solar and power-to-heat capacity is installed in Marathon. Another
indication that the systems in the Marathon are stronger integrated, is the additional installed transmission
capacity. In Marathon, the already existing capacity is increased by 63% compared to 35% in Late Sprint
(Table 5). In a more interconnected power system, like Marathon, more wind power can be integrated and
distributed, and thus is preferred over e.g. straw and syngas. The five-year-foresight additionally emphasises
Table 5: Additional transmission capacity as a percentage of the existing and planned transmission capacity
[%]
Marathon
Late Sprint

base
63
35

C
63
35

E
59
36

F
39
30

P
98
47

profitability of wind power in combination with transmission capacity for Marathon already in earlier years
than 2050. However, the fact that also in Marathon biomethaneUP and syngas are utilised to some extent,
emphasises the benefit of a diversity of solutions to the system.
4.2. Sensitivity analysis
The fuel consumption of different gasses in four different sensitivity analyses additional to each main
scenario, is displayed in Figure 6. Figure 7 illustrates the sum of new capacity of different gas technologies
during the whole model horizon, comparing the scenarios and sensitivity analyses. Lastly, Figure 8 shows
the sum of electricity, heat, and hydrogen storage capacities installed in the system towards 2050.
The cost reduction of all hydrogen technologies (electrolyser, storage, fuel cell) by 30% (sensitivity C)
results in an increase in the use of hydrogen for upgrading biogas with more than 30% and for upgrading
syngas in 2050 with 10% for Marathon and 22% for Late Sprint. This indicates that hydrogen gets an
attractive option in zero-emission systems if biogas availability is limited and the price of using hydrogen
gets lower in comparison to syngas and biogas.
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Figure 7: Sum of new capacity 2020-2050 in GW - gas technologies. In Methane backpressure (BP),
condensing (CND) and extraction (EXT) natural gas, biomethaneUP , biomethaneH2 , SNGUP and SNGH2
can be applied.

Figure 8: Sum of new storage capacity 2020-2050 in GWh
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Accounting for negative CO2-emissions of biogas (sensitivity E) has the effect of coal replacing 9 TWh
natural gas in 2040 in the Marathon scenario. This is due to the additional CO2-emission option generated
by a tiny amount of biogas leaving room for more coal emissions and thus leading to this fuel shift. In 2050,
natural gas uses up the negative emissions of upgraded biogas resulting in net zero emissions again. This
only takes place in Late Sprint, where the system is in stronger need for system balancing, relying on fuels
and having less wind and solar and transmission capacity installed.
A significant fuel price reduction of renewable gas (sensitivity F) results in a significant amount of
renewable gas already in 2040, if CO2-emission reduction targets are in place (Marathon-F). In 2050, it
more than doubles (increase by 38 TWh) the use of syngas compared to the base scenario. In that case, the
use of hydrogen is not as attractive in the system configuration anymore; the use of hydrogen for upgrading
biogas and syngas is reduced with 24% from the Marathon base scenario and 51% from the Late Sprint
base scenario. Furthermore, the fuel price reduction for renewable gas and its resulting higher application
reduces the need for additional transmission capacity and only 39% extension of existing grid capacity is
installed instead of 63% in the base Marathon scenario (see Table 5).
Reducing the available bioenergy sources (biomass and biogas) to 10% of the base case (P) significantly
changes the picture for 2050. The scarce resource is consequently exploited as much as possible by adding
hydrogen to all available biogas in the Late Sprint scenario, generating biomethaneH2 , where in the Marathon
scenario a small amount is upgraded to biomethaneUP . Part of the biomass is used for producing syngas, of
which all is boosted with hydrogen to SNGH2 . Furthermore, 48-59 TWh of hydrogen are used for flexible
electricity generation. The increased use of hydrogen comes along with additional hydrogen storage capacity
(see Figure 8) since the possibility of flexible generation of electricity is of high value as a flexibility measure
for the system, and only then the costs for hydrogen generation pay off. Another sign of the increased
need for additional flexibility options in case of bio-energy scarcity is the increase of additional transmission
capacity to 98% of existing (63% in Marathon base - see Table 5).
In general, it is a robust finding that more gas is used in the Late Sprint scenarios. In 2030, the natural
gas use is almost doubled to 194 TWh in Late Sprint compared to 112 TWh in Marathon. Although there
are slight variations between the sensitivity analyses, they do not change this difference between the two
scenarios, see Figure 6. In 2040, it is still 25% more natural gas use in most of the sensitivity analyses.
In combination with the 2030 reduction target, the lower gas price in Late Sprint has a strong effect in
additional usage of gas. However, the total installed capacity of power plants running on methane is similar
in the Late Sprint and Marathon scenarios (see Figure 7), with a focus on electricity generation, thus the
gasses have stronger role in flexibility and balancing in the Marathon scenario. In 2050, except for the
fuel price reduction scenario, 11-28% more renewable gas is used in the Late Sprint scenarios. It primarily
replaces wind power and is mainly used for electricity generation.
Although in 2030, it is still attractive to use some raw biogas, for a zero-emission system, upgrading
and thus using the storage options of a gas grid, appears to be the best option from socio-economic energy
system view, under the explained conditions. The choice between syngas and hydrogen, which do not use
the methane grid in these scenarios, then depends on the development of the technology costs, which seem to
be close. Restricted availability of biogas and biomass ressources evidently causes the maximum utilisation
possibility of the biogas in the form of increasing the methane yield by adding hydrogen. For syngas, not
all of the biomass is used up, but still, the yield is increased by adding hydrogen to it.
So far, the description summarised the results for all countries. A look at the country-wise distribution
reveals, that it is only Germany using its biogas resources up to the limit in all scenarios and sensitivity
analyses for the year 2050. Denmark and Sweden use biomethaneUP to the highest extend when negative
CO2-emissions are accounted for (E). In the case of the Late Sprint scenario, 7.8 TWh of biomethaneUP
are used in Denmark and 4.3 TWh in Sweden. That amount corresponds to 80% of the amount available
in Denmark and 41% in Sweden. Reduced fuel costs (F) in Late Sprint reduces the use of biomethaneUP in
Denmark and eliminates the amount used in Sweden. Reduced fuel costs (F) and low biomass potential (P)
are the only cases when syngas is produced in Denmark (0.6–1.6 TWh). The results in this study summarises
the utilisation of natural and renewable gas in electricity and district heating systems. In addition to these
results, consumption of natural and renewable gas in other sectors, such as industry and transportation, can
potentially take up the remaining part of the available renewable potential.
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5. Conclusion
Renewable gas options should not be neglected when modelling pathways to CO2-emission neutral energy
systems. The presented methods for modelling renewable gasses are helpful tools for assessing the role of
renewable gasses under different circumstances. Results show that CO2-emission reduction targets that are
steadily applied, decrease the role of natural and renewable gas and strengthen the role of wind and solar in
combination with additional transmission capacity even when hitting the same end target in terms of zero
CO2-emissions in 2050. However, the scenarios and sensitivity analyses generally show, that the electricity
and district heat systems benefit from a diversity of flexibility and technology options: transmission and
renewable gasses complement each other. An integrated electricity and district heat system profits from a
certain portion of gas in the system, although the percentage could be minor. Countries with large amounts
of hydro-power, like Norway and Sweden, and countries with strong interconnections to these countries, like
Denmark, have a lower need for flexible gas generation technologies than Germany. The assumption that
only a small part of the available bio-energy is available for electricity and district heat systems strengthens
the role of hydrogen. Despite its high technology costs, hydrogen can take a role as a storage medium and
for exploiting the scarce bio-resource to its full extent via methanation.
This study only takes into account the potential role of renewable gas in the electricity and district
heat sector. A higher need for renewable gas technologies, which may arise in the transportation sector
and industry was not included. In order to analyse that, a more detailed modelling of other sectors such as
industry [66] and transportation would be required. The sensitivity scenario with limited biomass availability
indicates that if less renewable gas is available for the electricity and district heat sectors, these sectors will
rely more on the use of hydrogen—both for use in fuel cells and for upgrading of biogas and syngas. The
characteristics of the gas transmission systems are not considered, but rather it was assumed that the grid
is usable as today, assuming no bottlenecks. Further research is required to be able to assess the critical
amount of gas necessary to keep the gas grid functional.
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and Energy Magazine 5 (1) (2007) 24–30, ISSN 15407977, doi:10.1109/MPAE.2007.264850.

16

cxcvii

Articles I-VIII

Article VII

[7] 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:10.1109/MPE.2013.2268751.
[8] BP Statistical Review of World Energy,
URL https://www.bp.com/content/dam/bp/en/corporate/pdf/
energy-economics/statistical-review/bp-stats-review-2018-primary-energy.pdf, 2018.
[9] R. Bramstoft, I. Græsted Jensen, A. Pizarro Alonso, M. Münster, H. Ravn, Modelling of Renewable Gas in the Future
Energy System, International Gas Union Research Conference, Rio 2017 (2017) 1–10.
[10] M. Münster, R. Bramstoft, F. Wiese, P. E. Morthorst, Conceptual model of the gas system as an integrated part of the
future Danish energy system, International Gas Union Research Conference, Rio (2017) 1–10.
[11] Danish Energy Agency, Energistatistik 2015 (Energy Statistics 2015), ISBN 9788793180239, URL https://ens.dk/sites/
ens.dk/files/Statistik/energistatistik2015.pdf, 2016.
[12] Danish Energy Agency, Biogas in Denmark, URL https://ens.dk/ansvarsomraader/bioenergi/produktion-af-biogas,
2018.
[13] I. G. Jensen, M. Münster, D. Pisinger, Optimizing the supply chain of biomass and biogas for a single plant considering
mass and energy losses, European Journal of Operational Research 262 (2) (2017) 744–758, ISSN 03772217, doi:10.1016/
j.ejor.2017.03.071.
[14] J. Bekkering, A. A. Broekhuis, W. J. T. van Gemert, E. J. Hengeveld, Balancing gas supply and demand with a sustainable
gas supply chain - A study based on field data, Applied Energy 111 (2013) 842–852, ISSN 03062619, doi:10.1016/j.apenergy.
2013.05.073.
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This study conducts an integrated energy system assessment to evaluate how gas might
contribute to energy transition pathways towards a climate-neutral energy system. The
comprehensive energy system model, Balmorel, is applied and computes the least-cost
solution of the energy system to satisfy energy demands. Furthermore, a methodology is
applied to investigate the uncertainties related to gas consumption in a climate-neutral
energy system. The methodology encompasses an extensive global sensitivity analysis
using Morris sapling techniques, to identify influential parameters which impact the results
related to the future use of gas in the energy system. Following the global sensitivity
analysis, the parametric uncertainties of the influential parameters are evaluated in a
comprehensive uncertainty analysis using Monte Carlo simulations with a Latin
Hypercube sampling.
Results for a Danish energy transition scenario, which complies with the national
energy targets in 2030 and 2050, show a decline in gas supply in the energy transition
towards a climate-neutral energy system by 2050. Demands decrease from a level today at
around 100 PJ to around 55 PJ in 2050 in the investigated Reference scenario. In particular,
a decrease in the use of gas in individual heating in the residential sector, and for power
and district heating supply is identified, while gas to supply heat processes in the industrial
sector contributes with an increasing share of the total gas supply throughout the
considered period. The global sensitivity analysis identified 19 influential parameters,
which has a substantial impact on the results of biomethane and natural gas consumption.
Some of the most influential parameters are: the price of biomethane and natural gas;
energy demands and tariffs; biomass availability; and parameters related to carbon
emissions. The results from the uncertainty analysis using Monte Carlo simulations
illustrated the high uncertainties related to the level of biomethane used in a future climateneutral energy system, ranging between 0 PJ and 90 PJ for biomethane consumption. The
results presented in this study thereby shows that gas might play a key role in a future
climate-neutral energy system. However, the configuration of the remaining energy system
and the uncertainties related to competing elements in the energy system yields high
uncertainties
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Introduction
Climate changes and emissions of greenhouse gases
(GHG) have received worldwide attention over the last
decades [1, 2]. The Paris Agreement is the global
response to mitigate climate changes aiming at limiting
the increase of average global surface temperature. The
specific aim is to keep temperature increases well below
2°C above pre-industrial levels, and even to pursue
efforts to keep the raise to 1.5°C in this century [3].
Energy is vital in today’s society, and the energy
system is currently a significant contributor to GHG
emissions [4]. A substantial transformation of the
energy system is needed in the future to reduce GHG
emissions from the energy sector and combat climate
change. The energy transition will have to head towards
clean energy production based on renewable and
sustainable energy resources and/or increased use of
carbon sinks [5, 6, 7, 8].
The profound and urgent transition of the energy
system will be challenging, in particular, in the hard-toabate sectors, such as high-temperature process heat
demand, heavy-duty road transport, shipping, aviation,
and peak power demand [9].
Gas, renewable gas and the already-existing gas
infrastructure may play a key role in facilitating an
effective and cost-efficient energy transition, as gas can:
1) be used in multiple ways in various sectors, also in
the hard-to-abate sectors [10, 11]; 2) be used in
conversion technologies to produce liquid biofuels and
electrofuels [12, 13]; 3) facilitate system integration by
sector coupling [14, 15, 16, 17]; and 4) serve as a
flexible resource, both in the short and long term, and
provide flexible generation of electricity and heat in
peak-load situations [14, 18].
Gas accounted for 22 % of the World’s primary
energy demand in 2017, which corresponded to 130 EJ
yr-1 [4]. However, the future contribution of gas to the
global energy mix varies significantly across global
energy transition scenarios, which comply with the
1.5°C target, ranging from 22 to 267 EJ yr-1 by 2050 [5].
The discrepancies in the potential contribution from gas
to the primary energy mix are explained by differences
in gas supply across models and assumptions on
competing technologies [5]. Thus, across global energy
transition pathways, there are high uncertainties related
to the potential contribution of gas to a future energy
supply mix, which is a consequence of different
modelling approaches and assumptions.
A summary of results for the use of gas in a European
context by 2050 across key studies is made [19]. Among
the key studies are; European Commission [20], IEA
[4], ENTSO-E/G [21], Trinomics [22], Shell [23],
Equinor [24] and Eurogas [25]. The overview reveals

estimated gas demands, ranging between around 6 EJ
yr-1 to 13 EJ yr-1, with GHG emissions reductions
targets between 80 % and 100 %. There is a distinction
between scenarios which assume GHG emissions
reductions targets from 80 % and scenarios assuming 95
% - 100 % GHG emission reductions by 2050. All
scenarios foresee a decline in gas consumption, where
more ambitious GHG emissions reductions targets yield
a more significant decrease (around half of today’s gas
demand) in gas consumption levels and a shift towards
renewable-based gasses.
Gas infrastructures have been established to
distribute gas from production points to end-consumers
both with countries and with trade across countries. The
role of gas in a national context is, therefore, also of
high interest, for example, a country like Denmark.
The country of Denmark is a pioneer in developing
and integrating renewable energy sources in the energy
system [26]. Denmark has significant energy
infrastructures, covering electricity systems, district
heating systems, and gas systems.
Gas is a prominent energy carrier in the Danish
energy system and was accounting for 15 % of the
Danish gross energy consumption in 2018 [27]. The
Danish gas grid was established in the 1980s and is
today an integrated part of the European system [28]. In
2018, around 100 PJ gas was transported via the gas
system to supply consumers in various sectors, for
example, power, heating, and industrial sectors [27].
The national gas production has initiated a transition
from centralised extraction of natural gas from the
North Sea to decentralised gas production based on
renewable energy sources as a result of Danish energy
and climate policies. The renewable gas accounted for
around 10 % of the gas consumption in 2018 [29].
The development of the Danish gas system of
tomorrow is crucial to investigate given future
challenges. The challenges include: 1) the long-term
energy policy targets [30]; 2) high uncertainties in
future domestic gas demands, which are expected to
decline [31]; 3) limited natural gas resources in the
North Sea (expected to decrease significantly towards
2040 [29]); 4) and increased production of renewable
gas from locally distributed energy sources [29]. The
role of gas in a Danish context is, therefore, an
interesting case to study further.
Although global, European and national studies have
provided energy pathways and studied the role of gas in
future energy systems, a comprehensive analysis of the
main drives for the use of gas in the future has not
carried out in the literature. Furthermore, the presented
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studies use energy systems models which relies on very
aggregated input data.
Therefore, this study bridges the research gap and
proposes a methodology to investigate the uncertainties
related to the future use of gas in the energy system. The
methodology is applied in a comprehensive energy
system model, which allow synergies across energy
sectors and vectors. Moreover, the methodology applies
a detailed global sensitivity analysis using the Morris
screening to screen for parameters that might have a
significant impact on the results related to the future use
of gas. Following the global sensitivity analysis, a
comprehensive uncertainty analysis using Monte Carlo
simulations is performed to evaluate how the influential
parameters impact the results.
Following the introduction, Section 2 describes the
methodology for the energy systems modelling applied
in this study. Section 3 continues by elaborating on the
proposed methodology to perform the global sensitivity
analysis and uncertain analysis. Section 4 describes the
case study, and Section 5 present the results obtained by
the energy systems modelling. Finally, Section 6
contains the conclusion.

interactions across energy vectors and sectors into
account. Thus, energy systems models are suitable tools
for assessments of future energy transition pathways. In
this study, we apply the integrated energy system
optimisation model, Balmorel [32, 33].
2.1. Energy systems model, Balmorel
Balmorel is an open-source, bottom-up, partial
equilibrium model. Balmorel allows endogenous
investment and operation optimisation while taking
existing conversation and infrastructure capacities into
account. Balmorel is a technology-rich model, which
has a comprehensive representation of technical
components in the energy system. Balmorel allows high
temporal resolution and can cover a large geographical
area as well as a more detailed representation of
resource availability and district heating. Balmorel
assumes perfectly competitive markets and economic
rationality. Balmorel is a deterministic model but allows
different foresight horizons, i.e. myopic, partial or full
foresight over the planning horizon. The objective
function in Balmorel maximises social welfare, which
is equivalent to a least-cost solution when assuming
inelastic energy demands.
Figure 1 provides an overview of the holistic
Balmorel modelling framework.

Methodology: Energy systems modelling
Holistic energy systems models can provide valuable
insight into future energy trends taken synergies and

Figure 1: Energy system in the Balmorel modelling framework
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2.2. Modelling of gas in future energy systems

caused by changes in fuel prices or energy and
environmental policies.

This study focuses on the role of gas in future energy
systems. Thus, a description of novel modelling
approaches implemented in the Balmorel modelling
framework is briefly introduced in the following.

2.2.2
Modelling of gas consumption in the
industrial sector
Interactions between the industry sector and the
energy system are expected to increase in the future.
The industrial sector is characterised as heterogeneous
due to the diversity of processes across industry
branches. Each process is often explicitly designed to
produce a specific product or provide certain services.
It is, therefore, a difficult task to perform sufficiently
detailed modelling of the complex industrial sector
within energy systems modelling.
An attempt to sufficiently represent the industrial
sector as an integrated part of the energy system is
implemented in Balmorel, following the conceptual
model developed in Wiese and Baldini [34]. The
industrial sector is implemented for Denmark, which is
the focus country in this study. However, the modelling
framework may apply to other countries as well. The
heterogeneity of the industry sector is illustrated in the
diversity of different sectors, where the original data set
includes 57 different sectors, based on 22 end-use
processes and 20 fuel types. Aggregation techniques
using heat temperature characteristics is applied to
simplify the modelling of the heterogeneous industrial
sector. Overall the modelling approach cluster end-use
demand by three heat levels. The three aggregated heat
levels are:

2.2.1
Modelling of gas consumption in power and
district heating sectors
Gas can be converted to power and heat for district
heating purposes using various conversion technologies
implemented in the Balmorel modelling framework. An
extensive representation of unique technologies are
representing the conversion of gas to power and/or
district heat in Balmorel, which are characterised by
specific techno-economic parameters, such as
operational costs and efficiencies. Herein, 15 different
generation groups can be invested in when performing
long-term planning of the power and district heating
In general, the modelling of gas conversion to power
and district heating can be divided into groups
representing conversion characteristics for the
technologies, as depicts in Figure 2.

Figure 2: Production groups for conversion to power and
district heat

Condensing plants are only generating power. Heat
only boilers in the district heating supply might use gas
to produce heat. In addition, gas absorption heat pumps
can provide heat to district heating networks. In the
modelling of the power and district heating supply mix,
two types of combined heat and power plants are
modelled, namely backpressure and extraction plants.
Backpressure plants operate with a fixed ration between
power and heat outputs. Extractions are more flexible in
the sense that they operate within operating areas where
the output ratio between heat and power can be varied
according to the system needs.
The Balmorel modelling framework allows two fuels
to be used in the conversion plant. This possibility
enables both natural gas and biomethane, which have
identical gas quality, to be used in the conversion plant.
This facilitates a dual use of the plant, and make it
possible two-shift between two fuel inputs, for example,



Space heating: 50°C - 90°C



Process heat low: up to 150°C



Process heat high: above 150°C

The modelling framework is implemented to conduct
long-term energy planning, based on optimisation on
the operation of- and investments in the systems. Within
the industrial sector, various measures can play a role in
the energy transition, for example, fuel substitution,
electrification and energy cascading (efficient
utilisation of excess heat). Thus, these options are an
integrated part of the implemented modelling
framework. An additional measure is energy efficiency
which can play a role; however, as energy demand ais
exogenous inputs to the modelling, energy efficiency
measures are excluded from the applied modelling
framework.
Figure 3 depicts a simplified visualisation of the
implemented modelling framework of industrial
processes, with the purposed classification of heat
levels in the processes, whether a flame is required in
the process, the options of fuel substitution and
4
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electrification, and how energy cascading can be an
integral part of the industrial sector.

behaviour and, for example, the fact that not all
decisions are economic rationale in reality.
Additionally, the modelling framework distinguishes
between the heat supplied via a radiator or non-radiator
systems. Two types of heating demands are modelled,
namely space heating and hot water. Finally, the enduse demand in the modelling framework is
distinguished between single- and multi-family houses.

Figure 3: Modelling of industrial processes in Balmorel

Within the modelling framework, heat can be
transferred to higher temperatures using a heat pump.
Naturally, the technical characteristics of such heat
pumps are defined according to the respective
temperature levels they can cover. Furthermore, excess
heat can be used to supply district heating demands if
the industrial process is located in areas with connection
to the district heating network. Likewise, district
heating can also be used directly for space heating
within the industrial sector.
Due to the specific characterisation of the Danish
industry, a constraint ensuring a minimum use of
methane is implemented. This constraint implies that a
minimum methane use of 17 % in total for high and low
industrial sectors is applied. This minimum methane use
can be supplied either by natural gas, or renewable
alternatives such as biomethane from upgraded by CO2removal or methanation of biogas or from BioSNG
produced from syngas using thermal gasification
technologies.

Figure 4: Modelling of individual residential heating in
Balmorel

Methodology: Sensitivity and uncertainty
analysis in long-term energy planning
Energy systems modelling is a suitable tool for longterm planning of tomorrow's energy system, used to
support decision-makers in strategic decisions.
Although energy systems models have been developed
since 1950'ies and are valuable tools, they represent the
system in an aggregated and simplified way. Thus,
uncertainty in the results, due to the structure of the
modelling, is an inherent part of long-term energy
planning. Moreover, exogenous input parameters used
to conduct long-term energy planning is also associated
with uncertainty in the estimation, and this parametric
uncertainty can potentially impact the results.
Therefore, evaluation of the inherent uncertainty related
to both modelling structure and input parameters is
pivotal in the assessment of future energy pathways.
Although uncertainties in results caused by structural
modelling frameworks are an interesting research topic,
this study explores an option to deal with parametric
sensitivity and uncertainty analysis.
Various methodologies are applied to conduct
parametric uncertainty analysis, where commonly
applied techniques are, for example, the local sensitivity
analysis [35] and stochastic programming [36].
Stochastic programming includes stochastic
elements in the input data and is solved by exploring the
space of possible solutions, e.g. with a probability
distribution present. Stochastic programming implies an

2.2.3
Modelling of gas consumption for individual
heating in the residential sector
Gas can be used to supply heating, both space heating
and hot water, in the residential sector. Various fuels
and conversion technologies are included in the
modelling framework to represent the competition in
production pathways between technology options.
Figure 4 illustrates, in a simplified way, the
modelling framework implemented in Balmorel to
simulate various production pathways. In general,
various fuels can be converted to supply heat.
Depending on the technology and its associated technoeconomic characteristics, for example, full load hours
for solar thermal, a combination of resource inputs and
conversion technologies can supply the heat demand.
As an attempt to achieve solutions closer to reality, a
willingness-to-shift factor is introduced in the
optimisation of production pathways. In this way,
inertia is introduced roughly emulating people’s
5
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exponential relation between a number of variables and
the amount of investigated uncertainties [36]. Thus,
stochastic
programming
often
yields
high
computational times and therefore is not particularly
suitable for long-term energy systems modelling as
these models are often already computational heavy.
Local sensitivity analysis is the most commonly used
in assessments of future energy systems. This
methodology explores the one-dimensional space by
testing the robustness of the results by varying one input
parameter at a time and evaluate the impacts on the
results. Although valuable information is gained from
local sensitivity analyses, this methodology leaves the
multi-dimensional space of input parameters impact on
results unexplored.
In this study, we apply a methodology to analyse the
impact of parametric uncertainty on results for the
energy systems of tomorrow, which explores the multidimensional space of the input parameters. In this way,
the methodology takes into account the inherent
uncertainty related to exogenous input parameters such
as fuel price development, political frameworks, or
technological improvements. The methodology applied
in this study is proposed in Pizarro-Alonso et al. [37]

and has a three-stage workflow for conducting a global
sensitivity analysis followed by an uncertainty analysis
using Monte Carlo simulations, as shown in Figure 5.


A heuristic selection of critical input
parameters as well as a description of
uncertainty ranges and distributions.



Global sensitivity analysis (GSA) using Morris
sampling, which relates pre-selected input
parameters with specified results. The GSA
indicate the relative impact of each parametric
uncertainty, leading to identifications and
prioritisations of influential exogenous input
parameters.



The uncertainty analysis on the identified input
parameters in the GSA is conducted using
Monte Carlo simulations with a Latin
hypercube sampling (LSH). The uncertainty
analysis computes the impact of the parametric
uncertainty on the optimisation results.

Figure 5: Three-stage workflow for conducting a global sensitivity analysis followed by an uncertainty analysis using
Monte Carlo simulations

3.1. Global sensitivity analysis using Morris sampling

defined amount of local sensitivity analysis, but in the
multi-dimensional, global space.
The Morris sampling method operates based on a
defined number of levels characterising the resolution
of uncertainty input parameter within the uncertainty
range in the hypercube [0,1], denoted 𝑝, and the number
of repetitions denoted 𝑟. With specified 𝑝 and 𝑟 values,
the method randomly assigns a starting point from
which the movement, ∆, in the multi-dimensional space

Global sensitivity analysis evaluates the impact on
results caused by parametric uncertainties as a whole in
the multi-dimensional space. Morris sampling
screening methodology is applied which relate each
input parameter 𝑖, 𝜃𝑖 , with a specified output result. In
this way, the Morris sampling technique performs a vast
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𝐸𝐸𝑖𝑟
𝑟)
𝑦(𝜃1𝑟 , 𝜃2𝑟 , 𝜃𝑖𝑟 + ∆, … , 𝜃𝑀
− 𝑦(𝜃 𝑟 )
=
𝑓𝑜𝑟 𝑖
∆
= 1: 𝑀

take off. The movement in space, ∆, occur within the
specified uncertainty range, which is converted from the
unit hypercube to their specified uncertainty
distributions, e.g. uniform or normal. The perturbation
factor, ∆ is determined by Eq. (1).
∆=

𝑝
2 ∙ (𝑝 − 1)

(2)

Following the computation of Eq. (2), a sigmascaling, 𝑆𝐸𝑀𝑖𝑟 , of 𝐸𝐸𝑖𝑟 , enable comparability between
different output results, 𝑦, using the standard 𝜎 for both
input parameters, 𝑖, and output result, 𝑦, as described in
Eq. (3).

(1)

𝑆𝐸𝐸𝑖𝑟 = 𝐸𝐸𝑖𝑟 ∙

𝜎𝑖
𝑓𝑜𝑟 𝑖 = 1: 𝑀
𝜎𝑦

(3)

Eq. (3) ensures comparability between the computed
output results, used as a relative measure and not
applicable for analysing the physical meaning in the
output results.
The global sensitivity analysis using Morris
sampling acts as a screening technique and enable
prioritisation of the uncertainty input parameters impact
on specified output results, based on the relative
measure, 𝑆𝐸𝐸𝑖𝑟 . The mean, 𝜇𝑖𝑆𝐸𝐸 , and standard
deviation, 𝜎𝑖𝑆𝐸𝐸 , is calculated for each 𝑆𝐸𝐸𝑖𝑟 . The mean,
𝜇𝑖𝑆𝐸𝐸 represents the overall impact of uncertainty
parameter, 𝑖, on output result, 𝑦, while the standard
deviation, 𝜎𝑖𝑆𝐸𝐸 indicates how other uncertainty
parameters impacts that particular elementary effect.
The relative measures of the mean 𝜇𝑖𝑆𝐸𝐸 , and standard
deviation, 𝜎𝑖𝑆𝐸𝐸 , is used in the screening of influential
uncertainty parameters by visualising these values in a
scatter plot, where the double estimated standard
deviation of the mean (Eq. (4)) forms two lines which
are used to assist in the evaluation of influential
uncertainty parameters. In this visualisation screening
technique,
influential
uncertainty
parameters
represented by 𝜇𝑖𝑆𝐸𝐸 and 𝜎𝑖𝑆𝐸𝐸 falls outside or are close
to the wedge-formed lines (±𝑠𝑒𝑚𝑖 , 𝜎𝑖 ), while points
within the two lines are considered negligible,
according to Sin et al. [38].

Figure 6: Conceptual example of the Morris sampling
technique. The three-dimensional unit hypercube defines
the space [0,1]. Space is divided into eight levels (p = 8).
Each random movement is the multi-dimensional space is
∆= 4/7. There are four repetitions, 𝑟, and in total 16
simulations.

Figure 6 conceptualise the methodology applied in
the Morris sampling technique. Starting from the
randomly assigned starting point, the random
movement ∆ in the multi-dimensional uncertainty range
occur one-at-a-time for each uncertainty input
parameter.
The Morris screening applies the concept of
elementary effects, 𝐸𝐸 which is an estimation of the
effects on results caused by variations in each
uncertainty input parameters, 𝑖, 𝜃𝑖 , at each repetition, 𝑟,
𝜃𝑟 , similar to the methodology applied in local
sensitivity analysis, but again in the multi-dimensional,
global space, taken side-effects of other input
parameters into account. The elementary effect is
computed for every input parameter, 𝑖, and each output,
𝑦 over 𝑟 repetitions as defined in Eq. (2). The
elementary effect is computed as 𝑟 ∙ (𝑀 + 1) number of
local sensitivity analysis, for 𝑀 parameters over 𝑟
times.

𝑠𝑒𝑚𝑖 =

2 ∙ 𝜎𝑖
√𝑟

𝑓𝑜𝑟 𝑖 = 1: 𝑀

(4)

3.2. Uncertainty analysis using Monte Carlo
simulations with Latin Hypercube sampling
In this study, the uncertainty analysis is performed
using Monte Carlo simulations. The Monte Carlo
simulation method has its strength in evaluating
deterministic models using a random sampling of input
7
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parameter values within the uncertainty range and with
the determined distribution. The accuracy of results
from Monte Carlo simulations is related to the number
of samples. Therefore, the screening of influential
uncertainty input parameters using Morris sampling in
the global sensitivity analysis is crucial, as it limits the
number of uncertainty input parameters, which are
further assessed in the uncertainty analysis.

illustrate a plausible energy transition pathways.
Furthermore, a global sensitivity analysis followed by
an uncertainty analysis is conducted for a climateneutral Danish energy system by 2050 to identify main
drivers impacting the gas consumption, as well as to
shed lights on the inherent uncertainties related to the
future consumption of gas.

The Monte Carlo simulation uses a random
probabilistic sampling of uncertainty input parameters.
However, the Latin Hypercube sampling (LHS) is
applied to ensure stratification of the uncertainty range
[0,1] of input parameters, while keeping randomness in
the sampling. The LHS method works, as illustrated in
Figure 7, where the uncertainty space is divided into a
grid of 𝑁 probable strata. Within each stratum (cells),
each value is randomly selected. In this way, the whole
uncertainty range is covered, while avoiding clustering
of sampling points.

4.1. Reference scenario
The Reference scenario is designed to illustrate a
plausible pathway for a future Danish energy system
towards climate-neutrality. The Reference scenario
complies with the 70 % emission reduction target in
2030 and a climate-neutral energy system by 2050. The
accumulated carbon emission budget is 435 million ton
CO2 is ambitious, but in the higher end of the
recommendations by the Danish Council on Climate
Change recommendations [39].
4.2. Main data assumptions
The Balmorel model is characterised by including a
complete and comprehensive data set. Bramstoft et al.
[40] provide an open-source data set for modelling
power and district heating systems in thirteen European
countries. This data set is the backbone of the data used
in this study. However, a description of the main data
assumptions is presented in the following.
4.2.1 Geographical scope
This study focuses primarily on the energy future of
Denmark. However, as the Danish electricity system is
strongly connected surrounding countries, the future
Danish energy systems are analysed in a broader NortEuropean context. The geographical scope of the
analysis, therefore, encompasses the following
countries: Denmark, Norway, Sweden, and Germany,
as shown in Figure 8. The electricity markets in the
Nordic countries are represented according to the price
regions in Nordpool spot market, while Germany is
represented by four regions to simulate potential
internal bottlenecks.

Figure 7: Latin hypercube sampling [0,1]. Example of
two parameters and five near-random samples

Following the step of Latin Hypercube sampling, the
sample values are fed into the energy systems model,
Balmorel, which subsequently is simulated for each
sample value, according to the Monte Carlo method,
and provides the optimised solution for the considered
energy system. The computed output results for the total
number of sample values can be finally evaluated while
taking into account the inherent uncertainty related to
the identified input parameters.

Case study
A case study is conducted to evaluate the role of gas
consumption in a future Danish system but in a North
European context. The reference scenario is designed to
8
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thus an exogenous electricity demand for the transport
sector is implemented. Electrification might also appear
in the sectors included in this study, i.e. power-to-heat
for district heating, heating in residential buildings, and
to process heat in the industrial sector. This internal
electrification is endogenously computed as a part of the
least-cost optimisation in Balmorel. The exogenously
implemented electricity demand for Denmark increases
from 32 TWh in 2020 to 52 TWh by 2050.
Two types of energy demands for process heat in the
industrial sector is implemented. Due to economic
growth, the demands are estimated to increase in the
future, as visualised in

Figure 8: Geographical scope of the analysis

4.2.2 Techno-economic characterisation
The Balmorel model is comprehensive and
technology-rich. Among others, the current capacity
stock in the power and district heating sector is
described through more the 500 unique technologies. In
addition, more than 500 unique investment possibilities
are available in the future. The current and future energy
system is represented by around 30000 different metrics
of the technical characteristics and techno-economic
parameters. A description of the data processing and
input data is provided in Bramstoft et al. [40].

Figure 9: Process heat energy demand in the industrial
sector

4.2.4 Fuel prices
The fuels prices are naturally an integrated part of the
least-cost optimisation. Table 1 presents the future fuel
prices of the main fuels.
Table 1: Future fuel prices in €/GJ
Fuel costs
Natural gas
Biomethane
Straw
Wood chips
Wood
pellets

4.2.3 Energy demands
Balmorel optimises the energy mix to supply
exogenously defined demands, which are assumed to be
inelastic.
The heating demands, both district and individual
heating, are almost constant throughout the considered
modelling horizon. A small reduction in the heat
demands is, however, estimated towards the end of the
simulated period, i.e. between 2040 and 2050, which is
a consequence of implemented energy efficiency.
The estimation of future electricity demand is a
combination of several demand types. The classical
electricity demand is assumed to be almost constant
until 2050. New electricity demand, however, is
expected to arise in the future. These new electricity
demands include, for example, data centres and
electrification of the transport sector. The transport
sector is excluded from the scope of this analysis, and

2020
6.0
18.0
5.6
6.6

2025
6.9
16.0
5.8
6.8

2030
6.8
15.0
6.0
7.0

2040
8.2
13.5
6.2
7.2

2050
8.2
12.0
6.2
7.2

9.6

9.7

10.0

10.2

10.2

4.2.5 Resource potentials
Resources potentials are critical constraints in the
Balmorel optimisation. Deployment of variable
renewable energy sources such as wind and solar is
expected to increase in the future in order to meet the
electricity demands. Often potentials like offshore wind
are fully exploited as they are the least-cost option in the
modelling setup.
In addition, the potentials of bioenergy resources,
such as biomethane, straw, and woodchips, are essential
9
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to highlight, as this study investigates the role of gas in
future energy systems.
Table 2 presents the Danish resource potentials,
which are particularly pivotal for this study.

4.2.5 Uncertainty parameters
The input parameters which are investigated in the
global sensitivity analysis are presented in Table 3. The
input parameters can be grouped into parameters
representing: fuel prices, availability of resources,
energy demands, investment costs, and efficiencies of
technologies, grid tariffs, and emission-related
parameters. Furthermore, a uniform distribution is
assumed for the represented parameters.
The global sensitivity analysis considers 29
parameters. The Morris sampling compute, r = 28,
elementary effects resulting in 28∙(29+1) = 840
simulations. The assessment was facilitated with a p =
8, which mean that each element in the uniform
distribution [0,1] is corresponding to 12.5 %.

Table 2: Danish resource potentials
Resource

Danish
potentials

Bioenergy
Biomethane
Straw
Wood chips
Municipal waste
Variable renewable energy
Onshore wind
Offshore wind
Solar PV

107 PJ
54 PJ
40 PJ
40 PJ
6.2 GW
49.8 GW
20.0 GW

Table 3: Parameters and uncertainty range by 2050, with the assumption of a uniform distribution. (R=
reference value)
Symbol
ρBioNG
ρNG
ρWC
ρWP
ρST
αWC
αST
αElFlow
δPHH
δPHL
δDK
δDE
κPHL-BNG
κPHH-BNG
κPHH-NGCCS
κPHL-ElBO
κPHL-ElHP
ηPHL-ElHP
κPHH-ElBO
κPHL-WC
κPHH-WC
κPHH-WCCCS
κIH-BNG
κIH-ElHP

Description
Biomethane price
Natural gas price
Wood chips price
Wood pellets price
Straw price
Availability of wood chips
Availability of straw
Availability of electricity transmission lines
Demand for high process heat (PHH) in the industrial sector
Demand for low process heat (PHL) in the industrial sector
Demand (exogenous) of electricity in Denmark
Demand (exogenous) of electricity in Germany
CAPEX biomethane boiler for PHL
CAPEX biomethane boiler for PHH
CAPEX natural gas boiler with CCS for PHH
CAPEX electric boiler for PHL
CAPEX electric heat pump for PHL
COP electric heat pump for PHL
CAPEX electric boiler for PHH
CAPEX wood chips boiler for PHL
CAPEX wood chips boiler for PHH
CAPEX wood chips boiler with CCS for PHH
CAPEX biomethane boiler for individual heating
CAPEX heat pump for individual heating

Lower bound
10.5 €/GJ
7.1 €/GJ
6.2 €/GJ
9.6 €/GJ
5.5 €/GJ
0 PJ
0 PJ
50 %
4.6 TWh
12.9 TWh
40 TWh
600 TWh
–20%∙R
–20%∙R
–20%∙R
–20%∙R
–20%∙R
–10%∙R
–20%∙R
–20%∙R
–20%∙R
–20%∙R
–20%∙R
–20%∙R

θBioCCS
λnegBNGems
τElTariff
τGasTariff
πCO2tax

Captured emission from biomass (0 indicates no CCS)
Emission factor of biomethane
Electricity grid tariff
Gas grid tariff
Cost of emitting CO2

0 kgCO2/GJ
-8 kgCO2/GJ
0 €/MWh
0 €/MWh
0 €/tCO2
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Upper bound
13.5 €/GJ
9.1 €/GJ
8.2 €/GJ
11.1 €/GJ
7.0 €/GJ
40 PJ
54 PJ
95 %
6.4 TWh
20.7 TWh
90 TWh
1000 TWh
+20%∙R
+20%∙R
+20%∙R
+20%∙R
+20%∙R
+10%∙R
+20%∙R
+20%∙R
+20%∙R
+20%∙R
+20%∙R
+20%∙R
94.6
kgCO2/GJ
0 kgCO2/GJ
15.9 €/MWh
1.9 €/MWh
125 €/tCO2
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Results
Figure 11 illustrates the high increase in electricity
production, primarily from wind, to supply demands in
the future, both the classical electricity demand, the
increased demand in the transportation sector, and the
endogenously computed electrification in the other
energy sectors: district heating, individual heating in
residential buildings and process heat in the industrial
sector. In the district heating sector, increased
electrification and use of excess heat result in declining
supply from biomass and methane. In the individual
heating in residential buildings, electrification
substitutes the supply of gas, although hybrid systems
are utilised as a mid-term transition solution. The
process heat in the industrial sector is hard-todecarbonise, and the demand is met by a supply-mix
consisting of biomass, methane, electrification and
excess heat utilisation.
The use of gas in the different supply sectors towards
2050 is visualised in Figure 12. The figure shows a
decline in gas supply over the considered period. The
gas supply declines towards 2050 in the power and
district heating sector as well as for individual heating
in the residential sector. However, the gas supply to the
process heat in the industrial sector is constant, and are
even increasing in the period towards 2050, primarily
owing to the increasing energy demands assumed in the
industrial sector. While the gas used in the process heat
in the industrial sector accounted for the smallest share
of the three sectors in 2020, it would, according to the
results, holds the largest share of the total gas supply by
2050.

5.1. Results of the Reference scenario
Figure 10 depicts the scenario results from the
Balmorel simulation regarding the total fuel
consumption for the energy transition towards a
climate-neutral Danish energy system by 2050.

Figure 10: Danish fuel consumption towards a climateneutral system by 2050. The fuel consumption represents
the simulated sectors in Balmorel

Figure 10 shows the transition from a solid and
gaseous fuel-based energy system towards increased
production from variable renewable energy sources,
primarily wind and solar for electricity generation. This
transition is shown as a quick phase-out of coal and a
decline in natural gas consumption. Biomass is used for
energy purposes towards 2050, and municipal solid
waste is assumed to be used almost with a constant
contribution throughout the considered period. During
the transition period, renewable gasses contribute with
a high share of the total gas usage, almost, as CCS is
employed, substituting the use of natural gas in the
future.
Figure 11 explores the energy supply in the different
sectors; power, district heating, individual heating, and
process heating in the industrial sector.

Figure 12: Supply of gas to the different sectors in the
energy transition.

5.2. Comparing the results of the Reference scenario
with previous studies
Figure 13 compares the obtained results regarding
gas consumption in this modelling setup with

Figure 11: Energy supply in the simulated period, divided
into the sectors included in Balmorel.
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consumption levels identified in studies addressing the
use of gas in a future Danish energy context. In total, 13
different scenarios are included; however, not all
scenarios have been investigating all the future years.
Results from the following studies are included: the
Danish Energy Agency [41, 29, 31, 42]; Energinet [43];
IDA, Aalborg University [44]; Danish Energy
Association [45]; Danish Council on Climate Change
[46]. The previous Danish energy analyses, where the
consumption of gas has been a part of the analysis, have
applied different modelling approaches where the use of
gas to some degree has been user-defined. Moreover,
some scenarios are conducted before the 70 % emission
reduction target by 2030 was announced. Finally, the
various scenarios rely on different fundamental
assumptions regarding the energy system, for example,
fuel prices.

be used in the industrial sector, primarily due to the
increased energy demand for process heat.
The results from the conducted Reference scenario
are in line with previous studies, almost hitting the
average values towards 2040, and being in the lower
end compared to the previous studies for the year 2050.
The figure, furthermore, shows a spread in future
consumption levels, varying almost 100 %, i.e. values
between around 40 PJ – 80 PJ, in the period from 2030
to 2050. Figure 13, thereby, highlights the inherent
uncertainty related to future estimates of gas
consumption in Denmark, but as mentioned, there is
also high uncertainty in the future estimated in global
scenarios for the gas consumption in the World as a
whole.
Therefore, to shed lights on the uncertainties related
to the future use of gas in the energy system an
extensive global sensitivity analysis is performed,
which is followed by an uncertainty analysis using Latin
hypercube sampling and Monte Carlo simulations

5.3. Results from the global sensitivity analysis
In the global sensitivity analysis, 29 input parameters
were initially included. The Morris sampling technique
was applied before the global sensitivity analysis
performed in Balmorel.
The generated variations in input parameter values,
which are within the specified uncertainty range in the
multi-dimensional global space, are inputs to the global
sensitivity analysis in Balmorel. Figure 14 shows the
computed results from the global sensitivity analysis
performed in Balmorel.

Figure 13: Comparing the gas consumption in Reference
scenario with levels found in the literature.

Figure 13 shows that the presented Reference
scenario is in line with findings in previous studies.
However, while previous studies found that gas could
play a role to fuel the transportation sector, the new
results presented in this study show that more gas might
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Figure 14: Global sensitivity analysis which identifies and prioritise the influential parameters. The figure to the right is
a zoom (y-axis until 0.25) of the figure to the left. The parameters highlighted by a circle is deemed to be influential,
and the colour coding is the categorisation of parameters.

Figure 14 shows the impact of each uncertainty
parameters on the consumption of biomethane.
Additionally, an identical analysis is performed for the
consumption of natural gas and the combination of the
biomethane and natural gas consumption, which can be
found in the Supplementary Material. In the figure, the
parameters outside the two lines or close to the line are
considered influential parameters. The global
sensitivity analysis identified 19 influential parameters,
which can be grouped into six categories: 1) Fuel prices;
2) availability of resources; 3) energy demands; 4)
techno-economic costs of technologies; 5) grid tariffs;
and 6) emission related measures.
The Morris screening and global sensitivity analysis
have thereby made a screening of the influential
uncertainty input parameters. In this way, the number of
input parameters is thereby limited from 29 to 19
parameters. The reduction in considered uncertainty
parameters is useful before the uncertainty analysis, as
that is computational heavy.

performed using Monte Carlo simulations. The Monte
Carlo simulation approach uses a random probabilistic
sampling of uncertainty input parameters. However, the
Latin Hypercube sampling (LHS) technique is applied
to ensure stratification of the uncertainty range [0,1] of
input parameters, while keeping randomness in the
sampling. In this way, the whole uncertainty range is
covered, while avoiding clustering of sampling points,
as illustrated in the Supplementary Material, which
illustrates the 19 uncertainty input parameters
considered in the uncertainty analysis
The uncertainty input parameters obtained from the
Latin Hypercube sampling are subsequently integrated
into the 50 Monte Carlo simulations of Balmorel.
Results regarding the use of biomethane and natural
gas for a 2050 energy system, is visualised in Figure 15.

5.4. Results from the uncertainty analysis
After having identified the most influential input
parameters on the gas consumption in a future 2050
energy system, the uncertainty of these input parameters
are investigated in an uncertainty analysis, which is
13
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Therefore, variations in other parameters naturally may
affect the results. However, the figure shows a clear
tendency that, within the considered uncertainty range,
lower biomethane price leads to higher biomethane
consumption levels, ranging from 0 PJ to 90 PJ. In
particular, high levels of biomethane consumption is
found at production price levels around and below the
reference value at 12 €/GJ. Lower biomethane
production cost than 12 €/GJ exists in the literature, for
example, in Korberg et al. [47], who use a cost of
biomethane by 2050 between 10 €/GJ and 15.9 €/GJ.
The findings in the uncertainty analysis extended the
uncertainty range, highlighting inherent uncertainties
related to the use of methane in a future energy system.
However, owing to the global sensitivity analysis, new
information is gained, such as quantification and
prioritisation of parameters that be the most influential
on the use of methane in future climate-neutral energy
systems.

Figure 15: biomethane and natural gas as a function of
Monte Carlo simulations, sorted from the highest total
methane use to the lowest.

Figure 15 visualises the use of biomethane and
natural gas as a function of Monte Carlo simulations,
sorted from the highest total methane use to the lowest.
The figure illustrates the high uncertainty related to the
level of methane use in a future climate-neutral energy
system by 2050. Compared to technology and fuel
choices in a future energy system, gas can be considered
a fuel which is highly sensitive to the energy system
configuration, and which is used in situations with
limited resource availability, high demand, and
naturally, when fuel prices are favourable.
Results regarding the biomethane consumption as a
function of variation in the cost of producing
biomethane, for a 2050 energy system, is visualised in
Figure 16.

Conclusion
This study investigated the uncertainties related to
the future consumption of gas in the Danish energy
transition using energy systems modelling. The study
applied the comprehensive energy system model,
Balmorel. Balmorel computed the least-cost solution
for the energy system to satisfy future energy demands.
A reference scenario was designed to show a plausible
energy transition pathway towards a climate-neutral
Danish energy system by 2050.
Results for the designed reference scenario, which
comply with the Danish energy targets in 2030 and
2050, show a decline in gas supply in the energy
transition towards a climate-neutral energy system by
2050. Demands decrease from a level today at around
100 PJ to around 55 PJ in 2050 in the investigated
Reference scenario. In particular, a decreased use of gas
in individual heating in the residential sector, and for
power and district heating supply is identified over the
considered period. However, the gas supply to heat
processes in the industrial sector contributes with an
increasing share of the total gas supply throughout the
considered period until 2050, owing to gas being a
preferable option along with increasing energy demands
assumed in the process heat demands in the industrial
sector.
The presented scenario results of the total gas
consumption are in line with findings in previous
studies. However, the future consumption of gas is
highly uncertain. Therefore, to shed lights on the
uncertainties related to the future use of gas in the
Danish energy system, an extensive global sensitivity

Figure 16: Biomethane consumption as a function of
biomethane production price within the considered
uncertainty range.

Figure 16 depicts biomethane consumption as a
function of biomethane production price within the
considered uncertainty range and with the reference
value at 12 €/GJ. The results are obtained by the Monte
Carlo simulations, where all input parameters are
assigned a random, though ensured a stratification of
input parameters distributed over the uncertainty range.
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analysis is performed, which is followed by an
uncertainty analysis.
The global sensitivity analysis was performed using
the Morris sampling technique. The aim of the global
sensitivity analysis was to screen for the influential
parameters. The uncertainty analysis on the identified
influential parameters was conducted using Monte
Carlo simulations with a Latin hypercube sampling. In
this way, the uncertainty analysis computed the impact
of the parametric uncertainty parameters on the
optimisation results related to the future use of gas.
The global sensitivity analysis highlighted 19
influential parameters of the 29 considered input
parameters. The influential parameters were identified
to have a substantial impact on the results of biomethane
and natural gas consumption. Some of the most
influential parameters are: the price of biomethane and
natural gas; energy demands and tariffs; biomass
availability; and parameters related to carbon
emissions.
The influential parameters identified in the global
sensitivity analysis was subsequently analysed in an
uncertainty analysis using Monte Carlo simulations.
The results illustrated the high uncertainties related to
the level of methane used in a future climate-neutral
energy system. Furthermore, the results showed that the
use of biomethane was ranging between 0 PJ and 90 PJ.
The cost of producing biomethane had a significant
impact on biomethane consumption, where high levels
were mainly found at prices below 12 €/GJ. Moreover,
the results showed that the future consumption of gas is
sensitive to the energy system configuration, as well as
the other identified parameters, such as limited resource
availability, high energy demands, and the fuel prices of
gas.
Finally, the results presented in this study thereby
showed that gas might play a key role in a future
climate-neutral energy system. However, the
configuration of the remaining energy system and the
uncertainties related to competing elements in the
energy system yields high uncertainties.
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Supplementary material to:
Energy systems modelling of uncertainties related to national gas consumption in energy transition pathways
Rasmus Bramstoft, Marie Münster

Supplementary Material
The supplementary material includes additional information regarding the data assumptions used in the main
paper.

Morris sampling of the 29 parameters. The Morris sampling compute r = 28 elemetary effects resulting in 28∙(29+1) = 840
simulations. Δ = 4/7.
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Latin Hypercube sampling for the 19 influential input parameters with 50 samplings used in the Monte Carlo simulations

Global sensitivity analysis which identifies and prioritise the influencial parameters. The figure to the right is a zoom (yaxis until 0.25) of the figure to the left. The parameters highlighted by a circle is deemed to be influential, and the coulor
coding is the catagorisation of parameters. Grid gas refers to both biomethane and natural gas consumption by 2050.
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