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Summary
As the urgency of tackling climate change becomes apparent, the transition to low-
carbon energy systems requires unparalleled and concerted efforts. The continuous
growth in global mobility demand, coupled with a long-lived dependence on fossil
energy resources, poses a significant challenge in ensuring the future sustainability of
the transport sector. This calls for actions advancing technological developments, es-
tablishing regulatory frameworks and promoting social changes to reduce the impact
of mobility demand on energy use and environment. At the same time, uncertainty
around the evolution of this interdependent socio-technical system implies that its
future configuration cannot be forecasted, but rather shaped, by initiating and sup-
porting scenario discussions among stakeholders and policy-makers. This process in
turn can clarify suitable interventions, implementation barriers, potential synergies,
expected acceptability and effectiveness of policy instruments.

This Ph.D. thesis builds on the research field of energy systems analysis to explore
the formulation of robust energy and transport planning. This study investigates the
case of the Danish energy and transport system, bringing advancements to two main
components: (i) integrated energy and transport modelling, and (ii) collaborative
scenario development and policy analysis.

A critical review of the structure of existing models covering the energy and trans-
port sectors lays the basis for this research. Advantages, potentials and challenges of
each model type are identified, as well as the parameterization of key features within
the transport sector, with focus on behaviour representation.

Harnessing the strength of energy system modelling in uncovering, assessing and
comparing integrated system configurations, this thesis further develops the optimiza-
tion energy system model TIMES-DK, by performing a technology characterisation
of fuel production technologies and by extending the representation of fuel supply
chains. In particular, for residual biomass, environmental considerations are intro-
duced and a comprehensive resource assessment is performed through soft-linkage
with a spatially and temporally detailed power and heat model.

The performed socio-economic optimization on residual biomass reveals the at-
tractiveness of the gasification route with subsequent Fischer–Tropsch synthesis for
the production of biofuels to supply the heavy segments of the transport sector. The
possibility of recovering the excess heat from the plants in the district heating grid
and returning bioashes for restoring soil nutrients and carbon in the agriculture fields
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contributes to the feasibility of this technology option.
The second component of this Ph.D. thesis enriches the development of coherent

and policy-relevant energy and transport scenarios, by embedding quantitative energy
and transport modelling within an iterative and participatory process. First, the use
of driving forces in bridging qualitative and quantitative tools for scenario creation
and analysis is explored, hereby identifying the drivers with potential high impact and
uncertainty on the future system, followed by the translation into model attributes
and their quantification. Second, recognising the need for a shared understanding and
interpretation of future scenarios, a Scenario Interface tool is developed to support
the communication and connect the academic and technical perspective with the
energy and transport policy arena. Third, the tool is applied to assess the impact
and effectiveness of combined technology and regulatory measures for the energy and
transport sectors in complying with emission reduction targets.

The advanced participatory approach brings the advantage of simultaneously com-
bining a set of consistent assumptions on the future energy and transport system, and
quantitatively assessing the impact of those changes on model results. The positive
implications for policy-making include a more transparent and democratic discussion
around system transitions, along with favouring mutual learning and awareness, both
from the perspective of advancing model development and the recognition of critical
aspects of the energy system. From a modelling viewpoint, stakeholders’ inputs con-
tribute to the validation of assumptions and in determining the feasible spectrum of
policy change.

The policy analysis highlights the higher impact of market signals in the form of
taxes and subsidies in complying with energy and climate targets. Restrictions on
fossil fuels also prove effective in reducing carbon emissions in inland transport, when
considering introduction and retirement profiles of vehicles. Moreover, the integrated
multi-sectoral model can inform on synergy and competition dynamics among policy
instruments for the coherent design of policy packages.



Sammenfatning
Det stadigt mere presserende behov for at tackle klimaændringer nødvendiggør en
hidtil uset, samordnet omstilling til energikilder med lavt CO2-indhold. Den fortsatte
vækst i det globale mobilitetsbehov, kombineret med en langvarig afhængighed af fos-
sile energiressourcer, udgør en betydelig udfordring for at sikre transportsektorens
bæredygtighed i fremtiden. Dette kræver handlinger til fremme af den teknologiske
udvikling, etablering af lovgivningsmæssige rammer og støtte af sociale ændringer,
for at reducere effekten af mobilitetsbehovet på energiforbrug og miljø. Usikkerhe-
den omkring den fremtidige udvikling af dette indbyrdes afhængige sociotekniske
system indebærer, at den fremtidige systemkonfiguration ikke kan forudsiges, men
snarere formes ved at indlede og understøtte scenariediskussioner blandt interessen-
ter og beslutningstagere. Denne proces kan klarlægge egnede interventioner, gennem-
førelsesbarrierer, potentielle synergier, forventet accept og effektivitet af politiske
instrumenter.

Denne ph.d.-afhandling bygger på forskningsområdet for energisystemanalyse, for
at udforske udvikling af robust energi og transportplanlægning. Afhandlingen anal-
yserer det danske energi- og transportsystem med bidrag til to hovedkomponenter:
(i) integreret energi og transportmodellering, og (ii) kollaborativ scenarieudvikling og
policy analyse.

En kritisk gennemgang af strukturen af eksisterende modeller inden for energi- og
transportsektoren ligger til grund for denne forskning. Fordele, potentialer og udfor-
dringer for hver modeltype identificeres såvel som parametrisering af nøglefunktioner
inden for transportsektoren med fokus på repræsentation af adfærd.

Ved at udnytte styrken af energisystemmodellering til afdækning, vurdering og
sammenligning af integrerede systemkonfigurationer bidrager denne afhandling til
videreudvikling af energisystemmodellen TIMES-DK. Der udføres specifikt en teknologi
karakterisering af brændstofproduktionsteknologier, og repræsentationen af brænd-
stofforsyningskæder udvides. For restbiomasse introduceres miljøhensyn, og en om-
fattende ressourcevurdering udføres ved linke med en rumlig og tidsmæssigt detaljeret
kraft- og varmemodel.

Den udførte socioøkonomiske optimering af restbiomasse afslører potentialet i for-
gasningsruten med efterfølgende Fischer-Tropsch-syntese til produktion af biobrænd-
stoffer til forsyning af den tunge transport. Muligheden for at genvinde oversky-
dende varme i fjernvarmeanlægget og tilbagevendende bioaske til genopretning af
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jordnæringsstoffer og kulstof på landbrugsområdet bidrager til de positive resultater
ved denne teknologivej.

Den anden del af denne ph.d.-afhandling beriger udviklingen af sammenhængende
policy relaterede energi- og transportscenarier, ved at indlejre kvantitativ energi og
transportmodellering i en iterativ participatoriske proces. For det første udforskes
de drivende parametres rolle i brugen af kvalitative og kvantitative værktøjer til
scenarieopbygning og analyse. Hermed identificeres parametre med potentiel stor in-
dvirkning og usikkerhed om, efterfulgt af oversættelsen til modelattributter og kvan-
tificering as disse. For det andet, ved at anerkende behovet for en fælles forståelse og
fortolkning af fremtidige scenarier, udvikles et scenarie værktøj til at understøtte kom-
munikationen mellem det akademiske og tekniske perspektiv og den faktuelle energi-
og transportpolitik. For det tredje anvendes værktøjet til at vurdere virkningen af
kombinerede teknologi og reguleringsinstrumenter for energi- og transportsektoren til
overholdelse af emissionsreduktionsmål.

Den avancerede participatoriske tilgang muliggør kombination af et sæt konsekvente
antagelser om det fremtidige energi- og transportsystem og kvantitativ vurdering af
effekten af disse ændringer på modelresultater. De positive konsekvenser for politisk
beslutningstagning omfatter en mere gennemsigtig og demokratisk diskussion omkring
systemændringer. Desuden fremmes den gensidige læring og bevidsthed, både ud fra
perspektivet om at fremme modeludvikling og vedrørende anerkendelse af kritiske
aspekter af energisystemet. Fra et modelleringssynspunkt bidrager interessenternes
input til validering af antagelser og til bestemmelse af det mulige spektrum af politiske
forandringer.

Modelresultater af den politiske analyse illustrerer den højere effekt af markedssig-
naler i form af skatter og subsidier til overholdelse af energi- og miljømål. Begræn-
sninger af fossile brændstoffer er også effektive for at reducere CO2-udslippet i land-
transport, når man vurderer indførelses- og pensioneringsprofiler af køretøjer. Desu-
den kan den integrerede multisektorale model informere om synergi og konkurrence
dynamikker mellem politiske instrumenter til understøttelse af udformning af sam-
menhængende politiske tiltag.
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CHAPTER 1
Introduction

1.1 Background
As the urgency of tackling climate change becomes apparent, the transition to low-
carbon energy systems requires unparalleled and concerted efforts [81, 32]. The con-
tinuous growth in global mobility demand, coupled with a long-lived dependence on
fossil energy resources, poses a significant challenge in ensuring the future sustainabil-
ity of the transport sector. Transport activity accounts for 23% of the energy-related
Greenhouse Gas (GHG) emissions at global level (2015) [46]. While the expected
continuing increase in population, income and trade contributes to the rise in energy
demand for transport, limited alternative fuel options, especially in the heavy-duty
segments, along with lock-in effects in the fuel and transport infrastructure, are result-
ing in a slower pace in the transition to renewable energy (RE) sources with respect
to other economic sectors [15, 61].

Reducing the impact of mobility demand on energy use and environment calls
for actions aiming at advancing technological developments, establishing regulatory
frameworks and promoting social changes. Strategies can be grouped in three over-
arching drivers: promote active and public transport modes (“shift”); reduce com-
muting distances and the need to travel (“avoid”); increase efficiency and switch to
low-carbon alternatives (“improve”) [42, 5]. Evaluating the potential and implica-
tions of these actions in achieving the mitigation targets can be informed from the
combination of quantitative assessment tools with policy-relevant scenario analyses.

Energy system models are developed and applied to analyse the cost and feasi-
bility of long-term climate pathways [59], thus supporting the definition of energy
policies and targets. In particular, optimization energy models provide least-cost sys-
tem configurations, under a range of assumptions about technological developments,
demand and price projections. An improved and more detailed representation of the
transport sector in an integrated energy model can contribute to the understanding
of sector-coupling dynamics, such as synergies and competitions in the supply and
demand of power, heat and fuels. An integrated assessment, along with a comprehen-
sive technology and resource characterisation, are therefore important components
for maintaining the reliability of energy system models in providing robust policy
recommendations.

At the same time, the uncertainty around the future evolution of the energy and
transport system, coupled with the difficulty of sufficiently capturing all relevant di-
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mensions of reality in a quantitative optimization model, can offset the usability of
long-term analyses. To secure coherence and impact on policy-making, these limita-
tions can be addressed by developing energy and transport scenarios in a collaborative
framework, where stakeholders’ perspectives can be integrated to inform and support
the quantitative modelling.

1.2 Danish context
This Ph.D. thesis explores the transition to a sustainable energy and transport system,
with a focus on the Danish case. This section thus aims at briefly introducing the
Danish energy policy background, as well as the relevant transport scenario literature.

In Denmark, energy and climate goals have characterised the political agenda since
the 1970s, as to both ensure security of energy supply and cost-effectively comply with
GHG emissions targets. On the long run, Denmark aims at becoming completely in-
dependent of fossil fuels by 2050 [77], contributing to European [32] and international
commitments [81] for a low-carbon society. To ensure a robust pathway to these long-
term goals, Danish energy policy has traditionally been governed by energy policy
agreements [76]. Moreover, since 2014, a climate law has been established to secure a
continuous focus on climate policy, with recommendations provided by the Climate
Council [74].

As a result of the ambitious energy strategy, Denmark has been a pioneer in the de-
velopment and integration of renewable energy in the energy system, establishing the
framework conditions for research and development in RE, especially in the power
sector. In recent years, the Danish energy system has witnessed increasing invest-
ments in renewable energy, including wind power, solar photovoltaic and bioenergy,
coupled with energy efficiency measures both in industrial and residential sectors [21].
Renewable energy holds a total share of 35% in the primary energy consumption in
2017 [21], with a target of 55% in 2030, as established in the latest energy agreement
[76].

On the other hand, the transport sector, accounting for 34% of the final energy use
and 38% of the energy-related CO2 emissions in 2016 [23], is primarily dominated by
the use of fossil fuels, with the largest segments being road and aviation for passenger,
and shipping for freight transport. Battery electric and plug-in hybrid vehicles rep-
resent only 0.5% of the total passenger fleet in 2017, with an expected share of 7.4%
in 2030 under business as usual conditions [21]. Incentives to promote a low-carbon
transport system have been mainly focusing on electro-mobility in the private sector
[43, 77], as well as advanced biofuels and biomethane for the heavy transport [18].
Initiatives include pilot projects for the introduction and test of electric vehicles, the
establishment of funds for recharging infrastructure [77], and founding partnerships
for promoting the use of biomethane in freight and public transport [74].

Denmark’s energy and climate plan for fossil fuel independence in 2050 is thor-
oughly reflected in a substantial body of studies, discussing optimal pathways to the
future energy and transport system from a technical, economic and environmental
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perspective. The majority of the scenario literature explores the whole energy sys-
tem [28, 41, 52, 22], while some studies specifically focus on the transport sector
[17, 26, 29]. While all scenarios share a common vision for Denmark, i.e. reaching
the set reductions of GHG emissions along with ensuring security of energy supply,
they hold different assumptions on the level of energy independence (e.g. domestic
biomass potentials and allowed bioenergy imports), future developments of energy
and vehicle technologies (e.g. adoption of electric vehicles), efficiency improvements
and impact of modal shift in the transport sector. Moreover, some of the reviewed
studies integrate stakeholders in scenario development through, e.g. workshops and
expert panels [41, 17, 26, 29], while others mainly rely on the support of models for
scenario analysis and validation [28, 52, 22].

In light of the urgency of addressing the transition to a sustainable transport
sector, previous experiences in scenario planning point to the need of exploring the
issue from an integrated and policy-relevant perspective. “Integration” relates both
to the system assessment of the energy and transport sectors in a single modelling
framework, accounting for system dynamics and challenges, and to the participatory
combination of qualitative and quantitative methods, as to improve the definition
of robust and policy-relevant pathways. This work addresses this research gap by
exploring modelling and scenario elements to provide robust inputs to the Danish
energy and transport policy-making, as detailed in Section 1.3.

1.3 Research questions
This study aims at contributing to the field of energy system analysis by providing
methodological advancements to robust energy and transport planning, with a focus
on the Danish context. The overall research question guiding this study can therefore
be framed as:

How can energy system models inform the definition of
robust and policy-relevant energy and transport pathways?

The thesis further articulates this research question, by addressing two main re-
search themes: (i) integrated energy and transport modelling, and (ii) collaborative
scenario development and policy analysis.

Modelling the energy and transport system in an integrated framework, i.e. re-
search theme (i), allows capturing potential sector-coupling dynamics. The produc-
tion of alternative transport fuels through biorefineries and electrolyzers might realise
an increasingly interconnected system, providing the possibility of recovering excess
heat to supply the district heating (DH) network, as well as potentially increasing
system flexibility through conversion and storage of excess renewable power. The
analyses of future fuel supply chains in the literature consider technical, economic
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and environmental aspects [79, 50, 55], yet in isolation, thus failing at representing
the trade-offs between these dimensions and the interactions with the rest of the en-
ergy system.
This thesis attempts at filling the gap in the integration of the transport sector and
the comprehensive representation of fuel supply chains in energy system models, by
answering the research questions RQ1 and RQ2 (Figure 1.1). RQ1 investigates the
suitable model structure and relevant parameters to improve the representation of
the integrated energy and transport system. RQ2 focuses instead on modelling the
supply side and exploring the role of residual biomass resources in the transition to
a renewable-based energy system.

How can energy system models
be improved to allow a more integrated
assessment of the transport sector?

RQ 1

T
he

m
e

(i
)

What is the role of residual biomass
resources in supplying a renewable-based
energy and transport system?

RQ 2

How can quantitative tools and stakeholders’
perspectives be integrated to create
policy-relevant scenarios?

RQ 3

T
he

m
e

(i
i)

What are the most cost-effective policy
measures driving towards a more
sustainable transport system?

RQ 4

Papers
I II III IV V VI

X X

X X

X X

X X

Figure 1.1: Research questions and themes addressed in the papers of this thesis.

The development and analysis of transport and energy scenarios, i.e. research
theme (ii), traditionally involves a combination of qualitative and quantitative meth-
ods to explore a range of plausible, shared and desirable futures [33]. The dialogue
and integration between qualitative narratives and quantitative energy modelling
can support the creation of more robust and policy-relevant scenarios [70]. However,
interpretation biases and lack of transparency in the translation between the two
perspectives might hinder the development of coherent scenarios and the definition
of robust policy measures [3]. Research questions RQ3 and RQ4 (Figure 1.1) address
this issue, first by investigating the integration of stakeholders’ perspectives into quan-
titative tools for the creation of relevant scenarios (RQ3), and second by applying the
built scenario framework to identify coordinated and cost-effective policy measures
promoting a more sustainable transport system (RQ4).

Figure 1.1 illustrates how the research questions have been progressively investi-
gated across the six papers forming this thesis: from model structure and parameteri-
zation (Papers I and IV), towards integrated transport and energy system assessment
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(Papers II and III), inclusion of stakeholders in scenario development and analysis
(Papers IV and VI) and transport policy analysis (Papers V and VI). To answer the
proposed research questions, a research framework has been developed within this
study, described in Section 1.4, along with a brief description of the contents of the
papers.

1.4 Research framework
The unified research framework connects the two research themes (Section 1.3): (i) in-
tegrated energy and transport modelling, and (ii) collaborative scenario development
and policy analysis. Figure 1.2 exemplifies the linkages and feedback loops between
the main elements of the research framework, referred to in italics in the following
description.

Figure 1.2: Research framework for this thesis.

The first research theme (i) relates to the quantitative assessment of least-cost
configurations for the energy and transport system, through an integrated energy and
transport model under a range of techno-economic assumptions and policy objectives.
This type of analysis requires the joint definition of the model structure and the identi-
fication and parameterization of real-world attributes into model variables. In Paper
I, I review the structure of existing models covering the energy and transport sectors,
identifying advantages, potentials and challenges of each model type. Furthermore, I
address the parameterization of key features within the transport sector, with focus
on behaviour representation.

A bottom-up model of the integrated energy and transport system allows for a
technology-rich characterisation of the system’s building blocks, i.e. supply, conver-
sion and demand. In Paper II, I describe my contribution to the development of
the energy system model for Denmark, TIMES-DK, particularly the implementation
of fuel supply chains for the transport sector. Moreover, I discuss the main strengths
and limitations of the modelling tool, underlining the modular structure and the
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ability to perform system assessments on one side, and the assumptions on perfect
rationality and market conditions on the other side.

The adopted energy system model optimizes future technology investments and
operation over the time horizon, under a set of assumptions on technological devel-
opment, projected end-use demands and given constraints on, e.g. emission targets.
In Paper III, I perform a comprehensive technology characterisation and resource
assessment for the case of residual biomass in Denmark, with the aim of identifying
and prioritising technology investment strategies from both an economic and environ-
mental perspective. Moreover, I introduce a methodology for soft-linking TIMES-DK
with the spatially and temporally detailed power and heat model Balmorel-OptiFlow.

The second component of the research framework, research theme (ii), harnesses
the versatility of scenario development and analysis to integrate stakeholders’ perspec-
tives into the quantitative energy and transport analysis tools. The development of
coherent and policy-relevant energy and transport scenarios can be achieved through
an iterative and participatory process, in which drivers and policies with the highest
impact and uncertainty on the future system are identified, compared and combined.
In Paper IV, I design a methodology for the quantification, translation and mod-
elling of stakeholders’ narrative scenarios, thereby maintaining internal consistency
and the necessary dialogue between model and stakeholders.

To provide robust policy recommendations towards a more sustainable energy and
transport system, first I assess the impact of measures targeting the inland passenger
transport sector on GHG emissions in Paper V. Second, in Paper VI, I perform a
more comprehensive assessment of policies and technology drivers, measuring their im-
pact and effectiveness in decarbonising the whole Danish transport sector, with the
support of a developed meta-model for scenario creation and communication with
stakeholders.

The importance of adopting a unified encompassing framework stems from the
opportunities of maintaining consistency and transparency along the study, as illus-
trated through feedback links in Figure 1.2. Model results are compared against
historical data during the calibration phase, while they are analysed against expected
results, related studies and stakeholders’ perspectives during the validation and re-
vision phase. Moreover, the revision of quantitative scenario results against the sto-
rylines developed by stakeholders promotes both mutual learning and awareness. In
fact, the process can reveal unanticipated cause-effect relationships and discrepancies
originating from different implicit assumptions anchored within the model and the
narrative scenarios.

Finally, the model development benefits from the unified framework, as the itera-
tive communication with stakeholders can pinpoint neglected or overlooked aspects,
which can be progressively integrated in the model through further development of
its structure, data or assumptions.
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1.5 Thesis structure and scientific contribution
Following this introduction chapter, the thesis is organised in two main components.
The first part provides a description of the methods developed within this study
(Chapter 2), the main results and policy implications (Chapter 3), finally drawing
the conclusions of the thesis, by answering the investigated research questions and
providing some perspectives for future research (Chapter 4). The second part contains
the publications forming this thesis (Appendix A - F), where a thorough description of
data assumptions, methodologies and findings can be found. The co-authored papers
result from a collaborative work with project partners and fellow researchers. In this
view, few clarifications on the contribution of this Ph.D. study are hereby presented
for each paper.

Paper I: primary contribution in the design and planning of the critical review study;
actual classification of the literature; introduction of model taxonomy; analysis
of the representation of behaviour in energy and transport models; discussion
of methodological and policy implications.

Paper II: substantial contribution in collection of data sources, model development
and description of the fuel supply sector, along with discussion of strengths
and limitations of the modelling tool. Minor contribution in the validation and
documentation of other sectors, i.e. transport.

Paper III: primary contribution in carrying out the literature review, model devel-
opment and scenario analyses in TIMES-DK, including the implementation of
fuel production technologies and environmental considerations associated to the
use of biomass resources; contribution to model linking methodology, interpre-
tation and discussion of results; collaboration on the actual data harmonisation
and exchange with Balmorel-OptiFlow, although not responsible for the imple-
mentation in the latter.

Paper IV: primary contribution to literature review of transport scenarios and use
of driving forces; translation, quantification and modelling of stakeholder sce-
nario inputs in TIMES-DK; discussion of methodological and policy implica-
tions; involvement in scenario workshops and interviews with stakeholders, al-
though not direct responsible for the stakeholders’ engagement work.

Paper V: substantial contribution in the review and definition of policy scenarios
for private passenger transport, along with partial support to the model imple-
mentation and discussion of results.

Paper VI: primary contribution to the development of the Scenario Interface tool
and its linkage to the energy system model TIMES-DK; scenario development,
analysis and discussion of results and policy implications. Minor contribution
in planning the scenario workshops with citizens and stakeholders.
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CHAPTER 2
Methods

Energy system modelling and analysis constitute the overarching methodological
framework for this Ph.D. study. This chapter illustrates the development of energy
system modelling tools, applied both for the techno-economic analysis of the energy
and transport system (Section 2.1 and Section 2.2), and for the integration of qualita-
tive stakeholders’ perspectives into scenario development and analysis (Section 2.3).

2.1 Integrated energy and transport systems
2.1.1 Background
An energy system can be defined as the integrated set of energy flows from the
extraction of primary energy resources to the conversion into power, heat and fuels
for the fulfilment of the final energy demands in the different economic sectors. The
interfacing of multiple and co-dependent processes, technologies and actors brings
about a system with a high level of complexity and uncertainty.

Following the oil crises in the seventies, energy system models were built to sup-
ply the need of analysing the impact of energy policy decisions from a technical and
economic perspective. Striving to comprehensively represent regional, national and
international energy systems, energy models support the assessment of technical fea-
sibility and security of energy supply. More recently, with the increasing awareness
of the negative impact of human activity on climate and environment, energy system
models are further developed and used to analyse the cost and feasibility of climate
pathways [59], through e.g. emission reduction targets, energy efficiency measures,
technology development potentials and end-use demand management.

A variety of energy system models exists, characterised by, among others, dif-
ferent underlying mathematical methods, modelling approaches, geographical and
temporal coverage and resolution [9, 34]. Simulation models build a simplified repre-
sentation of a system, relying on statistical or empirical relationships between system
components and exogenous projections to predict its future development (e.g. the
temporally-detailed simulation model EnergyPLAN [58]), while optimization models
apply mathematical programming techniques to determine the optimal configuration
of the system (e.g. the open source optimization energy model OSeMOSYS [40]). En-
ergy models can also be classified according to the level of detail in the description of
technologies. Bottom-up energy models are typically technology-rich representations
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of energy supply and demand (e.g. ESME, a bottom-up energy system model for
UK [63]), while top-down models focus on macroeconomic dimensions and address
the feedback between the energy system and other economic sectors, thus present-
ing a more aggregated representation of technologies (e.g. the computable general
equilibrium model EPPA [48]). Finally, hybrid models and model linking methodolo-
gies attempt at combining the top-down and bottom-up approaches into a partially
or fully integrated modelling framework [39], as for the integrated energy-economy
model ECLIPSE [80].

2.1.2 Transport in energy system models
Accounting for 29% of the final energy demand globally [45], transport is generally
included as an end-use sector within energy system models. However, transport
technologies, fuels and infrastructure network can be represented with varying levels
of characterisation, aggregation and coverage in energy system models.

The relevance of considering the integrated energy and transport system con-
tributes to the understanding of synergies and sector-coupling opportunities. In par-
ticular, the transport sector is interrelated with the generation and demand of power,
heat and fuels. The increasing adoption of electric vehicles, especially in the private
passenger sector, opens up the possibility of powering the transport sector, locally
storing surplus renewable electricity and supplying the power back to the grid during
demand peaks through Vehicle-to-Grid (V2G) technologies [35]. Furthermore, plants
producing biofuels for the transport sector can recover their excess heat to supply the
district heating grid [36], and biogas facilities may use residual agriculture products
to generate renewable gas for the heavy-duty transport [16].

Paper I reviews the representation of the transport sector and transport behaviour
in energy system models, thereby proposing a taxonomy classifying the level of in-
tegration of the energy and transport sectors from a modelling and policy analysis
perspective, as illustrated in Table 2.1. Transport technologies, including vehicles, in-
frastructure, fuel supply chains and transport modes, are comprehensively covered in
integrated energy and transport system models (E+T). Paper I highlights that the ma-
jority of the analysed E+T models adopt a bottom-up or hybrid modelling approach,
thus allowing a technology-rich representation of the transport sector. In turn, such
a disaggregated perspective strengthens the analysis and definition of more targeted
policy measures, possibly diversified by vehicle technology, fuel type, transport mode
or consumer group. Moreover, optimization E+T models can determine least-cost
pathways to meet a specific policy goal under a range of scenario assumptions. This
strength makes them useful decision support tools in assessing the long-term effects
of policies and measures in the integrated energy and transport system.

In light of these findings from the literature review and with the aim of identifying
robust energy and transport pathways, this study adopted and further developed
an optimization energy system model with a rich technology representation of the
transport sector (E+T), as described in detail in Section 2.1.3.
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Category Description Focus
E Sectoral energy models consider only

the energy-related aspects of the
system under analysis

Study future projections of energy
demand, at different levels of spatial
and temporal aggregation

E+ Energy models partially including the
transport sector represent transport
at an aggregated level

Take into account the effect of
aggregated transport energy demands
on the surrounding energy system

E+T Highly integrated energy and
transport system models contain a
highly disaggregated transport sector
in an energy system model

Perform transport-focused policy
analyses and consider the effects of
modal and technology shift on the
energy system

T+ Transport models partially including
the energy sector include the energy
system at an aggregated level

Analyse the impact of transport
technology and modes on energy
consumption and emissions or vice
versa

T Sectoral transport models are
transport models with little or no
focus on energy demand

Simulate travel trips by origin and
destination, trip purpose, mode of
travel and household demographics.
Focus traditionally on behavioural
aspects of individuals’ decisions

Table 2.1: Taxonomy of energy and transport models (adapted from Paper I).

2.1.3 The energy system model TIMES-DK
To develop coherent transport and energy scenarios and identify relevant policy mea-
sures towards a more sustainable transport system in the Danish context, the energy
system model TIMES-DK has been applied and further developed during this study.
TIMES-DK, belonging to the TIMES model family [51], is a bottom-up optimiza-
tion model of the Danish energy system geographically aggregated in two regions
(Denmark-East and Denmark-West). The model assumes full foresight and perfectly
competitive markets, with techno-economic projections until 2050. TIMES-DK pro-
vides a system assessment of the whole energy sector, optimizing technologies’ oper-
ation and investment to supply the electricity, heat and fuels to the end-use sectors,
i.e. transport, industry and residential.

To cope with the high number of model variables, TIMES-DK is mathematically
formulated as a linear program, with the objective of minimising the total system cost,
subject to standard and user-defined constraints. The total system cost Obj (Eq. 2.1)
discounted to the reference year YR at the discount rate d represents the sum of annual
investment costs Invr,y, fixed and variable operation and maintenance (O&M) costs
O&Mr,y, import costs Impr,y and export revenues Expr,y for each model region r
and year y. If included in the analysis, i.e. private-economic assessment, taxes Taxr,y

and subsidies Subr,y are addends of the objective function.
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Obj = ∑
r∈R
∑
y∈Y
(Invr,y +O&Mr,y +Impr,y −Expr,y +Taxr,y −Subr,y)∗(1+d)YR−y (2.1)

Standard model constraints control capacity utilisation and activity flows across
processes and regions, and ensure conservation of investments across years. Addi-
tional constraints can be specified, for example, to impose bounds on emissions, to
limit the investments in a certain technology, or to set the fuel mix supplying a spe-
cific sector or process. Paper II provides a full description of the model TIMES-DK,
including data assumptions, temporal and geographical resolution, and sector-specific
implementation, while Paper V details the representation of the transport sector in
TIMES-DK.

The transport sector comprises both passenger and freight, further disaggregated
into several modes. Passenger transport covers air, ferry, car, bus, coach, rail, 2-
wheeler (motorcycle and moped) and non-motorised modes (bike and walk). Freight
includes aviation, shipping, van, truck and train. Within the inland transport seg-
ment, the modal shift can occur, and it is based not only on the levelised costs of the
modes, but also on mode speed and infrastructure requirements (Figure 2.1). This
latter parameter ensures that the level of infrastructure accommodates the mobility
demand for each mode or group of modes, with three main transport infrastructure
types included, i.e. road, bike lanes, and railways. Moreover, yearly distance-based
travel demands need to be satisfied at the minimum cost while complying with an
assigned Travel Time Budget (TTB).

Transport vehicles are characterised by techno-economic parameters such as in-
vestment cost, operation and maintenance cost, fuel efficiency, mileage, lifetime, trav-
elling time, and occupancy/load factor.

As an optimization energy model, TIMES-DK can determine cost-effective con-
figurations of the system, under the envisioned technological development, imposed
policy and technical conditions. This functioning logic affords quick “cause-effect”
assessments, by investigating the impacts of changes in the input assumptions on the
energy system across all sectors. Moreover, its modular structure allows performing
model expansions, especially in terms of new technologies and sectors. Leveraging on
this potential, I enlarged the representation of fuel supply chains in TIMES-DK to
afford a more comprehensive characterisation of resources, fuel production technolo-
gies and infrastructure (Section 2.2). On the other hand, the aggregated nature of
TIMES-DK can constitute a limitation in sufficiently capturing the time and space
dimensions, thus possibly leading to, e.g. underestimation of power capacity, or hin-
dering a detailed assessment of, e.g. area-specific transport costs of resources and opti-
mal localisation of heating plants. In this view, soft-linking can offer the opportunity
to combine the strengths of different model typologies and perform more comprehen-
sive analyses, while simultaneously avoiding the higher complexity and computational
time associated with an integrated model configuration (Section 2.1.4).
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Figure 2.1: Structure of inland passenger transport in TIMES-DK (Paper V).

2.1.4 Model soft-linking
In this Ph.D. study, model linking has been adopted to broaden the analyses per-
formed by the energy system model TIMES-DK, for two cases examining the Danish
energy system: the optimal use of residual biomass resources (Paper III) and the
decarbonisation of the Danish inland passenger transport sector (Paper V).

For the first case, TIMES-DK is soft-linked to the power and heat model Balmorel
with the add-on OptiFlow to benefit from the specific strengths of each model type,
respectively in terms of process coverage and spatio-temporal resolution (Figure 2.2).

Balmorel is a partial equilibrium model for simultaneous optimization of invest-
ments and dispatch of electricity, district heating and hydrogen, under the assumption
of perfectly competitive markets [85]. The add-on OptiFlow is a generalised network
model used to analyse the optimal use of residual biomass and waste, integrating
economic, environmental and resource scarcity considerations [62].

District heating and transport of resources are modelled in Balmorel-OptiFlow
at a higher geographical and temporal resolution than in TIMES-DK. For district
heating, the 34 largest DH grids in Denmark are represented individually, where the
technologies competing for the supply of heat are waste incineration plants, excess
heat from industries and biorefineries. To represent the local availability and trans-
portation of biomass and waste resources, another spatial layer models transport links
at municipality-level. Moreover, a chronological hourly resolution is adopted for four
full representative weeks, one for each of the four seasons. Finally, electricity and dis-
trict heating generation in Norway, Sweden, Finland and Germany is also modelled
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in Balmorel, as to represent that the Danish electricity price is determined within the
interconnected North European market.

The models TIMES-DK and Balmorel-OptiFlow are first harmonised in terms of
technical and economic characteristics of conversion plants and their stock capacity,
exogenous fuel prices, biomass potentials, and renewable energy capacity potentials.
Additionally, while TIMES-DK performs a perfect foresight optimization along the
whole modelling horizon, Balmorel adopts perfect foresight within the optimization
year and a myopic approach between years, as to portray a more realistic picture of
technology investments under uncertainty.

Within the soft-linking procedure, TIMES-DK calculates annual power, district
heating and hydrogen demands as inputs to Balmorel, as well as yearly allocation of
residual biomass and fossil fuels for electricity, district heating and fuel production.
Subsequently, Balmorel-OptiFlow co-optimises power, district heating and hydrogen
generation, along with the utilisation of residual biomass, at a higher geographical
and temporal resolution. Subsequently, Balmorel-OptiFlow informs TIMES-DK on
the computed average transport cost for biomass, the amount of heat that can be
efficiently recovered from biorefineries in the DH grids, and the net electricity trade
volume between neighbouring power regions.

Figure 2.2: Soft-linking between TIMES-DK and Balmorel-OptiFlow (adapted from
Paper III).
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This novel modelling framework brings the benefit of harmonising, comparing
and validating the solutions of two energy system models for Denmark, each having
different scope and capabilities. In particular, the approach allows to analyse the
techno-economic feasibility of biorefineries investments and the value of recovering
excess heat, considering the competition with alternative heating options to supply
central DH grids, at a higher temporal and geographical detail than possible with the
current structure of TIMES-DK.

For the second case, the model TIMES-DK is soft-linked with a private car sim-
ulation model, the Danish Car Stock Model (DCSM), to integrate the insights from
the energy system assessment and the disaggregated behavioural perspective, respec-
tively. DCSM is a consumer choice model of the Danish private transport sector
accompanied by a sectoral simulation model of the car stock [57]. The first compo-
nent performs a socio-economic simulation of consumer choice determining the market
shares of different car types by considering tangible costs, as well as a monetised rep-
resentation of the intangible costs faced by private consumers when purchasing a
vehicle. The second component is a techno-economic bottom-up model simulating
car stock projections, accounting for the historical composition of private car sales,
average mileage, efficiency, and lifetime of vehicles with a disaggregation of vintage,
fuel type and engine size.

Within the soft-linking procedure, TIMES-DK first determines the optimal tech-
nology investment profile to meet the exogenous end-use travel and energy demands
at the least overall system cost. Second, DCSM checks the technical feasibility of
the solution obtained with TIMES-DK for the private passenger transport sector, by
comparing the evolution of the market shares for each car type along the modelling
horizon. If the solution from TIMES-DK is not feasible (e.g. it overestimates the
introduction of EVs), capacity constraints bounding the stock of specific car tech-
nologies are added in TIMES-DK to comply with the realistic car shares projections
calculated by DCSM. The data exchange between the two models is iterated until
convergence of car stock results.

Also in this second case, model linking brings the advantage of obtaining a more
complete picture of the system under analysis. In particular, the integration with
the DCSM model provides additional details of the private car sector, by portraying
realistic consumer preferences and by accounting for a more heterogeneous set of car
types than in TIMES-DK.

2.2 Transport fuel chains
2.2.1 Technology characterisation
Electricity might supply a large share of the future passenger and light-duty transport
segments in the future. On the other hand, low-carbon liquid and gaseous fuels will
be required for substituting fossil fuel use in the heavy transport, i.e. road freight,
maritime and aviation. While biomass-based fuels could represent a possible alter-
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native for these transport segments, biomass is a limited resource, whose use could
be constrained by potential technical, political and environmental implications [64].
Residual biomass, such as agricultural by-products, residues of forestry and other
industries, could lend itself to multiple options, including production of alternative
low-carbon fuels, heating and back-up power. At the same time, residual biomass
is partly an untapped resource, which does not directly compete with food and feed
supply [14].

In this context, Paper III investigates different pathways for the optimal use of
residual biomass resources in Denmark, along with analysing the interactions between
the production of alternative fuels and the rest of the energy system. Moreover, the
analysis contributes to the body of research studies exploring prioritisation options
for the use of straw in the Danish context. The alternative competitive uses identi-
fied include heat and power production, second-generation bioethanol from fermenta-
tion, biogas from co-digestion with manure, and synthetic fuels from gasification and
Fischer–Tropsch (FT) synthesis.

Figure 2.3: Cross-sectoral interactions as modelled in TIMES-DK.
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Figure 2.3 exemplifies the representation of transport fuel chains from biomass
resource supply, biofuel conversion to the utilisation in the different transport modes,
as implemented in TIMES-DK. Furthermore, the interactions between the fuel chains
and the rest of the energy system are indicated. As illustrated, the development of a
fuel conversion sector, thus a bioenergy market, potentially enhances the connection
between the transport sector and the classical heat and power generation, through
e.g. the recovery of excess heat from biorefineries. On the other hand, cross-sectoral
competitions over shared resources might possibly intensify, e.g. woody biomass for
production of transport fuels versus utilisation in combined heat and power (CHP)
plants. Additionally, Figure 2.3 depicts the conversion pathways and the fuels sup-
plied to the end-use technologies, as currently implemented in the model consistently
with the available techno-economic data. However, as research progresses and un-
covers technological innovations, a broader characterisation of fuels chains could be
introduced.

The biomass resources relevant to the Danish context, including organic waste
from households and industry, are included with annual energy potentials (Table 2.2),
for the supply of biofuel production, power and heat conversion, and direct use in
the end-use sectors, i.e. industry and residential. Currently, the biofuel production in
Denmark is limited to biodiesel from rapeseed oil (250 000 t/year capacity) and used
cooking oil and animal fat (50 000 t/year capacity) [24]. Moreover, biogas production
from the anaerobic co-digestion of manure, residual agriculture products and energy
crops amounts to around 9 PJ (2016) [23]. Only a minor amount of the produced
biogas is upgraded to biomethane and utilised in transport vehicles [23]. However,
the total national potential for biomass have been estimated to be around 200 PJ by
reviewing different sources and national reports.

Feedstock Potential (PJ) Domestic/Imported Reference
Corn 45 D & I [19]
Grass 6.7 D [20]
Manure 28.7 D [19, 1]
Organic waste 4.2 D [4]
Rapeseed 15 D & I [19]
Sugarbeet 15 D & I [19]
Straw 54 D [73]
Woodchips & wood waste 41.6 D & I [19]
Woodpellets I -
Total domestic 206.1

Table 2.2: Domestic (D) biomass potentials for Denmark (PJ) and biomass re-
sources which can be imported (I) (Paper III).
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Table 2.2 reports the assumed technical potential for each feedstock, estimated
as the amount of biomass technically available under business-as-usual conditions,
i.e. with no changes in diet, crop production and land management practices [79].
Future availability of biomass will also depend on other factors, such as changes in
climate conditions, competition with food supply and impacts on soil, water and
ecosystems.

Several processes converting biomass to biofuels and biogas have been imple-
mented in TIMES-DK, including fermentation, gasification and Fischer–Tropsch (FT)
synthesis, anaerobic digestion, transesterification and hydro-treatment of vegetable
oil. The complete technology characterisation with modelled process inputs, outputs,
costs and efficiencies, is included in Appendix C (Paper III). As examples, Figure
2.4 illustrates the commodity flows from an energy balance perspective, for the case
of biogas production from anaerobic co-digestion of straw and manure (above), and
biodiesel generation from gasification of straw and subsequent FT synthesis (below).

The process efficiency ε is the ratio between the energy embedded in the main
output, i.e. respectively biogas and biodiesel, and the energy content of the main
inputs, i.e. straw and manure. The main co-products are considered in the model as
auxiliary outputs, e.g. heat and bioethanol in the case of straw gasification. In this
way, the sector-coupling between the production of alternative transport fuels and the
generation of heat and power can be analysed within the same modelling framework,
e.g. assessing the opportunity of recovering the excess heat from biorefineries in the
DH grids.

Figure 2.4: Energy flows for two modelled processes.
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Along with the technical parameters (i.e. efficiency, availability factor, lifetime), all
conversion processes are characterised by economic parameters, i.e. investment cost,
O&M cost, pre-treatment cost (if relevant), input price and field-to-gate transport
cost of biomass resources.

Fuel supply chains are modelled from production to distribution for fossil fuels,
biofuels and electricity, along with fuel imports and exports, whenever relevant. The
fuel infrastructure consists of two components: fuel delivery and fuel stations. Fuel
delivery from fuel production to the end-use sectors is represented through a variable
cost (e/GJ of transported fuel) [27, 30], assuming that the existing fuel and grid
infrastructure can accommodate the annual demand for fuel delivery. Fuel stations
are explicitly modelled for public EV charging and blended gas stations, the latter
including both natural gas and biomethane. Virtual technologies simulate power and
gas stations, characterised by an investment cost and the information on existing
capacity in the base year (2015) [44, 71, 72]. In this way, only when the required
power/gas for vehicles exceeds the current stock, the additional required capacity is
built at a cost equal to the investment cost.

In addition to the implementation of supply chains for fossil, biofuels and elec-
tricity, the hydrogen chain has been added in TIMES-DK, as to include a more
comprehensive characterisation of fuel conversion technologies. Hydrogen generation
plants comprise electrolyzers, steam reforming and gasification of biomass [12]. Hy-
drogen transport infrastructure has been modelled as a process delivering the hydro-
gen gas to the end-uses, with associated investment, fixed and variable O&M costs
[67]. End-uses include micro-CHP for heat and power generation, fuel cell (FC) ve-
hicles in the transport sector, as well as hydrogenation in biofuel conversion plants,
e.g. FT biokerosene. The representation of the hydrogen chain allows portraying and
assessing flexibility and synergy options in the energy system, such as balancing vari-
able electricity generation through electrolyzers and boosting biofuel production from
thermal gasification through hydrogenation.

2.2.2 Environmental accounting
Ensuring a sustainable use of biomass for energy and fuels is crucial to safeguard
against unwanted environmental effects, such as negative impacts on climate, soil,
biodiversity, health and livelihoods. The inclusion of environmental considerations
associated to the use of biomass can improve the overall assessment of its sustainability
performance, e.g. by identifying potential sources of GHG emissions.

In this study, some of the most relevant considerations around the environmental
sustainability and impacts of biomass on global warming (GW) and land use have
been included in the modelling framework. In particular, drawing from the relevant
Life Cycle Assessment (LCA) literature [37, 68, 31], two aspects have been identified
and included within the energy system model TIMES-DK, as described in Paper III:
biogenic carbon accounting and soil fertilising effects.

Direct fossil CO2 emissions from fuel combustion, GHGfossil in Equation 2.2, are
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accounted for, through the assignment of emission factors to fossil resources at their
point of consumption, e.g. gasoline use in passenger car, expressed in kg CO2-eq/GJ.
For residual biomass, i.e. animal manure, grass, straw and organic waste, direct CO2
emissions from biogenic origin are assumed to be neutral in terms of GW potential,
as short biomass cycles of cultivation-harvest-conversion-degrade-regeneration do not
bring alterations to the natural carbon cycle in a long-term perspective, as well as their
domestic utilisation does not indirectly induce changes of land use elsewhere. Positive
emissions from Direct Land Use Change (DLUC) due to, e.g. intensified cultivation
or harvest, can be estimated by measuring the change of the carbon stock in biomass
and soil [82]. However, only qualitative considerations on positive DLUC are included
in this study, as the aggregated nature of TIMES-DK limits the representation of soil-
and context-specific emissions.

On the other hand, Indirect Land Use Change (ILUC) emissions, GHGILUC, are
assigned to energy crops and forest biomass, i.e. corn, rapeseed, sugarbeet, wood-
chips, woodpellets, according to the factors suggested by [78] and [31] for European
feedstocks, where it is assumed that the displacement of food and feed crops causes
changes in the use of land, thus carbon stock, elsewhere (e.g. conversion of tropical
forests and peat land drainage for oil crops). Additionally, considering the higher
GW potential of methane emissions, fugitive losses from biogas production, resulting
in CH4 emissions to the atmosphere, GHGCH4 , have been included, as illustrated in
Figure 2.4.

Negative DLUC effects, i.e. carbon sinks CO2-C in Figure 2.4, arise as some
biomass conversion processes can generate negative CO2 emissions, through soil in-
corporation of digestate from biogas plants [37], spreading of manure on fields [37]
and return of bioashes from biomass gasification to land [68], expressed as GHGDLUC−

in Eq. 2.2.
As a result, the carbon balance GHGtot in a given year follows Equation 2.2.

GHGtot = GHGfossil +GHGILUC +GHGCH4 −GHGDLUC− (2.2)

With respect to soil fertilising effects, by-products such as bioashes from the gasi-
fication of biomass [68] and digestate from the anaerobic digestion process [37] retain
soil fertilising properties (Figure 2.4). Moreover, the avoided fertiliser production re-
sulting from ploughing the straw and not removing it from the fields has been taken
into account, along with the possibility of using manure directly as soil fertiliser
without undergoing anaerobic digestion. The marginal fertilisers (NPK) considered
for nitrogen (N), phosphorus (P2O5) and potassium (K2O) are respectively Urea,
Diammonium Phosphate and Potassium Chloride. As decisions on investment and
operation of plants follow a least-cost optimization in TIMES-DK, the world market
price (e/t) has been assigned to the avoided fertiliser production associated to each
process [86].

As a result of these model enhancements, i.e. accounting of biogenic emissions
and fertilising effects, more comprehensive analyses can be performed in TIMES-DK
to assess the climate impacts of the utilisation of biomass for energy purposes. The
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inclusion of other GHG pollutants than CO2 and CH4 emissions, as well as the in-
corporation of additional environmental impacts in energy system models, e.g. water
depletion and biodiversity, could be addressed in further studies to broaden the sus-
tainability assessment of biomass value chains.

2.3 Scenario development
The integration of stakeholders has progressed through two main phases, first by
developing a methodology for the quantification, translation and modelling of stake-
holders’ narrative scenarios (Section 2.3.1), and second through the development and
application of a Scenario Interface tool, thus overcoming some of the limitations as-
sociated with handling qualitative scenarios in TIMES-DK (Section 2.3.2).

2.3.1 Incorporation of qualitative scenarios into energy
system models

As a means to cope with the complexity and uncertainty around the future develop-
ment of transport and energy systems, scenario planning is an increasingly adopted
methodology to assess robust and sustainable solutions [6]. Moreover, the involve-
ment of stakeholders, such as scientists, policy-makers and citizens, in the process
of scenario planning contributes to securing an impact on policy-making [83], by
translating technical configurations into practical and feasible policy recommenda-
tions through dialogue and negotiations [56]. In this way, adopting inclusive and
multidisciplinary approaches can provide a broader and integrated perspective, thus
embracing not only techno-economic elements but also considering social and political
implications [70]. On the other hand, the integration of stakeholders’ perspectives
into the scenario work presents several challenges. The coherent integration of quali-
tative scenario narratives and quantitative modelling requires an iterative process of
translation, quantification and revision, which should overcome the implicit assump-
tions in narrative storylines and modelling limitations respectively. The integration
problems identified in the literature relate to rendering the assumptions and cause-
effect relationships behind the storylines in a transparent manner, and the presence
of arbitrary interpretations when converting between narratives and model inputs [3].

In Paper IV, I investigate the iterative and participatory use of driving forces in
bridging qualitative and quantitative tools for scenario creation and analysis, for the
case of the Danish energy and transport system. Driving forces are those trends and
patterns, which can influence the outcome of events [66], and they can be grouped into
social, technological, economic, political and environmental factors. In their more
traditional function, driving forces support the definition of the main dimensions
along which scenarios are crafted. In general, the application of driving forces in
scenario planning supports the collective process of determining the most relevant
and uncertain factors, thus aligning stakeholders’ and modellers’ perspectives [8].
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The Story and Simulation (SAS) approach [3] formalises a general procedure for
combining qualitative and quantitative scenarios, where the main elements are the
development of qualitative storylines by stakeholders, the use of models to produce
quantitative scenarios, along with the harmonisation of the qualitative and quanti-
tative scenarios through an iterative process. Building upon the SAS framework for
scenario planning [3], the exercise for the Danish case enlarged the current methodol-
ogy to accommodate greater emphasis on the communication between the qualitative
storylines and the quantitative tool, i.e. the integrated energy and transport model
TIMES-DK. The scenario planning process comprised three main phases (Figure 2.5):
(a) participatory foresighting, including the generation of key drivers and narrative
storylines, (b) translation, quantification and modelling of the storylines in quantita-
tive scenarios in TIMES-DK, and (c) revision with stakeholders.

Figure 2.5: Incorporation of qualitative scenarios into energy system models.

Phase (a) was executed as two consecutive workshops. The first scenario workshop
involved the project scientific group, with fields of expertise ranging from engineering,
energy modelling and transport to social sciences applied to transitions in the energy
and transport system. The second workshop engaged stakeholders representing differ-
ent interests in the transport and energy sectors in Denmark. The workshops resulted
in the identification of relevant and uncertain drivers affecting the future transport
system in Denmark, along with the creation of narrative storylines on the basis of
the identified drivers.

In phase (b), the qualitative information from the workshops was translated into
quantitative model inputs, following a series of steps: (i) peer-reviewed prioritisation
of driving forces and parameters, as relevant to the Danish context and energy tar-
gets; (ii) translation of the most critical parameters from qualitative descriptions into
model attributes; and, (iii) determination of the quantitative levels for each model
attribute. The quantification of impact levels included the investigation of histori-
cal trends, current state and future planned development for each driving force. To
maintain consistency along the quantification process, the three possible levels (high,
medium, low) share the same basic assumptions: the low level is determined through
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extrapolation of the historical trend; the high level scenario corresponds to the most
optimistic development; the medium level assumes an evolution in between the low
and high levels. The scenarios, built as combinations of the critical driving forces,
were modelled in TIMES-DK by adjusting all relevant parameters and setting system
constraints, according to the scenario definition.

In the last phase (c), the quantified scenarios were reported back to the stake-
holders through individual interviews, in which they could address the interpretation
of qualitative descriptions into model attributes, the quantification of driving forces,
additional technologies or parameters to be considered and specific scenario results.
The revision process emphasised the need to place greater attention on including a
private-economic perspective in the modelled scenarios, as taxes and subsidies play
an important role in, e.g. vehicles’ purchase decisions. Moreover, additional parame-
ters identified during the interviews, e.g. autonomous vehicles (AV), were taken into
account as part of the successive phase of scenario development (Section 2.3.2).

2.3.2 The Scenario Interface tool
Driving forces proved to be an effective tool in maintaining the dialogue between
the stakeholders and the model along the scenario exercise. However, the adopted ap-
proach fell short in conveying the working philosophy, structure and limitations of the
modelling framework, thus possibly tuning stakeholders’ expectations on which part
of reality could be sensibly captured when translating and quantifying the narratives.

I address these limitations in Paper VI, in which the development and application
of a Scenario Interface tool supports the communication between the academic and
technical perspective embedded in the energy system model TIMES-DK and the
actual transport policy and practice, represented by stakeholders and policy-makers
from the energy and transport fields.

The Scenario Interface tool (Figure 2.6) has been developed in Microsoft Excel®
2016, gathering the main input assumptions of TIMES-DK and reflecting the drivers
identified in the initial dialogue with stakeholders (Section 2.3.1). The tool aims at
supporting the creation of energy and transport scenarios by a non-modeller audi-
ence, i.e. stakeholders and policy-makers involved in foresight exercises. It allows
the user to select a variety of parameters and constraints for the energy system by
using drop-down menus and tick boxes. Background information and descriptions of
choices in the form of pop-up comments guide the user along the scenario creation
in a self-learning environment. Moreover, graphs illustrate the baseline projections
for, e.g. transport demands and renewable energy production and capacity, as to
provide information on the reference scenario. The tool communicates the scenario
choices directly with the model TIMES-DK, which compiles the run and executes the
optimization algorithm.

The Scenario Interface tool is organised around the sectors modelled in TIMES-
DK, i.e. supply, conversion, industry, residential and transport, as well as on general
policy targets. For each of these, a specific section details a number of assumptions
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and constraints, which the user can modify when creating a scenario. By default, the
tool is set to replicate the assumptions on prices, technology developments and policy
targets to reflect the baseline (BAU) scenario. When creating a new scenario, these
assumptions can be modified, along with setting additional constraints, within each
section of the tool.

Choices are gathered around two main types for each section: policy measures
and technology assumptions (Figure 2.6). For the transport sector and the general
policy targets, the user choices are derived from the technology and policy measures
elicited during the stakeholder engagement work illustrated in Section 2.3.1, as well
as from literature studies. Transport measures include taxes adjustments, invest-
ments in transport infrastructure, improvements in public transport connectivity and
promotion of Mobility as a Service (MaaS).

Figure 2.6: Linkage between the Scenario Interface tool and TIMES-DK (Paper
VI).
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The Scenario Interface tool has thus been adopted for the development of con-
sistent energy and transport scenarios, built as combinations of the different policy
measures and technology assumptions. Scenario workshops have been organised, in
which stakeholders, policy-makers, interested citizens and experts in the energy and
transport fields were invited to outline and discuss future transport scenarios in the
context of living up to Denmark’s 2050 goals and achieving a 100% renewable-based
energy system [77].

This advanced participatory approach brings the advantage of simultaneously com-
bining a set of consistent assumptions on the future energy and transport system
and quantitatively assessing the impact of those changes on the model results. The
positive implications for policy-making include a more transparent and democratic
discussion around system transitions [49], along with favouring mutual learning and
awareness, both from the perspective of advancing model development and the recog-
nition of critical aspects of the energy system.
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CHAPTER 3
Results

This chapter presents the results of this Ph.D. study, organised around three analyses:
identification of relevant features to include in integrated energy and transport mod-
els (Section 3.1), policy analysis of transport and energy instruments (Section 3.2)
and role of residual biomass in supplying the integrated energy and transport system
(Section 3.3). As the research project COMETS focuses on developing sustainable
technology solutions and effective policies for the future transportation sector in Den-
mark, the case studies herein reported examine the Danish context. The last section
provides a discussion on the findings of the case studies (Section 3.4).

3.1 Key features in energy and transport models
3.1.1 Results from review and contextual analysis
Addressing the impact of mobility on GHG emissions requires critical measures tar-
geting both technological and behavioural aspects, classified by the International
Energy Agency [42] into three main mitigation actions: avoiding transport demand,
shifting transport modes, and improving transport technologies. To further identify
the specific demand-side actions, Paper I reviewed the energy modelling literature
and examined the key attributes and methodologies to represent transport-related
consumer choices in an integrated energy and transport (E+T) model.

Table 3.1 summarises the main findings of the review study. It was found that
E+T models should strive for adequately representing technology choice, modal
choice, driving patterns and new mobility trends, while adopting the suitable mod-
elling approach according to the investigated research question and scope of the study.
The analysis underlined the current under-representation of important factors affect-
ing the choice of vehicle and transport modes, such as non-monetary parameters, het-
erogeneity of transport users, fuel and transport infrastructure requirements. More-
over, at the time of writing, few model applications considered new mobility options,
such as car sharing, car pooling and the potential impacts of AVs.

Among the set of methodologies for including transport users’ choices in E+T op-
timization models like TIMES-DK, Paper I suggests to integrate the information from
detailed discrete choice models, which calculate the probability of choosing an option
from a finite set of alternatives, under the principle of random utility maximisation
and considering both monetary and non-monetary parameters.
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Furthermore, the endogenous representation of modal shift can be achieved by
aggregating travel demands for a group of modes, thus competing to supply the
transport service at the least-cost and satisfying set time constraints. Enriching
the technological and spatial detail of the integrated E+T model could allow for the
inclusion of mobility options such as car pooling, car sharing and autonomous vehicles,
by adjusting driving profile, occupancy factor, mileage, speed and cost.

Feature Description Methods
Technology Choice Possibility to select endogenously a

particular transport technology from
a set, based on cost and non-cost
parameters. More specifically, to
represent consumers’ behaviour,
non-monetary factors are commonly
utilised.

Discrete choice models
Constant elasticities of substitution
Disutility costs
Hurdle rates
Virtual technologies

Modal Choice Option to determine endogenously the
market shares of the different
transport modes. Feature for
studying the potential for future
modal shift to more sustainable
transport modes, such as the shift
from private car to public transport
or non-motorised modes.

Discrete choice models
Constant elasticities of substitution
Travel Time Budget (TTB)

Driving Patterns Speed profile of the vehicle and
distance travelled in a certain period.

Elasticities
Driving profiles

New Mobility Trends Recent developments in the use of
transport systems, fostered by the
introduction of different services and
Information and Communication
Technology (ICT) applications,
including intelligent transport
systems, car sharing, carpooling, trip
chaining, autonomous vehicles (AV),
mobility as a service (MaaS) and
optional transport abdication.

Discrete choice models

Table 3.1: Key features and methods to represent transport behaviour (adapted
from Paper I).

With relevance to the Danish context, Paper IV examines the key driving forces
affecting the future transport sector, in the perspective of reaching a renewable-based
energy system in 2050. The identification of the key drivers was undertaken as a
participatory scenario exercise, as described in Section 2.3.1. Table 3.2 lists the
driving forces and associated parameters, along with the qualitative assessment of
their impact and uncertainty, as performed by the stakeholder group. Moreover, the
last column indicates whether each driver has been incorporated in the model TIMES-
DK, as a result of the stakeholder prioritisation, as well as complying with the model
scope and capabilities. The legend for the model incorporation describes whether the
driver has not been implemented (−); has been included through parameterization,
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i.e. exogenous parameter change in a scenario (+); has been represented endogenously
by modifying the model structure (++).

As visible from Table 3.2, there is a correspondence between the stakeholders’
assessment of drivers and their model incorporation, as focus was set on including
parameters with highest impact and/or uncertainty. The parameters not yet incorpo-
rated or quantified may be interesting to address in future research, as the assessment
of their potential impact could change with technology development as for, e.g. intel-
ligent roads.

Driving force Parameter Impact Uncertainty Model
Incorporation

Infrastructure Transport infrastructure ∎∎∎∎∎∎∎ ∎∎∎ ++
Accessibility of public transport ∎∎ +
Bike parking at train stations -

Technology Electrification ∎∎∎∎∎∎∎∎∎∎ ∎ ++
Vehicle cost ∎∎∎∎ ∎∎∎ ++
Bioenergy potential ∎ ∎∎∎ ++
Hydrogen and gas fuelled-vehicles ∎∎ ∎∎∎ ++
Autonomous vehicles ∎∎ ∎∎∎∎ +
Drone transport ∎∎∎ -
Integrated travel app ∎ -
3D-print ∎ -
Intelligent roads & inductive charging -

Policy & Regulation Taxation ∎∎∎∎∎∎∎∎∎∎∎∎∎ ∎∎∎∎∎∎∎ ++
CO2 targets ∎∎∎∎∎ ++
Climate change urgency ∎∎∎∎∎∎∎ +
Change of tax system ∎∎∎∎ ∎∎∎ +
Tax revenue ∎ +
Congestion ∎ ∎ -
Urban pollution ∎ ∎ -
Personal targets -

Behaviour Sharing economy ∎∎∎∎∎∎∎∎ +
Lifestyle change ∎∎∎∎ ∎∎∎∎ +
Green behaviour +
Tourism ∎∎∎∎ -
Work flexibility ∎ ∎ -
E-trading -

Demography Urbanisation ∎∎∎∎∎∎∎ ∎∎∎∎ +
Family patterns ∎ ∎∎∎ -
Population density ∎∎ -
Population aging ∎∎ -

Macro Economy Energy prices ∎∎∎∎∎∎∎∎∎∎ ∎∎∎∎∎∎∎∎∎ ++
Economy ∎∎∎∎∎∎∎∎∎∎ ∎∎∎∎∎∎∎∎ ++
Freight demand +
Car manufacturer business models -

Table 3.2: Identification of key driving forces by stakeholder group and incorpora-
tion in the model TIMES-DK (adapted from Paper IV).

The key driving forces influencing future energy and transport scenarios can be
divided into the following categories: Infrastructure, Technology, Policy & Regulation,
Behaviour, Demography and Macro Economy.

Developing transportation infrastructure, including fuel infrastructure, will enable
a strong technological shift both in the passenger and in the freight segment. During
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the scenario workshop, focus was set on recharging stations for electric vehicles, e-
highways, inductive charging, reinforcement of public transport accessibility, e.g. park
and ride, and lanes for bikes, although the latter are expected to deliver a minor
share of the total passenger transport demand. On the supply side, electrification
of transport will drive towards a more integrated renewable-based energy system,
although liquid (e.g. biofuels) and gaseous (e.g. biomethane and hydrogen) fuels will
become increasingly relevant for the decarbonisation of the heavy-duty sectors. Hence,
there is a need to assess the techno-economic and sustainable bioenergy potentials
and imports for the Danish system.

On the demand side, sharing economy and MaaS could be potential drivers of
change, yet the role of users in shaping the future transport sector is associated
with high uncertainty. The anticipated diffusion of AVs may have disruptive conse-
quences on the system, either increasing or diminishing the total transport demand
[84]. Moreover, car sharing raised contrasting views about the likelihood of expan-
sion and flexibility of this system, with potentially diverging impacts, i.e. decreasing
private car ownership and increasing mobility. On the other hand, the increasing phe-
nomenon of e-commerce and 3D printing might influence freight transport on a larger
scale. Mobile travel applications could leverage on emerging lifestyle changes and
increased environmental awareness to optimize trips and suggest sustainable, cost-
and time-efficient transport modes and vehicles.

As consumers’ green behaviour alone may be an insufficient driver for transitioning
to sustainable mobility, policy-makers should pursue incentives realised through taxes,
subsidies and other economic instruments. However, stakeholders stressed on the
dependency of the Danish state budget on registration taxes from private vehicles,
thus challenging dramatic and rapid modifications of the taxation schemes, and rating
the change of the tax system in the transport area to be both highly relevant and
uncertain.

Finally, demographic and urban planning parameters, e.g. age distribution and
population density in the different geographical areas, should be considered in relation
to the accessibility to public transport, and thus the potential for modal shift. On the
other hand, demography and macro economy, in particular the uncertainty around
future energy prices, affect the broader economic and social system, beyond the sole
transport and energy sectors. Although important, the driving force “demography”
has not been in focus, as laying partly outside the scope of the analysis and dimensions
covered by the modelling tool.

3.1.2 Comparative assessment
A comparative assessment across the findings from the literature review and the con-
textual analysis of drivers performed by stakeholders reveals similarities with respect
to the key features to integrate in energy systems analyses. Moreover, the poor rep-
resentation of certain factors, as identified from the literature, may stem from the
novelty of technological applications, e.g. AV; the difficulty of capturing spatial and
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temporal details in energy system models, e.g. traffic congestion; or the existence of
non-linear and not-easily quantifiable relationships between variables, e.g. consumers’
behaviour associated with mode and vehicle choice.

The need for a comprehensive characterisation of techno-economic parameters
for vehicle and fuel technologies to effectively capture technology choice has been
highlighted in both analyses. Furthermore, investments in fuel and transport infras-
tructure enable the deployment of new technologies. On the other hand, bottom-up
energy system models currently fail at portraying non-monetary parameters involved
in consumers’ decisions around technology and transport modes.

With respect to modal choice, the contextual analysis of the Danish case revealed
the importance of availability and accessibility of infrastructure for public transport,
as well as for non-motorised modes, to enable a modal shift away from private cars.
To a certain extent, the “green behaviour” of transport users, along with the value
they attribute to travel activities, might contribute to a shift to more sustainable
modes (e.g. health and recreational aspect of cycling).

The new mobility trends identified in the literature, such as MaaS, car sharing,
autonomous vehicles, are not yet sufficiently represented in energy system models.
As these phenomena scored high relevance and uncertainty among stakeholders, they
have been included as exogenous parameters in scenario analyses, including accessi-
bility of public transport, introduction of AVs and car sharing.

In addition to the features from the literature review, stakeholders placed greater
attention on regulatory and market measures, such as taxation, energy prices and CO2
targets, as well as urbanisation and population patterns. The closer relation to policy-
making for the stakeholder group can explain the higher focus on topics like state
finance and urban planning. On the other hand, both the examined literature and
the contextual analysis set less focus on drivers affecting freight and heavy transport
modes, as well as tourism, e.g. air and cruise travel. The poor interest could be linked
to the lacking power, expertise or will to influence or disrupt the economic activity
associated to these transport segments.

3.2 Analysis of transport policies
Building upon the identification of the most relevant drivers of future transport scenar-
ios (Section 3.1), Papers V and VI progressively analyse the effectiveness of different
transport and energy measures in reducing the impact of the transport sector on
GHG emissions.

Paper V focuses on economic and regulatory instruments targeting the Danish in-
land transport sector. For this study, the model TIMES-DK was linked to DCSM, the
consumer choice model for the Danish car stock, as to portray realistic introduction
and retirement profiles of passenger vehicles (Section 2.1.4). The analysed policy sce-
narios aim at promoting an ambitious decarbonisation of inland passenger transport,
including a derogation of the electricity tax for transport (Fuel Tax), an exemption of
the registration tax for EVs (VRT Tax), and a ban on Internal Combustion Engine
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(ICE) vehicles with different enforcement years (ICE Ban). All policy scenarios are
consistent with Denmark’s goal of becoming independent from fossil fuels by 2050
[77]. This target was set for all sectors represented in TIMES-DK, except for inland
transport, as to assess the impact of the inland transport policies in reaching the
2050 goal. Figure 3.1 compares the cumulative GHG emissions from the transport
sector in the period 2010-2050, for the policy scenarios against a reference case (Ref ).
This latter scenario includes no long-term targets, while it maintains the short-term
targets for 2020, setting the minimum share of RE in transport to 10% [78].

Figure 3.1: Cumulative GHG emissions from the inland transport sector across the
analysed policy scenarios (adapted from Paper V).

The most effective measure at reducing transport-related emissions is an early
ban on ICE vehicles from 2025, saving 41% cumulative GHG emissions with respect
to the reference scenario in the period 2010-2050, while at the same time being the
measure generating the highest tax revenue for the state, among those analysed. This
scenario accelerates the ambition set forward in the recent Danish Climate and Air
Proposal [25], where one of the initiatives aims at stopping the sale of new gasoline
and diesel cars in 2030, and plug-in hybrid cars in 2035.

The higher tax revenue for the ICE Ban 2025 scenario compared to the reference
case is explained by the increased sales of low-carbon vehicles, while not altering the
current car taxation scheme, thus resulting in an increased revenue stream. A ban on
ICE passenger cars in 2025 promotes indeed a strong electrification of the car stock,
which becomes entirely composed by plug-in hybrids (PHEV) and battery electric
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vehicles (BEV) from 2040 onward. Simultaneously, vehicle efficiency improvements
coupled with a slight increase in the market shares of bike, coach and train modes at
the expense of car, bus, walk and 2-wheeler contribute to lowering the emissions from
the transport sector. On the other hand, regulatory measures such as the derogation
of fuel and VRT taxes have lower relative impact on GHG emission reduction, as
they produce only minor effects on modal shift and fuel switch for the largest inland
passenger segment, i.e. car.

Specific policies targeting modal shift, as well as the impact of the heavy transport
segments, i.e. freight, aviation and navigation, have not been included in Paper V. To
overcome these limitations, Paper VI aims at addressing a more comprehensive set of
transport and energy policies, both taken in isolation and as part of policy packages.
For this study, the participatory generation and analysis of transport policy scenarios
was facilitated by the newly developed Scenario Interface tool (Section 2.3.2), coupled
with the energy system model TIMES-DK. In this case, no soft-link with the car stock
model was performed, as the latter could not analyse the effect of system policies and
measures on other modes than car, such as CO2 taxes and investments in transport
infrastructure.

With the aim of creating and discussing future visions of the transport sector
in Denmark, and in the context of achieving a renewable-based energy system, the
transport-focused scenarios were built as a combination of single measures affecting
the energy and transport sectors (Table 3.3).

New Mobility Electrification Market-driven Sea&Air
Bike infrastructure - - - -
E-bikes share 50% - - -
Railways infrastructure - - - -
Public transport - - - -
Car occupancy 2 - - -
Demand reduction teleworking 5% - - -
ICE ban - - 2030 -
Fossil fuel tax - +100% - -
Electricity tax - -100% - -
VRT exemption - PHEV & BEV - -
Biomass no-import - - - -
Biofuels no-import - - - -
CO2 tax - - 130 e/ton -
Fossil fuels phase-out - Power&Heat - Maritime&Aviation

Table 3.3: Scenarios defined as combination of transport and energy measures
(adapted from Paper IV).

The three theme-focused scenarios New Mobility, Electrification and Market-driven
were informed by the scenario choices made by workshop participants, and further
refined to contain the most impacting measures identified through their application
one-at-a-time onto a Business As Usual (BAU) private-economic scenario. The BAU
case represents a frozen policy scenario of the Danish energy system including taxes
and subsidies in all sectors, with exogenous assumptions on price developments, tech-
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nology potentials and decommissioning. Moreover, considering the impact of aviation
and navigation on the total transport demand and fuel consumption, one additional
scenario is analysed, Sea&Air, focusing on the decarbonisation of the aviation and
maritime transport sectors. In this last case, the only analysed measure is the impo-
sition of a ban on the use of fossil fuels in these transport modes, enforced from 2040.

Figure 3.2 illustrates the relative cumulative impact of the analysed scenarios on
the total system cost and the total CO2 emissions from the transport sector, com-
pared to the BAU. Among the three theme-focused scenarios, the Electrification case
realises the highest emission reduction, through the implementation of a regulatory
framework promoting simultaneously low-carbon electricity production and electro-
mobility, especially in the private passenger segment. A stronger introduction of
BEVs is moved up to the year 2020 with respect to 2030 in the BAU scenario, at the
expenses of PHEVs, due to the higher fuel taxes on gasoline. As a result, the car fleet
is fully electrified in 2050.

Figure 3.2: Relative effects of combination scenarios on total system cost and
transport-related CO2 emissions compared to BAU. Cumulative effects
for the period 2020-2050 (Paper VI).

The lower emissions in the Market-driven scenario are primarily explained by the
introduction of a high carbon tax [47], applied to fossil fuel consumption in all sectors.
This results in an increased share of biofuels for aviation starting from 2030, reaching
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a biokerosene blending of 60% in 2050. Moreover, a fuel switch occurs from diesel to
electricity in buses and coaches moving towards 2050. While no relevant modal shift
takes place in these two scenarios, in the New Mobility case, the high car occupancy
generates a shift from bikes and coaches towards cars, which deliver 79% of the total
travel demand in 2050 (against 72% in 2020), yet at lower transport-related emissions.
Furthermore, the 5% lower commuting demand, due to the assumed teleworking,
contributes to reducing the total fuel consumption in the inland transport sector.

The scenario Sea&Air highlights the importance of a fuel switch in the aviation
and maritime sectors for reaching the decarbonisation targets, in the absence of re-
ductions in travel demands or modal shift, e.g. from air to train for domestic flights.
Within air transport, a shift occurs from kerosene to biokerosene, as this was the only
low-carbon option considered in the model. Other aviation propellants, e.g. electric-
ity for short-distance flights, have not been included at this stage. In the maritime
sector, heavy fuel oil is progressively phased out and replaced by biodiesel. Although
the analysis of future options for maritime fuels and efficiency improvements should
be broadened, this scenario underlines the consequences of not addressing the transi-
tion to low-carbon alternatives in these energy-intensive transport segments. In fact,
the Sea&Air case lowers the cumulative transport-related fossil emissions by 25%
compared to the BAU.

When combining the single measures into policy packages, a more complete pic-
ture of the policy interaction within the energy and transport system is obtained.
The hollow circles in Figure 3.2 locate the sum of the impacts of the single measures
considered in each combination scenario. The proximity between the model results
of the combination scenarios, i.e. the full circles, and the calculated combined impact
of the single measures, i.e. the hollow circles, can provide an indication on the ex-
istence of synergies and complementarities across the single policy instruments [53].
The Electrification scenario, combining regulation of the power sector, fuel taxes and
vehicles registration taxes, shows additivity of the single policy instruments both from
an economic and an environmental perspective, that is, the benefit from the use of
all the instruments in a policy package is similar to the benefit of each instrument in
isolation. In the Market-driven case, no particular pattern can be observed, as the
application of a carbon tax retains the major impact on cost and emissions. On the
other hand, the carbon tax positively impacts the rest of the energy system, reduc-
ing the emissions from the residential and industry sectors by 74 Mt in the period
2020-2050.

The scenario New Mobility reveals a synergy among the implemented measures
when considering the impact on the system cost, as the simultaneous use of the three
instruments provides a greater benefit than the three measures taken in isolation.
In particular, the combined effect of a greater adoption of ride- and car-sharing,
together with the increased possibility of teleworking is explained by the reduced
infrastructure requirements for road and rail to accommodate the passenger travel
demand. The same synergy effect cannot be observed for the impact on emissions,
as e.g. the assumption on higher occupancy for cars neutralises the introduction of
more e-bikes in the system. When designing policy packages, these dynamics should
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be considered to obtain the desired system performance, here measured on system
cost and transport-related emissions.

Due to the different scope and methodology adopted for the two policy analyses,
few differences arose in the results. In the first case, where only the inland passen-
ger transport segment has been analysed in detail, the imposition of an ICE ban
retains the highest impact on emissions reduction. Moreover, the soft-linking with
the car stock model allowed to refine the optimal solution produced by TIMES-DK,
which contains an aggregated representation of car sizes and retirement profiles. In
the second case, when considering the decarbonisation of the integrated energy and
transport system, carbon and fuel taxes hold the major influence in effectively reduc-
ing transport-related emissions. Integrating the information from the car stock model
in this second analysis would have also illustrated the effectiveness of imposing an
ICE ban in reducing transport emissions.

3.3 Role of residual biomass resources
This section presents the results from the study reported in Paper III, which analyses
the role of residual biomass in the Danish energy system under carbon- and resource-
constrained scenarios.

In particular, the study investigated different pathways for the optimal use of
the most abundant residual biomass resource in Denmark, i.e. straw, by applying
the methodology described in Section 2.2 on characterisation of transport fuel chains,
biomass resources and environmental accounting. Moreover, two models were soft-
linked to reveal insights from two perspectives (Section 2.1.4): the multi-sectoral
model TIMES-DK (Section 2.1.3) provides a system assessment of the whole en-
ergy sector, including the representation of energy technologies and their competition
in supplying the electricity, heat and transport demands; the spatially and tempo-
rally detailed optimization model Balmorel-OptiFlow supports the analysis of biomass
transport costs and area-specific recovery of excess heat.

To investigate the optimal allocation of straw to the alternative uses under differ-
ent conditions, three main scenarios are analysed, as summarised in Table 3.4. The
scenarios progressively examine the cumulative impact of different constraints on the
use of biomass, in particular straw, while modelling the whole energy system.

The Business As Usual scenario (BAU) replicates the current use of straw [73]
until 2050. The split on the use of straw is calculated on the basis of its energy
content (% PJ) in 2014: 23% of the total harvested straw was utilised in the heat
and power sector, i.e. CHP plants and heat-only boilers, 27% was destined to fodder
and bedding for animals, while the remaining 50% was left on the field.

In the Carbon-Constrained scenario (CO2), the constraint on straw use is relaxed,
leaving the cost-minimisation program free to optimise its use in the energy system
(excluding the share currently destined to fodder and bedding). In this way, the use
of the available straw is optimised yearly across the different alternative options: a)
left on field; b) anaerobically co-digested with manure for the production of biogas;
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c) combusted for the production of heat and electricity; d) treated and fermented
for the production of bioethanol; e) gasified at high temperature and subsequently
liquefied through FT synthesis to produce biokerosene and biodiesel. Additionally,
an overarching target on CO2-eq emissions from all sectors is imposed for the year
2050, following from Denmark’s ambition of phasing out all fossil fuels by 2050 [77].

The No bioenergy imports scenario (NO-IMP) is centred around the utilisation of
domestic resources. Imports of first-generation biomass, i.e. corn, rapeseed, sugarbeet,
woodchips and woodpellets, as well as imports of liquid biofuels from outside Denmark
follow a progressive decrease over the time horizon until 2050, when imports are
no more allowed. Additionally, to strengthen the role of the agricultural sector as
a supplier of green energy [75], at least 50% of the livestock manure potential is
destined to biogas production in this scenario, with spreading manure on fields as
fertiliser representing the alternative use.

Scenario Abbreviation Straw use Manure use CO2 Target Bioenergy
Imports

Biofuel
Blending

Business As Usual BAU Heat and Power 23% - Allowed X
Left on field 50%

Fodder and bedding 27%
Carbon-Constrained CO2 Energy system 73% - X Allowed X

Fodder and bedding 27%
No bioenergy imports NO-IMP Energy system 73% ≥ 50% X Not allowed X

Fodder and bedding 27%

Table 3.4: Scenario definition for the case of residual biomass in Denmark (adapted
from Paper III).

The optimal allocation of residual biomass should be analysed in the perspective of
the transition from the current to the future Danish energy system. To this respect,
Figure 3.3 provides a snapshot of the Danish energy system in 2050 for the BAU
scenario.

The energy system becomes increasingly integrated, with a growing electrification
of the transport sector and heat production. Renewable sources like wind and solar
cover the entire domestic power production in 2050, except for waste incineration
plants. On the other hand, the consumption of fossil fuels for heavy transport and
process heating is still significant in the BAU case, equivalent to 90 PJ in 2050. The
CO2 and NO-IMP scenarios minimise the fossil fuel consumption by an increase in the
energy efficiency, the use of biofuels, investments in solar heating for low-temperature
process heating in the industrial sector, and the electrification of part of the demand.

Biomass and waste play a relatively limited role in 2015, accounting for 10% of
the primary energy supply, with 53 PJ used for the generation of heat and power, 9
PJ for the production of biogas, and 5 PJ in the industry and residential sectors. On
the other hand, biomass and waste play a much larger role in the energy system in
2050, corresponding to 40% of the primary energy supply in the BAU, thus replacing
a large share of oil, coal and gas.
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Figure 3.3: Danish energy system in 2050 in the BAU scenario (Paper III).

In particular, biofuel production increases from 9 PJ in 2015 to 37 PJ in 2050,
primarily consisting of biodiesel from gasification of woody biomass and biogas from
co-digestion of manure and organic waste. Excess heat from biorefineries is recovered
to contribute to 34% of the central DH supply in 2050.

Figure 3.4 illustrates the changes in the allocation of straw across the three scenar-
ios analysed. In the BAU case, straw use reflects the current shares with around 36
PJ left on agriculture fields and 18 PJ combusted in CHP plants and boilers for the
supply of heat and power. In the CO2 scenario, the imposition of a bound on CO2
emissions drives the allocation of straw away from agriculture fields towards applica-
tions in biorefineries. Starting from 2025, the available straw is being increasingly
converted into biodiesel through gasification and FT synthesis. Although the trans-
port sector witnesses an increased level of electrification already in the BAU scenario,
corresponding to 30% of the total fuel consumed by all modes in 2050, sustainable liq-
uid or gaseous fuels are needed for those modes, such as heavy transport, navigation
and aviation, where electrification is more difficult to achieve. In the CO2 scenario,
biodiesel from conversion of straw and woody biomass amounts to 68 PJ, of which
30 PJ are destined to industry and 38 PJ to freight trucks and national shipping.

In the most stringent scenario, NO-IMP, where imports of bioenergy from abroad
are not allowed, straw is being converted to biofuels for aviation, i.e. biokerosene,
equivalent to 40 PJ in 2050. Moreover, almost all biogas produced in 2050 (33 PJ)
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Figure 3.4: Use of straw across years in the analysed scenarios (Paper III).

from co-digestion of manure, grass, organic waste and energy crops is upgraded to
natural gas quality through methanation with hydrogen, supplying part of the heavy-
duty road transport with domestic bioenergy resources, while the remaining 0.3 PJ of
biogas are used in industrial sectors. It is only under the condition of restricting bioen-
ergy imports and relying on domestic resources that hydrogen plays a stronger role in
the energy system. In 2050, both biodiesel and biokerosene production processes use
hydrogen from electrolysis to boost the process efficiency. However, this last scenario
presents a certain degree of infeasibility suggesting that domestic resources are not
sufficient to supply the whole final energy demands (if assuming no drastic changes
in diet, crop production and land management practices (Section 2.2)), with some
imports of biofuels still required in 2050, i.e. 20 PJ of biokerosene for the aviation
sector. The infeasibility of the NO-IMP scenario is detected through the definition
of slack variables, simulating the additional required import of resources (at a higher
price) to satisfy the end-use demands.

In all three scenarios, an overall decrease in fossil emissions from 2015 to 2050
is achieved through a transition away from fossil resources, especially in the power
sector, with increasing investments in wind and solar power, and partially by the
introduction of electric vehicles and biofuels in the transport sector. The remaining
fossil emissions in 2050 for the BAU scenario come from industry, heavy transport
and waste incineration plants. In both the CO2 and the NO-IMP scenarios, fossil
CO2 emissions are almost fully abated in 2050, through an increased use of renewable-
based electricity and bioenergy in industry, freight, aviation and shipping.

Figure 3.5 compares the emissions from biogenic origin across years for the three
scenarios, along with the net emissions reflecting the compliance with the imposed
CO2 constraint in the CO2 and NO-IMP cases.
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The positive biogenic emissions contributing to the carbon balance are the ILUC
effects associated with first-generation biomass and the marginal methane leakage
from biogas production. Under restricted access to biomass resources, also corn
starts being used for producing first-generation bioethanol in 2050 in the NO-IMP sce-
nario. Conversely, negative biogenic emissions from bioashes and manure contribute
to restoring the soil organic carbon (SOC) balance. In both the CO2 and the NO-
IMP scenarios, negative biogenic emissions increase in the future, following from the
increased gasification of woody biomass and straw for the production of biofuels, and
the subsequent application of bioashes on land.

Residual biomass resources become increasingly valuable for the production of sus-
tainable fuels, particularly under stringent climate mitigation scenarios and the target
of energy self-sufficiency. Under these conditions, a socio-economic optimization of
the whole energy system prioritises the gasification route with subsequent FT syn-
thesis of biofuels, i.e. biodiesel and biokerosene, to supply the heavy segments of the
transport sector. Additionally, the possibility of recovering the excess heat from biore-
finery plants in central DH networks, as well as recycling carbon and nutrients into
the soil, contributes to the attractiveness of this system configuration. On the other
hand, although first-generation biomass is available, indirect land use change effects
limit its utilisation for the production of biofuels and biogas in a carbon-constrained
scenario.

Figure 3.5: Evolution of biogenic CO2-eq emissions from the energy system in the
analysed scenarios (Paper III).

Concluding, while biomass gasification technologies coupled with FT synthesis
represent a promising option for the production of alternative transport fuels, further
technology development and scaling are needed to achieve commercial installations
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[69]. Technology integration is another crucial factor, as large-scale applications
already exists for the biomass gasification technology, yet in isolation for, e.g. co-
generation of heat and electricity [2]. Additionally, the application of bioashes on
Danish soil demonstrated the potential of substituting mineral fertiliser and tradi-
tional lime [38], while it presented no negative effects on soil microorganisms and
earthworms. However, the contribution to restoring the SOC remains debated and
location-dependent, with some studies showing no effects on SOC from bioashes ap-
plication on soil [38], and other analyses concluding on the positive climate impact
of carbon soil sequestration through bioashes produced from straw gasification [68].

3.4 Discussion
This last section discusses the findings from the case studies presented and touches
upon the policy implications for each of the two research themes analysed within this
Ph.D. thesis (Section 1.3).

3.4.1 Integrated energy and transport modelling
The analysis of the integrated energy and transport system in a single modelling
framework can inform policy-making by identifying cross-sectoral synergies and inter-
actions, as well as assessing tailored policy measures.

In the perspective of maximising the value of biomass resources under stringent
climate targets, the case study on straw in Denmark (Section 3.3) has shown that
residual biomass should be effectively diverted from the existing large-scale energy
producers to the production of transportation fuels, as to supply the heavy-duty
transport segments, along with part of the DH demand in central areas. However, in
contrast with the modelling results, overnight investments in biorefinery technologies
(as well as the connections with DH networks) may not be immediately technically
feasible in reality. These would instead require the development of efficient supply
chains, the formulation of new business models, e.g. recycling of by-products and
farmers compensation, the advancement in Research & Development, e.g. thermal
gasification of ligno-cellulosic biomass linked to production of liquid fuels, and, not
least, financing and political support. Currently, the value chains supporting the
combustion of straw for power and heat production in boilers and CHP plants present
a variety of formal contracts and informal agreements among the actors involved,
according to the size of the plant [7]. These include the operations from straw harvest
to final disposal of bioashes. The success of straw-to-biofuel applications would entail
a more regulated commodity pricing coupled with sustainability labelling of first-
generation biomass for energy use, as well as formalised and operative climate targets
or carbon pricing, especially targeting the transport sector.

With specific focus on policies targeting transport vehicles and modes, improving
the modelling of the transport sector within energy system models (Section 3.1) can
represent a step forward in supporting the analysis and definition of more targeted
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and effective transport and energy measures. The increased level of detail in the
representation of the transport sector allows studying the cost and impact of specific
policies, possibly diversified for each transport technology, mode or consumer group.
For instance, the improved transport modelling allows analysing the system impact of
the introduction of “feebate” schemes, i.e. a combination of rebates awarded to pur-
chasers of low-carbon emission vehicles and fees charged to purchasers of less efficient
vehicles. The possibility of endogenously determining modal choice enhances the anal-
ysis of a larger set of measures promoting the shift from private to more sustainable
modes of transport: national and regional strategies targeting investments in public
transport infrastructure, e.g. dedicated bus lanes, decrease in public transport cost,
fuel and vehicle purchase taxes and vehicle restrictions. Moreover, the incorporation
of new mobility trends allows the assessment of strategies promoting vehicle sharing
services and the spread of carpooling adoption, along with the impact of transport
demand reduction as a result of teleworking and travel abdication.

3.4.2 Collaborative scenario development and policy
analysis

Striving for a more inclusive and transparent scenario development process, thus
integrating stakeholders’ perspectives and knowledge into the quantitative modelling,
brings about greater relevance and impact on policy-making.

As quantitative models like TIMES-DK constitute simplified constructions of real-
ity and inherently streamline the relationships between variables, they might fall short
in deriving robust policy recommendations. Moreover, as models become increasingly
more complex, the challenge of communicating assumptions, working philosophy and
functionality in a transparent and comprehensive manner grows. The case study for
the integrated energy and transport system of Denmark suggested that a collabora-
tive scenario creation could validate the input assumptions of the model, as well as
provide additional insights on relevant dimensions to consider from a policy and con-
textual perspective (Section 3.1). The participatory approach has proven beneficial
for improving the model capabilities in representing more closely the real dynamics
of the system, by including more parameters and adjusting model structure [54]. As
an example, the typical socio-economic system configuration, i.e. without tax and
subsidies, was in some cases conflicting with the everyday experience of people and
stakeholders, as the latter face daily decisions on, e.g. transport modes, under a
private-economic perspective. This decoupling between the optimal model solution
and the stakeholders’ perspective represented a valuable learning opportunity for the
scientific work performed within, but also outside, this project. The inclusion of
vehicle and fuel taxation now allows capturing the reality of individuals faced with
purchase decisions more closely than when running a pure socio-economic calculation.
As a result, taxation is currently integrated in the scenario modelling work, as to
portray current and future development of technological options in the energy and
transport system.
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Moreover, the iterative scenario development and analysis, facilitated by the Sce-
nario Interface tool, provided a learning and consensus platform, in which two spheres
of work, i.e. the scientists/modellers and the stakeholders/policy-makers, could main-
tain a constructive dialogue. The iterative dimension contributed to this dialogue,
first by integrating the driving forces and parameters identified and assessed by the
stakeholders in the Scenario Interface tool (Section 2.3.2), and second by establishing
a revision process of the scenario results involving (as much as possible) the same
group of stakeholders and policy-makers in scenario workshops and interviews. In
this process, the workshop participants could observe the effects of their scenario
choices on the modelling results, thus supporting a shared understanding of path-
ways and system implications. Finally, the participatory scenario development and
analysis (Section 3.2) harnessed the strength of energy system models like TIMES-
DK in portraying policy interactions across the whole system, thus identifying sets
of cost-effective policies and measures in reducing GHG emissions.
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CHAPTER 4
Conclusions and

future perspectives
In this final chapter, the conclusions of this Ph.D. thesis are drawn by answering the
four research questions investigated, as well as discussing the applicability of the anal-
ysed cases to other contexts (Section 4.1). Moreover, perspectives for future research
are highlighted, by reflecting on the two research themes of this study (Section 4.2).

4.1 Research questions

How can energy system models be improved to allow
a more integrated assessment of the transport sector?

Technology and behaviour constitute critical dimensions in addressing the impact of
the transport sector on energy consumption and emissions. This thesis investigated
the required model structure and key parameters to study the transition to sustainable
transportation in integrated energy system models, both through a critical literature
review and a contextual assessment of the Danish case.

The modular structure of bottom-up and technology-rich energy system models
affords flexibility in the detailed representation of fuels, vehicle technologies and trans-
port modes, while at the same time providing an integrated perspective of the energy
system. In particular, the introduction of fuel supply, conversion and infrastructure
improves the analysis of cross-sectoral interactions, as for the case of biofuel pro-
duction, district heating and, albeit partially, agriculture systems. Moreover, hybrid
models and model linking can be applied to overcome the weaknesses of single model
typologies, e.g. aggregated spatio-temporal detail, and undertake more comprehensive
analyses in a single modelling framework.

This study identified key model parameters to incorporate the dynamics of pur-
chase, adoption and use of transport technologies and modes. A broader character-
isation of techno-economic parameters for fuels, vehicle technologies and transport
modes, as well as the representation of fuel and transport infrastructure within inte-
grated energy and transport models, allow to capture consumers’ technology choice
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more effectively. The parameterization of travel time and the availability of transport
infrastructure can improve the representation of modal choice, thus the analysis of
modal shift potential. Higher geographical disaggregation, e.g. by splitting demands
and technologies by urbanisation area, may enable the representation of driving pat-
terns, thus providing a more accurate account of transport fuel consumption and
related emissions. Considering the uncertainty around the potential impacts of new
mobility trends on transport energy use in the future, phenomena such as car shar-
ing, MaaS and autonomous vehicles could be assessed through parametric scenario
analyses by adjusting, e.g. car occupancy and mileage, while accounting for re-bound
effects on mobility demands.

The considerations above on model structure and parameterization are generally
applicable to other national and regional energy systems. Additionally, the contex-
tual analysis of the Danish case revealed the importance of comparing socio-economic
optimal solutions with private-economic scenarios of the energy system. The assess-
ment of key driving forces by stakeholders placed a great emphasis on regulatory and
market measures, such as taxation, energy prices and CO2 targets. In particular,
given the close relation to policy-making, the stakeholder group stressed on the de-
pendence of the Danish state budget on taxes from private vehicles, thus preventing
dramatic and rapid modification of the taxation schemes. Moreover, the inclusion
of taxes and subsidies in energy system models better aligns with daily decisions of
private consumers.

Both the examined literature and the contextual analysis set less attention on
drivers affecting freight and heavy transport modes. On the one hand, this is ex-
plained by the review focus on consumers’ behaviour. On the other hand, the mar-
itime and aviation sectors largely fall under international jurisdiction, with the effect
of scarce coordinated political initiatives to regulate these energy consuming (and
remunerating) transport segments.

What is the role of residual biomass resources in supplying
a renewable-based energy and transport system?

This thesis explored the future role of biomass, in particular agricultural residues,
in supplying a renewable-based energy and transport system for the Danish case.
Both techno-economic and environmental considerations were applied to investigate
alternative technology pathways for the optimal use of straw, under a range of climate
and resource-constrained scenarios.

Modelling results suggested that residual biomass resources would become increas-
ingly valuable for the production of sustainable fuels with utilisation of excess heat,
particularly under stringent climate mitigation scenarios and the target of energy
self-sufficiency. Under these conditions, a socio-economic optimization prioritises the
gasification route with subsequent Fischer-Tropsch synthesis of biofuels, mainly to
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supply the heavy transport segments and marginally the industrial sectors. Addition-
ally, the possibility of recovering the excess heat from biorefinery plants in central DH
networks, as well as recycling carbon and nutrients into the soil, contributes to the
attractiveness of this system configuration against the alternative competing uses.

Moreover, the assumed technical potentials of domestic biomass would not be suf-
ficient to supply the future energy demand under a stringent climate scenario, unless
adopting different cropping systems, improving harvest practices and increasing land
dedicated to fast-growing forest biomass. Therefore, in the perspective of embracing
a more circular use of domestic resources, the recycling of the by-products of biomass
gasification back into agricultural fields could restore soil nutrients and organic car-
bon. Sensitivity analyses indicated that decreasing levels of carbon recovery from
application on Danish soil would result in reduced domestic biofuel production and
corresponding increased reliance on biofuel imports, for which sustainability is harder
to ascertain.

The analysis therefore points to important considerations on the role of biomass
resources in the energy system. The trade-off between local biofuel production and
bioenergy import from abroad is correlated with numerous factors: the possibility of
recovering excess heat from conversion plants for heat supply in, e.g. district heating
networks; the availability and environmental sustainability of respectively local and
imported biomass resources; the location, technological development and commer-
cialisation of conversion facilities, as well as emerging competing pathways; and the
possibility of recycling the by-products from biomass conversion, i.e. bioashes and
digestate, in agriculture fields. Furthermore, end-use demands and developments in
transport vehicle technologies are the ultimate drivers of bioenergy supply.

Some of the aspects considered, e.g. biomass feedstocks, district heating supply,
availability and density of resources, apply to the context-specific configuration of
the Danish system. On the other hand, the adopted assessment methodology and
model linking, combining spatio-temporal detail with technology-rich multi-sectoral
analysis, can be extended to other cases for the study of the role of biomass and other
resources in supplying the future energy and transport system.

How can quantitative tools and stakeholders’ perspectives be integrated
to create policy-relevant scenarios?

The exercise of integrating qualitative storylines created by stakeholders into a de-
terministic mathematical tool initiates a mutual exploration of two distinct worlds.
This thesis approached the issue through two consecutive steps, progressively inte-
grating participatory elements in the development, modelling and analysis of energy
and transport scenarios.

First, the iterative and participatory application of driving forces for the trans-
lation, quantification, modelling and revision of qualitative scenarios brought about
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three main benefits: (i) maintaining internal consistency, (ii) facilitating communica-
tion, and (iii) ensuring policy-relevance through validation.

Consistently adopting the key drivers as the backbone of the whole scenario de-
velopment process allowed reaching a shared understanding of the most uncertain
and influencing parameters of future scenarios. Moreover, the structured process
recognised and solved the discrepancies that would unavoidably appear when multi-
ple actor-groups are interpreting concepts. For instance, the definition of the driving
force “infrastructure” raised conflicting weights and interpretations, from bike lanes
to road expansion. Furthermore, the use of multiple driving forces clarified the causal
effects between any of those, e.g. making the inter-dependency between development
of transport technology and infrastructure more explicit.

Driving forces can represent a simple and effective concept for communicating
with stakeholders on the creation and interpretation of scenario narratives. Moreover,
the iterative dimension can in turn reinforce their engagement and responsibility in
decision-making processes. A revision phase is also critical for the calibration and
validation of modelling assumptions, thus reducing potential inconsistencies in the
results by integrating stakeholders’ perspectives on e.g. future evolution of certain
drivers. For instance, the dialogue with stakeholders allowed to revise the deployment
assumed for natural gas passenger vehicles in Denmark.

On the downsides, part of the stakeholders’ experiences and perspectives might
be “lost in translation”, partly because the translation process into model attributes
inherently simplifies the breadth and richness of the qualitative scenario descriptions,
and partly because the latter often implicitly assume some framework conditions,
which cannot be rendered explicitly in the quantitative scenarios.

A more dynamic scenario creation and analysis can offer an opportunity to over-
come this limitation. In this view, the adoption of a scenario interface tool pro-
vided the benefit of constructing a closer dialogue between the scientific team and
the stakeholders, thus increasing the relevance of the foresight exercise for transport
and energy policy-making. The ability of the interface tool to function as “boundary
object”, performing a communicating and binding role between the academic and in-
stitutional communities, allowed for a more inclusive and comprehensive screening of
policy measures and packages. From the modelling side, experts’ inputs contributed
to the validation of assumptions and in determining the feasible spectrum of policy
change. From the policy-making side, the facilitated co-development of scenarios
raised awareness around the critical aspects of the energy system from a technical
and environmental perspective, as well as ensuring a more democratic and inclusive
process, which accounts for future uncertainties and multiple perspectives.

The proposed methodology can be extended to other situations, proving particu-
larly useful in the context of engaging communities and policy-makers in the creation
of ideas about the future. Enabling elements include an open culture of discussion,
idea sharing and participation. Moreover, to increase the impact on decision-making,
the iterative engagement of representative groups should ensure that participants
recognise how their inputs are integrated along the process in a transparent manner.
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What are the most cost-effective policy measures driving towards
a more sustainable transport system?

The policy analyses performed within this thesis offer some insights on the impact
and effectiveness of single measures and policy packages in reducing GHG emissions
from the transport and energy system.

Modelling results indicated that the electrification of the light-duty passenger
sector should be incentivized through a combination of market signals and strong
regulation, including a modification in the taxation scheme to promote the uptake
of low-carbon vehicles. Moreover, an extension of the existing European Emission
Trading Scheme to the transport sector, coupled with the legislative support enabling
a more ambitious carbon pricing in the long term, would retain the largest impact
in lowering carbon emissions from the transport system. Furthermore, targeting
behavioural changes through the promotion of MaaS with associated higher utilisation
rates of passenger vehicles, teleworking and increased adoption of e-bikes, can offer
cost synergies from the combination of the different measures. A detailed assessment
considering the historical introduction and retirement profiles of vehicles suggested
that also an early ban on ICE cars would represent a suitable and effective policy
measure from both a climate mitigation and tax revenue perspective. Integrating the
information from disaggregated vehicle stock models should be therefore pursued to
obtain a more realistic picture of technology transition.

Considering that transport infrastructure represents a significant component of
the total annual transport cost, investments in public transport accessibility, rail-
ways and cycling lanes, remain crucial to enable the transition to more sustainable
transport modes. According to the analysis performed, charging infrastructure for
electric vehicles did not constitute the main element enabling the EV uptake. How-
ever, the impact of range anxiety, charging patterns affecting power grid expansion
and the possibility of power storage should be considered in future research.

With regard to heavy transport, the policy analysis highlighted the importance
of a fuel switch in the energy-intensive aviation and maritime sectors to reach the
decarbonisation targets, in the absence of reductions in travel demands or modal
shift, e.g. from air to train for the domestic flights. Considering their global impact on
energy consumption and emissions, greater political coordination and efforts should
target these transport segments.

While some of the policy packages identified could better apply to the specific
Danish case, e.g. impact of taxation, the strength of energy system models like TIMES-
DK in portraying policy interactions across the whole system can be harnessed in
other geographical contexts to address the transition to sustainable transport through
the design of coherent policy packages.
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4.2 Future research
The methodologies and results from this Ph.D. study open different possibilities for
interesting future research, both addressing the integrated energy and transport mod-
elling, and the development and analysis of scenarios. This section aims at proposing
possible solutions to enhance the relevance of energy system models (Section 4.2.1)
and scenarios (Section 4.2.2) in assessing the transition to sustainable energy and
transport systems.

4.2.1 Modelling energy and transport systems
Energy system models often contain simplifications aiming at reducing the mathe-
matical complexity and associated computational time, while conversely restricting
the breadth and depth of possible analyses. In particular, for TIMES-DK, these
simplifications could be traced back to three main categories: (i) spatio-temporal res-
olution, (ii) assumptions on perfect foresight and market conditions, and (iii) system
boundaries.

An aggregated spatio-temporal resolution (i) might lead to overestimating the sys-
tem feasibility, e.g. by simplifying energy consumption and driving patterns associated
with different urbanisation areas when considering aggregated transport demands. Fu-
ture research could improve the spatial and temporal aggregation by either enlarging
the model structure to include further disaggregation of demands and technologies,
or, as proposed in this thesis, by harnessing the strength of more detailed models by
means of soft-linking. For instance, considering the importance of electrification of
the passenger fleet in future scenarios, the analyses from TIMES-DK could be com-
plemented with disaggregated support tools, assessing the effects and potentials of
an increased electrification and different charging patterns on the power grid.

The concept of perfect foresight and market conditions (ii) in energy system mod-
els assumes that the system planner holds complete information on all events until the
end of the modelling horizon, while relying on perfectly functioning markets. This
assumption could lead to optimal solutions that diverge from the real investment
strategies, e.g. overnight investments in biorefinery technologies. To overcome this
limitation, further research could test the effect of adopting myopic foresight, i.e. a
step-wise optimization with information about only few years ahead, thus aiming at
closing the gap between model optimal and real decision-making.

System boundaries (iii) relate to the technologies, sectors and dimensions covered
by the model. The modular structure of TIMES models allows to introduce new tech-
nologies and parameters in a rather simple way, as done in this thesis for alternative
technology pathways and environmental considerations associated to the use of straw.
To advance the inclusion of externalities in energy system models further, future stud-
ies could integrate additional LCA aspects, e.g. by including a broader range of emis-
sions, including pollution and health effects, as well as all GHG emission components
for all sectors. Another interesting aspect to consider would be the incorporation of
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the value of time associated to travelling and potential rebound effects on demands.
With respect to biomass sustainability, it would be important to provide a more
detailed account of direct land use change effects associated with removing biomass
residues from soil. As these effects are biomass- and soil-specific [11], they could be
analysed with spatially-detailed agriculture models. Finally, considering the impact
of aviation and maritime sectors on fuel consumption and emissions, future research
could expand their technological representation in integrated energy and transport
system models. This would require a more comprehensive technical, economic and
environmental assessment of fuels (e.g. ammonia for shipping [10]), requirements for
modifications in vehicles and infrastructure, as well as the investigation of demand
drivers and policy measures.

4.2.2 Scenario development and analysis
Parametric and combination scenarios, as performed within this study, allow address-
ing the uncertainty in the evolution of energy systems, by testing a range of relevant
and uncertain factors on chosen assessment measures. Future research could expand
the uncertainty analysis to improve the robustness of energy and transport scenar-
ios by assessing a broader set of parameters (including other sectors of the energy
system), in a systematic manner, e.g. by adopting Global Sensitivity Analysis [65].

The Scenario Interface tool provided a platform for the creation and analysis of
policy measures in a collaborative framework. The usability and interactivity of the
tool could be improved to design an even more iterative scenario process, where the
inputs from stakeholders and policy-makers are integrated in a simultaneous manner.
For instance, the further development into a web tool could allow for greater partici-
pation and discussion around transport and energy transition. At the same time, this
model-based learning could be complemented with an open model development for
TIMES-DK, which would also lead to improved data quality, transparency, validation
of assumptions and verification of results [60].

With reference to the policy analysis, results indicated the effectiveness of regu-
latory measures, e.g. taxes on carbon and fuels, in reducing GHG emissions. In this
view, further studies could investigate the feasibility of different taxation schemes,
both effectively promoting the transition to sustainable transport vehicles and modes,
and ensuring tax revenue neutrality [13]. One idea which could be considered include
the application of a dynamic vehicle tax regime, accounting for the well-to-wheel
vehicle emissions while adjusting the applied tax and CO2 targets according to the
technology improvement over time.
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ABSTRACT
The inclusion of sociological aspects, as human behavior related to transportation, in energy–eco-
nomy–environment (E3) models may enable an inclusive representation of the system under ana-
lysis, thus providing a more likely representation of reality. This article presents a review of
integrated energy and transport models characterized by a detailed description of the passenger
transport sector and by the presence of transport behavioral features. First, we propose a working
taxonomy based on the level of integration of the energy and transport sectors. As the study
underlines, a high level of integration is a precondition for incorporating the consumer behavior
related to purchase decisions and use of transport technologies in energy and transport models.
Second, we identify and review the recurring behavioral features related to transport included in
current integrated energy and transport models: technology choice, modal choice, driving pattern,
and new mobility trends. The main contribution of the paper resides in analyzing the modeling
methodologies adopted in the literature to incorporate behavioral features in transport and in
examining opportunities and challenges of each of them. We draw recommendations on model
structure and relevant attributes to consider in relation to consumers’ choices in transportation.
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1. Introduction

The dominance of oil use in transport represents a signifi-
cant obstacle to the transition toward a secure low-carbon
energy system: in the past 30 years, global transport energy
demand has doubled (IEA, 2014). From 1990 onwards, CO2

emissions in transport have continued to increase in OECD
countries while simultaneously reducing in the industrial
and residential sectors, suggesting that current policies to
reduce transport demand in OECD countries have been
inadequate (IEA, 2009). In addition, transport-related CO2

emissions in non-OECD countries have doubled over the
last 15 years due to the increasing level of car ownership and
to the growth of freight transport (IEA, 2015).

There are significant efforts underway in OECD and non-
OECD countries to decarbonize transport energy use, with a
particular focus on car transport. This includes research and
technology development programs by car manufacturers on
improving the efficiency of internal combustion engines
(ICE), the use of alternative fuels including, but not limited
to, compressed natural gas (as a pathway to biomethane),
the electrification of transport, and use of hydrogen fuel cell
technology. However, technology development is only one of
the dimensions to consider in relation to transport CO2

mitigation: technology adoption and usage are also key
factors and point to a need for individual and collective
behavioral analysis.

The IEA proposes a combination of both technological
and behavioral measures to address transport CO2 reduction:
avoid, shift, and improve (IEA, 2012). Avoiding deals with
mitigating the mobility demand, either by teleworking, vir-
tual mobility or other demand-management policies. Shifting
means increasing the market shares of the most efficient and
least polluting modes or increasing the use of car sharing
and carpooling. Improving focuses on pushing the technology
performance improvement and in reducing vehicle-specific
emissions by decreasing the weight of the vehicle or develop-
ing advanced engines.

Energy system models have aided policy-makers in deter-
mining optimal policies and least-cost pathways toward CO2

free energy systems (Knopf et al., 2013; Nakata, Silva, &
Rodionov, 2011). Considering the aforementioned measures
proposed by the IEA, it could be argued that the acceptance
of efficient but more expensive technologies, the systematic
shift from private car to public transport, and the option of
working from home are not guaranteed occurrences.
Previous studies demonstrated the slow pace of decarboniza-
tion in the transport sector relative to other sectors over the
last decades (Cayla & Maïzi, 2015; Cuenot, Fulton, & Staub,
2012; Pietzcker et al., 2014), and highlighted the requirement
for both a technological and a behavioral shift (Sch€afer,
2012; Waisman, Guivarch, & Lecocq, 2013). Thus, in order
for energy system models to continue being a reliable tool
for transport mitigation analysis, it is of primary importance

CONTACT Giada Venturini give@dtu.dk DTU Management Engineering, Produktionstorvet, Building 426, 2800 Kgs. Lyngby, Denmark.�These two authors contributed equally to this work.
� 2018 Taylor & Francis Group, LLC

INTERNATIONAL JOURNAL OF SUSTAINABLE TRANSPORTATION
https://doi.org/10.1080/15568318.2018.1466220



to incorporate individual and collective decision-making,
that is, to represent behavior. This includes accounting of
real household preferences and individual attitudes toward
the adoption and use of new technologies and services.

It has become increasingly recognized that energy system
models are, in general, effective at improving the representa-
tion of techno-economic parameters; however, they are poor
at capturing the many facets of human behavior (Sch€afer,
2012; Waisman et al., 2013). Li, Trutnevyte, and Strachan
(2015) provide a comprehensive framework for socio-tech-
nical energy transitions models, and describe techno-eco-
nomic detail, explicit actor heterogeneity and transition
pathway dynamics as fundamental in considering an
exhaustive, and thus more complex, representation of the
system. Traditional attempts to address human behavior in
transport mainly consist of reproducing price response
aspects of behavior by means of constant elasticities of sub-
stitution and capturing technology adoption via discrete
choice models. This paper builds on and adds value to the
work of Sch€afer (2012) in three ways. First, by reviewing the
state of the art in the integration of energy and transport
models, second through investigating the modeling method-
ologies used to incorporate human behavior (related to
transport) and identifying the most commonly incorporated
behavioral features, and finally by critiquing these methodol-
ogies with a focus on modeling framework and assumptions,
time and cost for the data collection, and model integration
methodology.

The purpose of this review is to assess the methodologies
adopted for including aspects of behavior in transport within
integrated energy and transport models. The overarching
goal is to move beyond a review focusing just on model
descriptions, rather to include a degree of analysis and con-
ceptual innovation. Hence, this paper falls into the category
of “critical review” (Grant & Booth, 2009) or, equivalently,
“issue review” (Noguchi, 2006). Two main research ques-
tions guided the work:

� Structure—how should transport and energy models be
structured to allow an effective inclusion of behavior?

� Parameterization—what key attributes and parameters
should be introduced to represent transport-related con-
sumer choices in an integrated energy and trans-
port model?

The paper is organized as follows. Section 2 illustrates the
scope and methodology of the review. Section 3 describes
the classification criteria for the models analyzed, specifically
considering the level of integration of energy and transport
sectors. As means of overcoming the difficulties of model
integration, model-linking methodologies are also presented
in Section 3. In Section 4, the reviewed models are classified
according to the methodology used for introducing the main
transport-related behavioral features focusing on technology
choice, modal choice, driving pattern, and new mobility
trends. Section 5 draws the conclusions by answering the
research questions, whereas Section 6 provides an overview

on the policy implications triggered by the advances in
transport behavior modeling.

2. Review methodology

The methodology for this critical review comprises three lit-
erature filtering and assembling stages. First, we performed
an automatic literature search of journal articles and confer-
ence proceedings through online academic databases, that is,
Web of Science1 and DTU Findit2, to reveal integrated
energy and transport modeling tools that include a represen-
tation of transport-related behavior. Second, we executed a
manual screening to filter for alignment with at least one of
the following criteria:

� Analyzing and modeling the integration of sectoral
systems into global and partial equilibrium energy–
economy–environment (E3) models.

� Incorporating transport-related human behavior in an
energy model and describing its impact in enabling a
more realistic representation of energy systems.

� Using models to evaluate the policy interventions
required to support the transition to efficient and cli-
mate-aware behavior in the transport sector.

Third, we integrated the assembled literature with add-
itional sources found through existing reviews addressing
integrated energy and transport models (Bhattacharyya &
Timilsina, 2010; Connolly, Lund, Mathiesen, & Leahy, 2010;
Gargiulo & Gallach�oir, 2013; Jebaraj & Iniyan, 2006;
Pfenninger, Hawkes, & Keirstead, 2014; Pye & Bataille, 2016;
Sch€afer, 2012; Yeh et al., 2016).

With respect to the automatic database screening, a first
search using the string transport� AND model� AND
(behavio$r� OR behaving)3 in the topic field revealed 30,373
hits, which had been progressively reduced to 3846 after
excluding not relevant research areas, and to 3200 after
excluding not relevant journals and including only works in
English language. To filter further the results, the search of
the term energy within those previously obtained, provided
331 papers. The manual screening (according to the criteria
mentioned above) first by title and then by reading the full
papers, yielded, respectively, 29 and 5 relevant studies.

A second search string transport� AND (behavior�
OR behaving) AND “energy system” AND model� revealed
24 hits. These have been manually screened to obtain six
relevant papers.

As visible from the paper structure, the scope of the ana-
lysis becomes progressively more focused throughout the
review: it is broader in Section 3 and narrows down in
Section 4. Section 3 investigates the state of the art of the
integration of energy and transport models, thus requiring
also analyzing sectoral models, that is, partial equilibrium

1https://www.webofknowledge.com/
2https://findit.dtu.dk/
3For Web of Science search syntax, see http://images.webofknowledge.com/

WOKRS527R13/help/WOS/hp_search.html
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representations of single sectors of the entire economic sys-
tem. The broader perspective allows a comprehensive view
of the features that sectoral-energy and sectoral-transport
models are able to capture and the level of detail at which
those features can be rendered. In this perspective, we ana-
lyze 27 energy and transport models and we propose a
model taxonomy founded on the integration of energy and
transport systems. In Section 4, we strictly focus on the rep-
resentation of behavior in integrated energy and transport
models, thus limiting the scope to 14 highly integrated
energy and transport models.

Within the scope of this review, research focusing on fac-
tors influencing behavior and behavioral theories did not
constitute part of the analysis. In the same way, the bounda-
ries of our review lie within energy and transport modeling,
hence not considering spatial planning, land and water use,
and comprehensive environmental assessments, for example,
life cycle assessment (LCA). Moreover, we limit our focus to
passenger land transport, thus excluding freight, aviation,
and maritime transport. Regarding the temporal relevance of
the models reviewed, we included the most recent studies
(peer-reviewed research published in 2006–2016) for each
modeling tool, as well as less recent documents in the case
that significant and/or contrasting results were proposed.
Although most of the studies analyzed focus on European
and American countries, no prior limitations were imposed
as per the geographical scope of the review, thus aiming to
examine comprehensively the modeling efforts of energy and
transport systems worldwide.

3. Classification of integrated energy and
transport models

3.1. Integration of energy and transport models

Modeling plays an important role in the analysis of energy
and transport systems, creating a simplified version of a com-
plex system, thereby making it an effective tool for decision-
making and planning. It is worth noting that energy models
do not aspire to predict the exact evolution of the energy sys-
tem, rather they primarily perform scenario analyses, compar-
ing a number of potential future pathways, which represent a
range of possible energy system developments. However, cre-
ating models, which are able to capture reality as accurately
as possible, is an attempt that should be pursued.

In the field of energy and transport, there are several
types of models currently available and in use.
Transportation models attempt to capture trends in mobility
and help us understand the underlying factors that affect
mobility decisions (e.g., Lin, 2015; Rich, Nielsen, Brems, &
Hansen, 2010). Transport energy models (e.g. Daly & �O
Gallach�oir, 2011; Kloess & M€uller, 2011) evaluate future
scenarios of transport energy demand and supply, and asso-
ciated emissions. These tend to be simulation models valu-
able at assessing the impact of specific policy measures (e.g.,
Daly & �O Gallach�oir, 2012).

The expected electrification of the transport sector and
the likely increase in fuel blends with higher shares of bio-
fuels will link the future transport sector even more to the

overall energy system, offering new opportunities and chal-
lenges across the supply–demand balance. Therefore, inte-
grated energy system models, as described in the previous
reviews by Bhattacharyya and Timilsina (2010) and Gargiulo
and �O Gallach�oir (2013), offer a particularly relevant
approach following their capability to analyze synergies,
interactions and competitions between different energy sec-
tors and with the surrounding economy. These models rep-
resent transport energy use within the entire energy system
with a specific focus on technology and seek the least-cost
energy system pathway to meet future energy service
demands (e.g., Juul & Meibom, 2011; Merven, Stone,
Hughes, & Cohen, 2012). They are used to undertake cli-
mate mitigation scenario analysis, comparing impacts on the
energy system (including transport energy system) under a
range of emissions reduction constraints and for evaluating
energy policies. Integrated assessment models (IAM) also
seek a least-cost solution to a particular CO2 emissions con-
straint, including transport but generally with a less detailed
representation of technology (e.g., Blanford, 2008; Kyle &
Kim, 2011).

These model types offer a wide variety of approaches
available to researchers and decision-makers within the
energy and transport sectors. In accordance with the focus
of the analysis, the scope and level of detail required, the
role of the analyst is to assess which model is best suited to
cope with each specific aspect.

As this review aims at recognizing the minimum level of
integration required for suitably incorporating transport
behavior in energy models, a taxonomy is hereby proposed
for usefully describing the level of integration of the trans-
port sector in the reviewed models.

While acknowledging that there are no strict boundaries
between model classes but rather a gradual change, we dis-
tinguish five model categories (Table 1): (i) sectoral energy
models (E), which consider only the energy-related aspects
of the system under analysis; (ii) energy models partially
including the transport sector (Eþ), where the transport sec-
tor is represented at an aggregated level; (iii) highly inte-
grated energy and transport system models (EþT), which
represent a highly disaggregated level of representation of
the transport sector in an energy systems model; (iv) trans-
port models partially including the energy sector (Tþ),
where the energy system is represented at an aggregated level
into a model which has a primary focus on transport model-
ing, and (v) sectoral transport models (T) which are trans-
port models with little or no focus on energy demand and
environmental externalities. Table 1 offers a description of
the five categories, providing model examples for each.
These examples are not necessarily part of the reviewed
models, which maintain a closer affinity with the EþT class.

Figure 1 outlines the authors’ hypothesis on the import-
ance of moving from sectoral models (E and T) toward
more integrated energy and transport models (EþT) to
realistically capture the economic, technical, and socio-
logical variables.

Integrated energy and transport models, EþT models,
focus on analyzing the potential for the integration of
renewable energies in the transport sector (Lund &
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Kempton, 2008), assessing the challenges of introducing elec-
tric vehicles (EV) (Bahn, Marcy, Vaillancourt, & Waaub,
2013; Bosetti & Longden, 2013; Juul & Meibom, 2011; Kyle
& Kim 2011; Seixas et al., 2015), and studying technology
and modal shift in the transport sector as a climate mitiga-
tion option (McCollum et al., 2017; Pietzcker, Moll, Bauer,
& Luderer, 2010; Pye & Daly, 2015). On the other hand, Eþ,
E, T, or Tþmodels are often applied for specific sectoral
policy and scenario analyses. For the purpose and interest of
this review, we limit our focus to the models belonging to
the category EþT.

3.2. Modeling approach and mathematical method

Energy models are generally classified according to several cri-
teria: van Beeck (1999) reviewed different ways of categorizing
the models, producing a list of nine classification criteria for
energy models. Pandey (2002) and Nakata (2004) provide
more recent classifications (see Bhattacharyya & Timilsina,
2010 for further details), whereas Lundqvist and Mattsson
(2001) comprehensively examine national transport models.

For the purpose of this work, we classify the energy and
transport models analyzed in relation to the modeling
approach and mathematical method employed. These two
criteria, traditionally adopted for classifying energy models,
are here utilized to (i) comprehend the possible methodolo-
gies for integrating the transport sector within an energy
system model framework and (ii) explore whether a certain
approach should be used for describing both the techno-
logical and behavioral dimensions.

3.2.1. Mathematical methods: simulation and optimization
According to World Energy Conference (1986), simulation
models describe the development of a system based on its

logical representation and on exogenously defined assump-
tions while optimization models apply mathematical pro-
gramming to determine the optimal configuration of the
system subject to some constraint(s). Simulation models are
referred to as static if they represent the operation of the
system in a single period of time, and dynamic if the output
of one period affects the output of subsequent periods.
Simulation models are effective at showing how future
energy demand and supply will evolve according to certain
trends of energy drivers, or at reproducing traffic in a road
network given certain household characteristics. Concerning
transport modeling, these tools can usefully simulate the
impact of specific policy measures, as for the model
UKTCM (Brand, Tran, & Anable, 2012).

Energy systems models, also referred to as partial equilib-
rium models, are a particular branch of optimization models
that find an equilibrium solution for the energy system
alone. This contrasts with general equilibrium models,
including computational general equilibrium (CGE) models
(Hosoe, Gasawa, & Hashimoto, 2010), where a general equi-
librium across the entire economy is achieved. Optimization
models are useful for determining potential least-cost solu-
tions to meet a specific policy goal, for instance an emissions
reduction target.

3.2.2. Modeling methods: top-down and bottom-up
The second classification criteria considered relates to the
level of detail in the description of commodities and tech-
nologies of a system, leading to two major classes: top-down
(TD) models and bottom-up (BU) models. The former class
of models focuses mainly on the macroeconomic dimensions
and aims at capturing the economic influence of prices and
markets on the energy and transport sectors using a number
of economic variables as drivers for service demands.

Figure 1. Representation of the transport sector in our model classes.

Table 1. Taxonomy of energy and transport models.

Category Description Focus Examples

E Sectoral energy models consider only the energy-
related aspects of the system under analysis

Study future projections of energy demand, at dif-
ferent levels of spatial and temporal aggregation

Bottom-up building model (Dineen,
Rogan, & �O Gallach�oir, 2015),
PLEXOS Gil, Aravena, &
Cardenas, 2015)

Eþ Energy models partially including the transport sector
have an aggregated representation of the trans-
port sector

Take into account the effect of aggregated transport
energy demands on the surrounding
energy system.

LEAP (Heaps, 2016), Balmorel
(Karlsson & Meibom, 2008)

Eþ T Highly integrated energy and transport system models
contain a highly disaggregated transport sector
in an energy system model

Perform transport-focused policy analyses and con-
sider the effects of modal and technology shift
on the energy system

ESME (Pye & Daly, 2015), IMACLIM-R
(Waisman et al., 2013)

Tþ Transport models partially including the energy sector
include the energy system at an aggregated level

Analyze the impact of transport technology and
modes on energy consumption and emissions or
vice versa

MoMo (Fulton, Cazzola, & Cuenot,
2009), ICCT Roadmap (Façanha,
Blumberg, & Miller, 2012)

T Sectoral transport models are transport models with
little or no focus on energy demand

Simulate travel trips by origin and destination, trip
purpose, mode of travel, and household demo-
graphics. Focus traditionally on behavioral
aspects of individuals’ decisions

LTM (Rich et al., 2010), MA3T
(Lin, 2015)
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The description of the energy and transport system is aggre-
gated and has low technical detail because represented by
production functions that reproduce the dynamics of substi-
tution between the different factors (labor, capital, and
resources). Two types of models are included in this cat-
egory: econometric models, focused on short- to medium-
term dynamics of adjustment, and CGE models, based on
long-term equilibrium after adjustments, for example, the
EPPA model by Karplus, Paltsev, Babiker, and Reilly (2013).
The TD modeling approach can be effective at providing
technology roadmaps but lack the level of detail required to
determine the individual policy measures to meet
these results.

BU modeling seeks to provide a more technologically rich
representation of demand and supply. These can be (either
single or multi-sectoral) simulation models (e.g., Daly &
�O Gallach�oir, 2011) or full-energy systems optimization
models, for example, MARKAL (Loulou, Goldstein, &
Noble, 2004) and MESSAGE (McCollum, Krey, Kolp, Nagai,
& Riahi, 2014). Within BU models, existing or under devel-
opment technologies are carefully characterized along the
entire supply chain by means of technical, economic, and
environmental parameters. The energy system is then repre-
sented as a network of technologies and commodities, called
reference energy system (RES). BU energy models are com-
monly partial equilibrium models, that is, they consider only
one aspect of the energy system. The macroeconomic back-
ground remains vaguely defined and the relationship
between the energy and the outside sectors with the rest of
the economy is simplified. This results in a high level of
detail surrounding one sector but fails to give the same fore-
sight of the complete economy as TD models.

TD and BU modeling approaches complement each
other: the aspects where TD models reveal weaknesses are
often those where BU is stronger. Therefore, efforts have
been put in creating the so-called hybrid models (Hourcade,
Jaccard, Bataille, & Ghersi, 2010). Such modeling approach
can be either based on increasing the technological detail of
conventional TD models (as, e.g., in the models WITCH
(Bosetti, Tavoni, De Cian, & Sgobbi, 2009), ReMIND
(Pietzcker et al., 2010), and IMACLIM-R (Waisman et al.,
2013)), or on including a more detailed representation of the
macroeconomic background in BU models (cf. e.g., the
models CIMS (Horne, Jaccard, & Tiedemann, 2005) and
GCAM (Kyle & Kim 2011)). Some models are more difficult
to classify but are most readily also grouped in the hybrid
category, including some integrated assessment models (e.g.,
the model MERGE (Blanford, 2008)) and other types of
hybrid models (e.g., the model PRIMES (E3MLab, 2014)).

3.3. Discussion on energy and transport models
integration

A classification of the reviewed integrated energy and trans-
port models (EþT), according to geographic scope, time
horizon, mathematical method, and modeling approach, is
presented in Table 2. Focus denotes the specific problem
dealt within the cited reference.

The vast majority of the studies are used for long-term
analyses with a time horizon of 50–100 years, as evident
from Table 2. This observation is in line with the fact that
energy and transport models are often developed to assess
optimal long-term pathways toward a certain environmental
goal and to inform decision-makers early in advance on pol-
icies and measures which can be efficient and effective in
the long run. On the other hand, sectoral transport models
T often focus on traffic assignment in a shorter run, due to,
for example, the underlying uncertainties on the future
development of the road infrastructure.

As regards the geographical scope, 12 out of the 27 stud-
ies reviewed have a country scope, 10 have a global outlook,
three are developed at regional level, and one at city level.
However, many of these models are adaptable to different
geographical contexts (see the open-source energy system
model OSeMOSYS (Howells et al., 2011)) and can be applied
to perform comparative studies for different countries
(Mittal, Dai, & Shukla, 2016; Zhang, Chen, & Huang, 2016).
Some of the models (e.g., PRIMES-TREMOVE (E3MLab,
2014), TRAVEL (Girod, van Vuuren, & Deetman, 2012),
and UKTCM (Brand et al., 2012)) are detailed representa-
tions of the transport sector, which can be linked or inte-
grated within a wider energy system model. In this latter
case, mathematical method and modeling approach refer to
the more detailed transport module.

Figure 2 reports the cross classification for the 27
reviewed studies, according to modeling approach and math-
ematical method. The majority of the EþT models consid-
ered falls in the category of optimization models (16) while
amongst the remaining, 8 are simulation models and 3 are
CGE. Among optimization models, the majority are BU
models (14) while 2 belong to the hybrid type. Once more,
the TD approach is traditionally used in macroeconomic
models, where the energy and transport systems appear at a
more aggregated level. Hence, an EþT model with a
detailed representation of the transport system is often not
possible or not pursued.

Transport models T and Tþ, focusing on the factors that
affect mobility decisions, are mainly based on a simulation
method. On the other hand, the review highlights that most
of the EþT models adopt an optimization method.
Therefore, when the aim is to incorporate transport behav-
ioral features in energy models, the challenge of combining
a simulation approach within a traditional optimization
model structure needs to be taken into account. For
instance, the structure of the nested multinomial logit model
MA3T (Lin, 2015; Lin & Greene, 2010) is replicated in the
optimization model COCHIN-TIMES (Bunch, Ramea, Yeh,
& Yang, 2015).

Six out of the 27 reviewed references are hybrid models,
which combine the top-down with the bottom-up approach.
As we will further highlight in Section 4, hybrid models bet-
ter allow introducing a detailed modeling of technological,
macroeconomic, and microeconomic characteristics of the
energy system. Nevertheless, modeling and computational
difficulties may arise when introducing several parameters
and constraints in one single model framework. Therefore,
most attention has been set on integrating the various
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approaches through model linking, with the aim to harness
the richness of each model type through the creation of an
interaction. Section 3.4 provides a comprehensive review of
the model-linking techniques used between energy models
with a focus on the linkage between energy and transport
models. However, very few cases to date have considered a
coupling of these two forms. Therefore, this review considers
the linking methodology between an array of energy models,
regardless of the sector, highlighting the advantages and dis-
advantages of the different techniques, and provides case
studies addressing transport modeling where applicable.

3.4. Model-linking methods

Combining different modeling approaches can take advan-
tage of the strengths of individual methodologies and add
value and insight to individual approaches. Model coupling
methodologies can be classed by means of operation (as
done by Labriet et al., 2015 and Bohringer & Rutherford,
2009). This paper splits these methodologies into three
classes: (i) Independent Model Convergence, (ii) Partial
Integration, and (iii) Full Integration. Model-linking meth-
ods can be used as a means of improving the representation
of behavior into a model which previously neglects this area,
with examples found below. A definition of each class fol-
lows, with a detailed focus on soft linking between energy
and transport models.

3.4.1. Independent model convergence (IMC)
Under IMC operation, two models are run independently of
each other and done so until a convergence is reached. This

methodology requires the least level of structuring of the
models among the three classes and has been identified as a
faster and more versatile procedure than a fully integrated
model; however, it is much more susceptible to errors aris-
ing due to inconsistencies between models. Mulholland,
Rogan, and �O Gallach�oir (2015) carried out this approach
between a sectoral simulation model of the private car fleet
and the Irish TIMES energy system optimization model to
determine the magnitude of the policy measures which
would be required on an annual basis for this sector to con-
tribute to an overall 80% CO2 reduction by 2050, relative to
1990. The study concluded that the time resolution of sur-
vival profiles on the private car sector in the Irish TIMES
model was overly optimistic and thereby corrected using
results from the private car stock simulation model. These
two models operate on different principles (simulation vs.
optimization) and linkage between the two will still result in
fundamental errors but allows for a versatile model oper-
ation. Daly, Gargiulo, and �O Gallach�oir (2011) carried out a
similar approach, considering a soft-link between these two
models with a more specific focus on the underlying model-
ing principles and projections of energy service demand.

3.4.2. Partial integration (PI)
PI involves the integration of some detail from the bottom-
up model into the top-down model, or vice versa, to create
a scaled-down representation of one model in the second.
By far, the most common approach is the integration of bot-
tom-up data into a top-down model, generally to improve
sectoral representation into a CGE model, which is the case
in Sch€afer and Jacoby (2005) who carry out this method-
ology with a specific focus on the transport sector. In this
study, a modal shift model and a MARKAL model of house-
hold and industry transport activities (bottom-up) are inte-
grated into a CGE model (top-down) to provide an analysis
on the penetration of new automobile technologies. This
method found an inconsistency between energy use with
bottom-up and top-down models due to errors in calibration
although Kiuila and Rutherford (2013) address this incon-
sistency by providing an “as best as possible” match between
models. Similarly, Merven et al. (2012) soft-linked five mod-
els to create long-term projections of the transport sector in
South Africa. This consisted in developing and linking a
CGE model, a vehicle Parc model, a time-budget model, a
freight demand model, and a fuel demand model. The out-
puts from the CGE model (i.e., GDP levels) were used to
provide the baseline scenarios for the vehicle park and
freight demand models, while the fuel demand and time-
budget models improved the representation of behavior used
in long-term projections.

3.4.3. Full integration (FI)
The least common of all coupling methods, FI operation is
carried out by a complete integration of both models, requir-
ing both models to be built within the same mathematical
format. This combats the inconsistencies between top-down
and bottom-up modeling techniques, yet requires increased

Figure 2. Mathematical method and modeling approach of the reviewed
Eþ T models.
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processing power. To the best of the authors’ knowledge,
this method has never been carried out in modeling of the
transport sector although a few examples are found using
other sectors. A pedagogic analysis is carried out in
Bohringer and Rutherford (2008) which praises the coher-
ence of this integration, but identifies the limitations associ-
ated with dimensionality between models. A second
approach is considered in Bohringer and Rutherford (2009)
which decomposes the integrated mixed complementarity
problem (MCP) formulation to successfully address the
problem with dimensionality. Lanz and Rausch (2011)
employ this decomposition method in modeling US climate
policy. This method of model linkage is also known as
“hard-linking” while the previous two methods are “soft-
linking” methods.

4. Transport behavior in energy and
transport models

Although energy system models are capable of acting as
effective decision-making tools by providing valuable
insights into the dynamics of the different energy sectors,
they may not always be fully comprehensive. Jaccard,
Nyboer, Bataille, and Sadownik (2003) accurately described
the level of comprehension in an energy system model:

An ideal energy system model should include technological
explicitness, microeconomic realism and macroeconomic
completeness.

Technological explicitness refers to the quality of including
a vast amount of information about the performance of
technologies. Microeconomic realism relates to a realistic rep-
resentation of consumer behavior when dealing with deci-
sion-making. This requires the model to be able to include
not only the description of economic parameters but also of
other attributes related to the level of service and socio-
logical aspects. Macroeconomic completeness consists of tak-
ing into account the feedback of the dynamics and
transformations occurring in the energy system on the rest
of the economic sectors.

Although a holistic analysis should comprehend all three
of these dimensions, the majority of energy models fail to
do so. As illustrated in Section 3, model-linking and hybrid
models currently represent the only approaches for merging
these three characteristics in a single modeling framework.

This section explores the dimension of microeconomic
realism proceeded by examples to date, specifically address-
ing consumer behavior related to purchase decisions and use
of transport technologies.

Sch€afer (2012) reviews and identifies the lack of behavior
representation in energy models, suggesting the inclusion of
five main features to simulate behavioral change in transpor-
tation: elastic transportation demand, endogenous mode
choice, choice of no physical travel, infrastructure capacity
representation, and segmentation of urban and intercity
transport. His study indicates that a considerable investment
in research and development is required for a breakthrough
in the specifics of new technologies for achieving CO2 reduc-
tion. At the same time, the behavioral dimension is also

fundamental: new technologies have to be accepted by peo-
ple and therefore it is important to include a description of
the real household preferences, their behavior when taking
decisions, and their acceptance of different transport tech-
nologies in energy models. Furthermore, empirical results
show a link between lifestyle and sustainability in travel
behavior, calling for a paradigmatic shift in transportation
policy from capacity/demand management toward lifestyle
adjustments (Fan & Khattak, 2012).

Consumer choice is generally not accurately represented
in energy models: either the transport market shares are
endogenously determined accounting only for the life cycle
costs of the different alternatives, or they are exogenous
inputs deriving from the assumed consequence of some
energy policy, such as in Bahn et al. (2013). In this second
case, Bunch et al. (2015) illustrate that there is a gap
between the real consumers’ preferences and the assumed
market shares in the scenarios.

As a response to the limitation of the energy system mod-
els highlighted in Sch€afer (2012), there has been a recent
trend in attempting to integrate behavioral transport models
within larger E3 models (Waisman et al., 2013). Instead of
performing traditional “what if” scenario analysis, the
research interest has shifted to the endogenization of modal
and vehicle choice in a behaviorally realistic manner (Bunch
et al., 2015; Daly et al., 2014). Such approaches require both
modal and vehicle shares to be selected not only according
to a cost optimization but also including other factors, for
example, travel time and infrastructure availability. As an
additional trait of behavioral realism, the representation of
population heterogeneity is increasingly represented in EþT
models. A much more realistic result is achieved when the
consumers are disaggregated by classes according to their
access to technology, their level of demand and their
income, as demonstrated by Cayla and Maïzi (2015) for the
residential and transport sector.

The purpose of this section is to review the most remark-
able features incorporated in energy and transport models
(EþT) to represent transport behavior. From the 27 models
reviewed in Section 3, 14 studies have been further analyzed,
as these include some of the transport behavioral
aspects identified.

4.1. Behavioral features

The recurring ways to include behavior in energy and trans-
port systems have been classified in the four categories: (i)
Technology choice, (ii) Modal choice, (iii) Driving pattern,
and (iv) New mobility trends.

The rationale behind the selection of these features
departs from the works by Sch€afer (2012), Li et al. (2015),
and McCollum et al. (2017), examining the recurring appli-
cations related to behavior introduction in current energy
and transport models, and identifying new and complemen-
tary attributes.

i. Technology choice represents the possibility for the
model to endogenously select a particular transport
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technology from a set, based on cost and non-cost
parameters. More specifically, to represent consumers’
behavior, non-monetary factors are commonly utilized.
The concept of technology choice is typically applied to
choice of road vehicles.

ii. Modal choice represents the option for the model to
determine endogenously the market shares of the dif-
ferent transport modes. This represents a powerful fea-
ture when studying the potential for future modal shift
to more sustainable transport modes, such as the shift
from private car to public transport or even to non-
motorized modes.

iii. Driving pattern is generally defined as the speed profile
of the vehicle, but can be expanded to include other
aspects of driving behavior, such as eco-driving
(Ericsson, 2001), or simply distance traveled in a cer-
tain period.

iv. New mobility trends include recent developments in the
use of transport systems, fostered by the introduction
of different services and Information and
Communication Technology (ICT) applications.
Advancements in this area allow consumers to better
manage their trips including phenomena such as intelli-
gent transport systems, car sharing, carpooling, trip
chaining, autonomous vehicles, mobility as a service
(MaaS), and optional transport abdication.

As discussed further on, modal choice and technology
choice are more commonly included than the other catego-
ries. However, analyses show that the potential emission
reduction achievable by promoting car sharing and carpool-
ing is high. In fact, by increasing the occupancy factor of
light-duty personal vehicles from the current value for
Denmark of 1.55 person/vehicle and for Ireland of 1.49 per-
son/vehicle to a desirable value of 2 person/vehicle4, the
reduction in overall CO2 emissions for the transport sector
would be 15% in Denmark and 25% in Ireland as a yearly
average over the period 2015–20505. Such a significant
potential constitutes the rationale for including new mobility
trends among the transport behavior aspects considered in
the review. Moreover, modeling driving patterns can improve
the representation of the road transport sector and its influ-
ence on the whole energy system, since driving pattern
affects the emission and fuel use of vehicles.

4.2. Discussion on behavioral features representation

The four behavioral features identified in the 14 EþT mod-
els reviewed are presented in Table 3 while advantages and
disadvantages of the various methodologies are discussed in
the remainder of this section. As summarized in Figure 3, 12

of the 14 models reviewed include a representation of modal
choice, 9 represent technology choice, 5 of them model driv-
ing pattern, and only one is dealing with new mobility
trends. The analysis will underline the reason behind the
easier applicability of concepts as technology choice and
modal choice with respect to fewer implementations of driv-
ing pattern and new mobility trends. Among the reviewed
studies, hybrid models have the potential to capture all of
the four behavioral features although the scope of the ana-
lysis will determine the appropriate level of detail for each
characteristic. Hybrid models, as, for example, CIMS (Horne
et al., 2005), IMACLIM-R (Waisman et al., 2013), and
ReMIND (Pietzcker et al., 2010), specifically build a frame-
work able to investigate trends across different systems or
knowledge domains. Therefore, they are inherently meant
for carrying out cross-disciplinary analyses and give answers
to research and policy questions from a broader perspective.
To limit model complexity, these gains could come at the
expense of a more aggregated representation of reality. On
the other hand, bottom-up and top-down models often
address a specific energy and transport policy issue, for
example, as for EPPA (Karplus et al., 2013), ESME (Pye &
Daly, 2015), and UKTCM (Brand et al., 2012). In this case,
models can provide robust insights on a certain phenom-
enon, as the future potential for modal shift (Girod et al.,
2012) or the acceptance and penetration of electric vehicles
in the transport sector (Bunch et al., 2015).

4.2.1. Technology choice
Energy system models are usually technology-rich, thus
allowing a precise description of the technical, environmen-
tal, and economic characteristics of the technologies taken
into consideration. Nonetheless, in determining the optimal
shares to fulfill the travel service demand, traditionally these
models only regard the life cycle costs of the technology
(actualized investment, operation and maintenance, and fuel
costs), disregarding that vehicle preferences are highly het-
erogeneous and based on many non-economic aspects.
McCollum et al. (2017), recognizing that low-carbon future
transport scenarios have been explored so far without
adequately considering any behavioral aspect, have recently
addressed the topic of behavioral realism of vehicle choice in
IAM. We identified four main methodologies that are gener-
ally used to represent technology choice in a more behavior-
ally realistic way: (i) discrete choice models, (ii) constant
elasticities of substitution, (iii) disutility costs, and (iv) hur-
dle rates. Additionally, we review the technique of modeling
virtual technologies (v) as a means of representing technol-
ogy choice. While the latter methodology focuses on the
residential sector, this approach may be extended to the
transport sector. A common trait of all these approaches is
that they attempt to capture consumer behavior when choos-
ing a transport technology by including some non-monetary
parameters that affect a consumer’s decisions.

4.2.1.1. Discrete choice models. The most common
approach observed in the literature to introduce technology
choice is through discrete choice models. In our review, five

4The European Environment Agency showed that values close to 2 for car
occupancy have been reached in some European countries in 2008. Hence,
the value has been chosen to represent carpooling as an important
phenomenon in the two countries.

5The analysis has been performed with the bottom-up optimization energy
model TIMES-DK for the period 2015–2050 for Denmark, and with the
bottom-up sectoral simulation model CarSTOCK for Ireland.
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models have been found to use this methodology, as shown
in Table 3.

Discrete choice models calculate the probability of an indi-
vidual’s choice from a finite set of alternatives. The selection
of an alternative is determined through the principle of ran-
dom utility maximization, which assumes that individuals
aim at maximizing their utility when making a choice. Each
alternative is characterized by means of both monetary and
non-monetary parameters that influence people’s choice.

As an example, Equation (1) illustrates the standard for-
mula for a multinomial logit model (MNL)—a form of dis-
crete choice modeling, which is used in the global transport
model TRAVEL (Girod et al., 2012). This model calculates
passenger transport shares and it is part of the energy model
TIMER, which is in turn included in the wider IAM frame-
work IMAGE (van Sluisveld, Mart�ınez, Daioglou, & van
Vuuren, 2016). Equation (1) calculates the fleet composition

within a travel mode m at each time period t and region r
for each vehicle v. The share of each alternative is calculated
by comparing its cost with that of all the competing technol-
ogies within an exponential function that uses k as a calibra-
tion factor.

Sharer;v; t ¼ eðk �Costr;v; tÞX
i
eðk �Costr;v; tÞ

(1)

In TRAVEL, the cost characterizing each technology is
calculated as shown in Equation (2).

Costr;v;t ¼
AddTechCostsv;t þ EnergyCostsr;v;t þ NonEnergyCostsr;t

loadr;t
(2)

The total cost is the sum of three addends:

i. Investment into vehicles (AddTechCostsv;t)
ii. Energy costs accounting for vehicle efficiency and

energy prices (EnergyCostsr;v;t)
iii. Non-energy costs related to vehicle purchase and main-

tenance, which simulate the increased willingness to
pay, associated with higher levels of income
(NonEnergyCostsr;t)

In the hybrid model CIMS (Horne et al., 2005), an MNL
model for vehicle choice is developed from stated preference
surveys where respondents are asked to choose among four
vehicle types defined by attributes such as capital costs, oper-
ating costs, fuel availability, express lane access, emissions,
and power. The gathered data serve to build the utility func-
tions for each vehicle type j, as visible from Equation (3):

Uj ¼ ~bj � ~Xj þ ASCJ (3)

The vector of attributes ~Xj is multiplied by the weighting
coefficient vector ~bj , with the variable Alternative
Substitution Constant ASC representing a specific constant
for the alternative technology j. To represent this function in
CIMS, market shares are computed according to Equation (4),

Table 3. Representation of transport behavioral features in energy and transport models.

Model name Technology choice Modal choice Driving pattern New mobility trends Modeling approach Reference

BLUE Intangible costs/bene-
fits, Hurdle rates

– – – H Li and Strachan (2017)

CIMS MNL MNL – MNL H Horne et al. (2005)
COCHIN-TIMES Disutility costs – Driving profiles – BU Bunch et al. (2015)
ECLIPSE – TTB – – H Turton (2008)
EPPA Nested CES Nested CES E – TD Karplus et al. (2013)
ESME – TTB – – BU Pye and Daly (2015)
GCAM NMNL LM – – BU Kyle and Kim (2011),

Mishra et al. (2013)
IMACLIM-R – TTB, CES E – H Waisman et al. (2013)
Irish TIMES, CA-TIMES – TTB, TTI – – BU Daly et al. (2014)
MESSAGE-TRANSPORT Disutility costs MNL Driving profiles – BU McCollum et al. (2017)
PRIMES-TREMOVE NMNL CES Driving profiles – BU E3MLab (2014)
ReMIND – Nested CES – – H Pietzcker et al. (2010)
TRAVEL NMNL NMNL – – BU Girod et al. (2012)
UKTCM LM E – – BU Brand et al. (2012)

NMNL: nested multinomial logit model; MNL: multinomial logit model; LM: logit model; TTB: Standard budget and time budget constraints; TTI: travel time invest-
ment; E: elasticities; CES: constant elasticities of substitution.

Figure 3. Distribution of the modeling approaches across the four
behavioral features.
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where the utility functions are translated into capital costs
(CCj), operating costs (OCj), and non-financial costs (travel
time and comfort) per each mode ij with a private discount
rate r, and market heterogeneity exponent v:

Sharej ¼ eUjX
j
eUj

¼
CCj � r

1�ð1þrÞ�n þ OCj þ ij
h i�v

X
j
CCj � r

1�ð1þrÞ�n þ OCj þ ij
h i�v

(4)

As demonstrated by the two examples reported above,
discrete choice models are effective for introducing non-
monetary parameters that affect individual’s decisions.
Among the most commonly used intangible costs included
in such models are technical risk of immature technologies,
model availability, acceptance factors (to simulate accelerated
market diffusion), density of recharging/refueling infrastruc-
ture, and range limitations.

Normally, the estimation of the model parameters and
the calibration require data from a survey and a statistical
analysis of the surveyed data. The time and cost of the data
collection are a function of the number of alternatives to be
included in the model. Discrete choice models find large-
scale application in simulation programs, where parameters
statistically inferred from the survey simulate consumer
behavior. Conversely, optimization models are often based
on linear programming methods; hence, model linking or a
linearization procedure is required for the integration of the
discrete choice models.

4.2.1.2. Constant elasticities of substitution. Another
method of representing transport technology choice in the
literature is that of using constant elasticities of substitution
(CES). The CES between two input parameters of a utility
function measure the constant percentage response of the
relative marginal product of the two parameters to a per-
centage change of the proportion of the parameters.

In the CGE model EPPA (Karplus et al., 2013), the ori-
ginal nesting structure described in Paltsev, Viguier, Babiker,
Reilly, and Tay (2004) has been extended to include the pos-
sibility of substitution between conventional internal com-
bustion engine vehicles (ICE) and alternative fuelled vehicles
(AFV), as shown in Figure 4.

CES regulate the choice between the transport categories,
based on fuel costs, powertrain costs, and a fixed factor, the
latter accounting for different constraints on the adoption of
alternative vehicles. Constraints on adoption include the
gradual fleet turnover, dynamic changes in the relative cost
of alternative technologies with respect to the existing tech-
nology, and fixed costs associated with reaching a stable pro-
duction and obtaining wide market acceptance.

The main advantage of CES is that capturing consumer
behavior in technology choice only requires the inclusion of
additional input factors to capital and labor in the standard
production functions. One problem associated with this
method is that CES are generally the result of an educated
guess or a literature review since they cannot be calculated
empirically. Moreover, they typically find application in top-
down macroeconomic models and thus the integration in
conventional energy models requires the adoption of soft
linking or the use of a hybrid modeling approach.

4.2.1.3. Disutility costs. The incorporation of disutility costs
allows for considering the (often non-monetary) discomfort
costs encountered by consumers when adopting a specific
transport technology. Electric vehicles (EV) offer a common
example, wherein the users could associate EVs with lack of
refueling infrastructure, range anxiety, and scarce vehicle
model variety.

McCollum et al. (2014) provide a first example of the use
of disutility costs in a linear programming model. In this
case, technology choice is limited to fuel choice, including
inconvenience costs for non-liquid fuels. A much more
extensive use of disutility costs is offered by COCHIN-
TIMES (Bunch et al., 2015) and MESSAGE-TRANSPORT
(McCollum et al., 2017). The two studies apply the same
methodology in different model frameworks: a linear pro-
gramming tool (TIMES/MESSAGE) has been transformed to
be able to replicate the output of MA3T, an MNL model
designed to estimate the choice probabilities of an array of
technologies for different consumer groups (Lin, 2015; Lin &
Greene, 2010). By adding some extra features such as hetero-
geneity of population, disutility terms, and calibration
parameters, the optimization framework is used as a
“simulation-like” model. Heterogeneity is introduced to
overcome the traditional concept of “mean representative
decision-agent” (McCollum et al., 2017) and to take into
account that distinct consumer groups are characterized by
different preferences toward vehicle adoption and operation.
In Bunch et al. (2015) and McCollum et al. (2017), consum-
ers are differentiated along several dimensions: settlement
pattern (urban, suburban, and rural), attitude toward tech-
nology adoption (early adopter, early majority, and late
majority), and vehicle usage intensity (modest driver, aver-
age driver, and frequent driver). Then, disutility costs are
included to reflect that the different classes of transport
users have varying preferences and comfort perceptions
toward refueling and recharging station accessibility, range
anxiety, and model availability.

While in MESSAGE-TRANSPORT disutility costs are
homogeneous within each consumer group, the “unobserved

Figure 4. Representation of passenger vehicle choice in EPPA (Karplus
et al., 2013).
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consumer heterogeneity” is represented through distribution
functions (called “clones”) in COCHIN-TIMES (Bunch
et al., 2015), thus bringing the model closer to the simula-
tion model MA3T. This approach allows overcoming sharp
technology penetration. However, the modeling complexity
grows significantly, requiring high-level computa-
tional capacity.

Acknowledging that actors have varying sensitivities to
cost differentials when making investment decisions, Li and
Strachan (2017) include market heterogeneity and intangible
costs/benefits in the dynamic stochastic socio-technical
simulation model BLUE.

The authors recognize the combination of transport users’
heterogeneity and disutility costs as the most advanced and
effective way to improve the behavioral realism of vehicle
choice in optimization models.

4.2.1.4. Hurdle rates. Hurdle rates are higher discount fac-
tors associated with new or not fully commercial technolo-
gies. Hurdle rates account for the higher investment risk,
uncertainty, and imperfect knowledge perceived by the con-
sumer, thus simulating the hesitancy to invest in a newer
technology over an established technology (Mallah &
Bansal, 2011).

With respect to the transport system, the application of
higher discount rates on less mature, more uncertain tech-
nologies is a traditional method to model vehicle choice. A
simple approach consists in having technology-specific hur-
dle rates while a more sophisticated method considers con-
sumer-specific rates.

In the model BLUE, Li and Strachan (2017) associate dif-
ferent hurdle rates to reflect actors’ different attitudes toward
investment risk. Horne et al. (2015) explicitly include the
variable discount rate as part of the multinomial logit for-
mulation within the model CIMS, to simulate people’s vary-
ing behavior in vehicle purchasing decisions. The UKTCM
model (Brand et al., 2012) distinguishes three main market
segments for cars: private, fleet, and business car buyers.
Higher hurdle rates are associated with private vehicles to
emphasize the higher total upfront costs confronted by the
private consumer with respect to the fleet or business buyer.

The allocation of variable hurdle rates to technology and
consumer groups is a simple and generally applicable meth-
odology in energy and transport models. The difficult cali-
bration procedure and sole reliance on literature values for
the determination of the discount rates represent a limitation
for this approach.

4.2.1.5. Virtual technologies. Fragni�ere, Kanala, Moresino,
Reveiu, and Smeureanu (2017) and Kanala, Turin, and
Fragni�ere (2013) present a potential methodology to directly
introduce technology choice in the bottom-up optimization
framework MARKAL. Sociological surveys are conducted to
collect data on the willingness to change behavior toward
lighting technologies (from existing incandescent bulbs
toward new low-consumption bulbs). The underlying
assumption is that people are influenced by marketing/
awareness campaigns, level of education, quality of

information received, and training. Subsequently, through
survey analysis, people are grouped based on their choices
and Virtual Technologies are introduced in the MARKAL
model to simulate energy savings and technology switch.
The introduction of these Virtual Technologies ensures that
existing and new technologies compete not only on eco-
nomic parameters. Efficiency and investment cost are speci-
fied for the Virtual Technologies, reflecting the estimated
efficiency and investment cost of the marketing campaigns.

Although the method has been applied to the residential
sector, it could be effectively extended to the transport sec-
tor. Moreover, this approach is easily applicable in bottom-
up optimization models since it does not require any deep
modification to the model structure. On the other side, the
time and cost for survey data collection could be an obstacle
to the implementation. Additionally, surveys are often rely-
ing on stated preferences (SP) and not revealed preferences
(RP). The principal critique is that an individual’s stated
preferences may not correspond closely to their actual pref-
erences—the cause of divergence being bias in SP responses
or difficulty in carrying out the SP task (Wardman, 1988).

4.2.2. Modal choice
Transport simulation models such as LTM (Rich et al.,
2010) have traditionally addressed modal choice using a
four-step model structure, including trip generation, trip dis-
tribution, mode choice, and route assignment. In the third
step, modal shares are normally computed via MNL or
NMNL models using a large number of attributes describing
the level of service of the alternative modes and the socioe-
conomic composition of the population. Such an approach
has some limitations: first, the need to conduct travel sur-
veys to calibrate the model parameters (normally by means
of log likelihood estimation). Moreover, the methodology is
limited to simulation models, being the logit model structure
based on exponential functions that cannot be implemented
in the linear optimization models commonly used for energy
system analysis.

The endogenous incorporation of modal choice allows
energy system models to determine the optimal pathway
toward a policy target as a combination of technological and
fuel switching, efficiency improvement, and modal shifting,
without relying on external assumptions on modal shares.

Modal choice proves to be a relevant behavioral feature
to be included in EþT models, being present in 12 out of
the 14 models analyzed. One of the main variables driving
modal choice is travel time. Thus, an ongoing tendency to
emphasize time importance in mode selection is that of
including a constraint on the total travel time of the system:
four of the models reviewed set a limit to the overall travel
time within the linear optimization program. The main
approaches identified for the representation of modal choice
are as follows: (i) Travel Time Budget (TTB), (ii) discrete
choice models, and (iii) constant elasticities of substitution.

4.2.2.1. Travel time budget (TTB). The rationale behind the
adoption of the concept of travel time budget (TTB) has
been provided by Sch€afer and Victor (2000), who claim that
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across different societies, geographical areas, and income
classes, people spend the same amount of hours per day
traveling. Ahmed and Stopher (2014) provide an updated
review of TTB studies, reporting a universal range for the
TTB, equal to 60–90minutes per person per day.

Models including the concept of TTB require changing
the model structure to incorporate a new parameter, that is,
speed. Speed is specified for every mode, eventually for every
trip distance, and, within the optimization program, an
upper bound on time consumption is set equal to the TTB.

Daly et al. (2014) apply the TTB concept to the TIMES
models of Ireland and of California. This study aggregates
all the mode-specific travel demands into a few “trans-
modal” demand segments to allow a shift between modes,
and subsequently uses a TTB to enable competition between
fast but expensive technologies and cheap but slow technolo-
gies. With such modeling approach, the optimal solution is
not just the one that minimizes total system cost, but it also
guarantees that the total system travel time does not exceed
the TTB. The approach based on the TTB can be comple-
mented by the concept of travel time investment (TTI), a
proxy variable simulating the relationship between modal
speed and infrastructure investment. Once TTI is incorpo-
rated in the model, it is possible to assess the influence of
investing in the infrastructure of a certain mode on the mar-
ket share of that mode. For instance, in Daly et al. (2014),
TTI is used so that the model can invest endogenously in
the infrastructure of modes, hence increasing their speed
and reducing the travel time. Even if the model results
shown by Daly et al. (2014) are sensitive to TTI, the use of
this variable requires being refined. With the cost of TTI
being critical to the determination of the modal shares, add-
itional efforts should be directed at determining a rigorous
methodology to calibrate this variable. Determining a mode-
specific stepwise cost curve, which includes speed reduction
potentials from several infrastructure investments at different
costs, could be a promising but also time-inten-
sive approach.

Pye and Daly (2015) overcome some of the limitations
and challenges of the TTI in the bottom-up optimization
model ESME. They incorporate the approach by Daly et al.
(2014), with some differences and they restrict the study to
urban passenger transport and to trips shorter than 55 km.
Two new constraints are introduced to better represent
modal choice: the maximum level of modal shift potential
and the rate of modal shift for each mode, which are deter-
mined by considering the historic trip distance profiles.
Moreover, an adjustment factor on the TTB (equal to
0.95 hours/person/day) is used so that average urban speeds
do not have to increase despite increasing demand. An
important distinction from Daly et al. (2014) is that infra-
structure is still considered, but only restricted to its cost, to
give a more comprehensive picture of the cost of the modes.
Infrastructure investments do not lead to improvements in
travel time associated with different modes. However, the
model has to ensure that the sum of existing and new infra-
structure is enough to accommodate the demand
of mobility.

In the CGE model, IMACLIM-R (Waisman et al., 2013)
households derive utility from the consumption of goods
and from the use of mobility services provided by four main
transport modes (air, road, public, and non-motorized). The
value of the utility function is maximized while subjected to
two constraints:

i. A standard budget constraint, which trades-off between
transport-related expenditures and consumption of
other goods.

ii. A time budget constraint (TTB), which restricts the
demand for transportation services purchased by house-
holds, taking into account that the speed of each mode
is associated with the utilization rate of that mode (i.e.,
congestion effect). The induction effect of infrastructure
deployment on mobility demand (TTI) is therefore
addressed: an expansion of the infrastructure network
makes modes faster, allowing households to travel more
with equal time budget.

The main advantage of the TTB method consists in not
requiring additional data but simply in introducing a general
constraint to the problem. The concept of TTB has been
criticized since it conflicts with utility maximization, or with
the principle that travel is a derived demand. Additionally, it
has been argued that TTB is constant at an aggregate level
while large differences may emerge as soon as one starts dis-
aggregating populations in demographics, travel types, and
different spatial areas (Mokhtarian & Chen, 2004).

4.2.2.2. Discrete choice models. Within the 12 models
reviewed which features modal choice representation, four
adopt a discrete choice model to predict the choice probabil-
ities of the different transport modes on the basis of travel
time and travel cost, with GCAM (Kyle & Kim 2011)
accounting only for travel cost. In the hybrid model CIMS
(Horne et al., 2005), an MNL model has been built from
surveys in which respondents were asked to select among
five modes (driving alone, carpooling, taking public transit,
using a park and ride service, and walking or cycling),
defined by the attribute travel time, cost, pick-up/drop-off
time, walking/waiting time, number of transfers, and bike
route access. Subsequently, survey data have been translated
into parameters of the utility functions, used in CIMS
through Equation (4).

In the bottom-up simulation model TRAVEL, a NMNL
model calculates the mode shares on the basis of a mode
cost Costr;m;t (for every region r, mode m, and time tÞ,
where both travel cost and travel time are included
(Equation 5).

Costr;m;t ¼ kr;m;t � CostPerKmr;m;t

þ TimeWeightr;m;t � TimeUser;m;t
(5)

Equation (5) presents two balancing parameters: kr,m,t is
an adjustment factor for non-monetary differences in the
total cost of different modes while TimeWeightr,m,t describes
the relative importance of time and cost. This factor is
endogenous to the model: if the total travel time per capita
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exceeds the TTB (assumed equal to 1.2 hours/person/day),
the time factor TimeUser,m,t is awarded a greater weighting
(Girod et al., 2012).

In the model MESSAGE-TRANSPORT (McCollum et al.,
2017), mode switching decisions are taken via a logit-based
algorithm. The passenger travel demand projections split by
mode are endogenously determined as the product of the
total regional travel demand by the modal share for each
mode, region and time, through MNL probabilities. These
are expressed as the sum of fuel price, non-fuel price, and a
time element.

Advantages and disadvantages of discrete choice models
in representing modal choice are the same as those for
including technology choice previously discussed. In particu-
lar, it is interesting to notice that the concept of TTB can be
easily integrated in this methodology, as, for example, in the
model TRAVEL (Girod et al., 2012).

4.2.2.3. Constant elasticities of substitution. As for technol-
ogy choice, modal choice can be modeled through CES.
Examples of models using such approach are EPPA (Karplus
et al., 2013), PRIMES-TREMOVE (E3MLab, 2014), and
ReMIND (Pietzcker et al., 2010). In the latter study, the dif-
ferent transport modes are formulated in a nested CES
structure while at the lowest level of the tree diagram the
technologies in each transport mode are represented with
linear production functions. CES functions first regulate the
substitution between freight and passenger transport, then
between on-land, maritime and aviation, and finally between
rail, truck, urban cars, intercity cars, and bus. This nested
structure was developed according to the level of linkage of
the transport services and the ease of mode replacement.

The model UKTCM (Brand et al., 2012) endogenously
determines modal shares using elasticities: modal choice is
modeled by linking through dynamic elasticities travel
demand for each mode to vehicle ownership and operating
costs, as well as to GDP and number of households.

As previously discussed, the CES methodology can be
best applied within a top-down framework and the values
for the CES functions are typically estimated.

4.2.3. Driving pattern
Five of the models analyzed introduce the concept of driving
pattern at different levels of detail. There are two main
methodologies adopted: driving profiles and elasticities.
Modeling driving pattern relates to taking into account the
variable speed of modes and technologies, which can be
associated with different levels of energy consumption and
emissions. Intercity and urban transport have different
impacts on energy use and CO2 emitted (Sch€afer, 2012).
Fontaras, Franco, Dilara, Martini, and Manfredi (2014)
investigated the correlation between driving profiles and
CO2 emissions, determining that the highest emissions occur
over urban conditions, reaching up to 290 g/km and 158 g/
km for gasoline and diesel cars, respectively, whereas the
lowest occurred over extra-urban or rural conditions (aver-
aging at 133 g/km and 107 g/km for the two fuel
types examined).

Sectoral transport models (T) generally include a disag-
gregated geography of the transport system and calculate
travel speed as an endogenous variable. These simulation
models determine modal speed by allocating the endogen-
ously generated transport demand split by modes to the
road network, taking into account the infrastructure capacity
and congestion. Moreover, modal speed is reiterated to the
modal choice module, which recalculates the modal shares
accounting for the travel time of each mode.

In PRIMES-TREMOVE (E3MLab, 2014), vehicle types are
grouped into classes according to different driving profiles.
COCHIN-TIMES (Bunch et al., 2015) and MESSAGE-
TRANSPORT (McCollum et al., 2017) consider consumer
heterogeneity, with yearly driven distance (a proxy for
speed) as one classification criteria. IMACLIM-R (Waisman
et al., 2013) contains a stylized representation of the rela-
tionship between infrastructure deployment (in terms of
total vehicle capacity), modal demand, and modal speed. In
EPPA (Karplus et al., 2013), elasticities capture the relation-
ship between fuel price, vehicle efficiency, and mileage.

Disaggregating mode and vehicle speed at a greater detail
would enable a better representation of fuel consumption
and CO2 emissions in the transport sector. While most of
the energy system models already introduce the segmenta-
tion between urban and intercity transport (e.g., PRIMES-
TREMOVE (E3MLab, 2014)), thereby allocating different
energy efficiencies and emissions factors to the two alterna-
tives, driving patterns have not been fully included yet. The
reason for this lack of representation is most probably due
to the modeling challenges and high computational time
associated with great geographical/speed detail. In fact, a
route assignment module is needed to represent speed
endogenously, in turn requiring the description of the road
network. Further modeling of driving patterns can be
addressed through data collection from vehicles that track
driving data, for example, speed and distance, harnessing the
potential of big data analytics (Hawelka et al., 2014). This
method can allow for the integration of data sets describing
the real behavior associated with driving profile, fuel use, or
time of use. On the other hand, a limitation lies in the
uncertainty around the availability of such data.

4.2.4. New mobility trends
Among the models reviewed, only one deals with new
mobility trends, specifically addressing carpooling. As intro-
duced in Section 4.1, new mobility trends refer also to
increasingly recurring phenomena such as car sharing
systems, autonomous vehicles, and optional transport
abdication connected to teleworking.

CIMS regards carpooling as an additional mode, selected
among the various alternatives based on multinomial logit
probabilities (Horne et al., 2005). In this way, the ratio
between car drivers and car passengers is determined by
choice probabilities considering capital costs, fuel costs,
weighted average travel time, and some intangible costs
reflecting the perceived benefits or drawbacks of using a cer-
tain technology.
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A possible option for modeling carpooling is to account
for vehicle occupancy factor by analyzing the relationship of
this variable with population characteristics such as age, gen-
der, income, and travel type. Additionally, survey-based data
on the acceptance and use of this service can be integrated
through virtual technologies in an optimization model,
where cost and efficiency of the technologies represent the
cost and efficiency of a potential promoting campaign. The
potential of adopting a car sharing system for reducing the
environmental impact of the road transport sector has been
also assessed through a case study in the city of Montreal
(Sioui, Morency, & Tr�epanier, 2013): the promising results
show that there is a 25% difference in the modal share of
car use between a person with full access to a car and a
high-frequency user of the car sharing with no car.

Autonomous vehicles may affect energy consumptions and
emissions in a broad spectrum of ways, both positive and nega-
tive. Wadud, MacKenzie, and Leiby (2016) explore the net
effects of automation on emissions, considering phenomena
such as platooning, eco-driving, congestion, improved crash
avoidance, travel cost reduction, and new user groups. Results
show that many potential energy-reduction benefits may be
realized through partial automation while the major downside
risks appear more likely at full automation. However, robust
conclusions cannot be drawn, as there is a high level of uncer-
tainty on the evolution of the phenomena. Different prospects
of users’ behavior toward this technology could be incorpo-
rated in EþT models, as to support the investigation on the
mitigation potential of autonomous vehicles.

Generally, new mobility trends do not find a sufficient
representation in the models reviewed. Nonetheless, there
are growing efforts in the international energy and transport
modeling community toward a better understanding of the
concept of Mobility as a Service (MaaS) and the impact it
may have on the future transport system (Kamargianni, Li,
Matyas, & Sch€afer, 2016).

5. Conclusion and recommendations

This paper analyzed 27 integrated energy and transport
models and created a taxonomy for these various model
types6. This paper reviewed the methodologies adopted for
introducing behavioral features related to consumer pur-
chase, adoption, and use of transport technologies with the
purpose of addressing two questions: (i) how should trans-
port and energy models be structured to allow an effective
inclusion of behavior and (ii) what key attributes and
parameters should be introduced to represent transport-
related consumer choices in an integrated energy and trans-
port model. Relating to the former question, the authors’
conclude that there are three common approaches for struc-
turing a model to improve the representation of behavior—
top-down, bottom-up, and hybrid structures—each of which

have advantages and disadvantages depending on the scope
and purpose of the model analysis. Nonetheless, soft-linking
and novel approaches recently developed (Section 4) empha-
size a bottom-up model structure as the most flexible and
promising method. Concerning the latter question, this
review identified technology choice, modal choice, driving
patterns, and new mobility trends as the key features to cor-
rectly depict transport behavior in integrated energy and
transport models (EþT). Furthermore, the authors recom-
mend heterogeneity, travel time budgets, and driving profiles
as the key attributes and parameters to be introduced in
EþT models to represent such behavioral features.

5.1. Structure

Top-down (TD) models examine the entire economic system
in a detailed way and constitute a valid tool to simulate the
economic mechanisms that regulate technology substitution.
They can be used to endogenize modal or vehicle choice and
to answer research questions concerning the relationship
between modal/technological demands and fuel/electricity
prices. Nonetheless, having the economic sector as the core
and focus of the model, TD models may fail at including a
comprehensive set of fuels, vehicle technologies, and modes.
The attributes characterizing the different transport alterna-
tives are often rendered to a low level of accuracy and TD
models are less capable at directly capturing the effect of
changes in efficiency, mileage, and occupancy factors, rela-
tive to BU models. Further efforts are required to bring such
models to a technologically rich format, as done by Karplus
et al. (2013).

On the contrary, bottom-up (BU) models more suitably
analyze the effect on the overall energy system of certain
exogenously imposed modal/technology shares. As long as
vehicle market shares are exogenous assumptions, pure BU
models prove to be a valid policy analysis tool. Inversely, to
endogenously determine behaviorally realistic market shares,
the BU framework needs to be upgraded by adding new var-
iables or by linking it with external transport-focused mod-
els, of the T or Tþ types.

Hybrid models join and harness the advantages of BU and
TD frameworks, thus proving more capable at capturing
many of the behavioral features discussed. They are valuable
at answering research questions investigating both the energy
sector and the surrounding economy. However, the structure
of this class of models is inherently more complex when
compared to pure BU or TD models, potentially creating
issues with computation. The model comes as a “single-
package,” not separable into the TD and BU components,
thus limiting the flexibility of its use.

Of the three structures outlined above, the authors regard
BU models as the most promising approach to include a
representation of behavior in EþT models. The benefit of
representing behaviorally realistic choices directly within an
energy system model is manifold. First, these improved BU
models allow for energy system-wide considerations. Second,
they support our understanding of the future reciprocal
implications of decisions taken in the transport and energy

6Sectoral energy models (E), energy models partially including the transport
sector (Eþ), highly integrated energy and transport system models (Eþ T),
transport models partially including the energy sector (Tþ), and sectoral
transport models (T) (see Section 3).
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systems. Third, a much wider variety of policies can be
assessed through the EþT framework, as further discussed
in Section 6. Because BU optimization models do not origin-
ally represent behavior, either they need to be soft-linked
with an external transport simulation model which has a
predefined representation of behavior, and uses a comple-
mentary mathematical method, or their structure needs to
be adjusted to accommodate the new behavioral features.
The former approach makes the model flexible—whenever
the analysis is not purely transport focused, the energy sys-
tem model can run in standalone mode with a simplified
representation of the transport sector. The latter approach is
further discussed in Section 5.2.

5.2. Parameterization

Technology and behavior measures have been identified as
critical measures in addressing transport CO2 emissions, in
particular, avoiding, shifting, and improving (IEA, 2012).
For this reason, this paper aimed at identifying the most
suitable method(s) of representing technology choice
(improving), modal shifting (shifting), and both driving pat-
terns and new mobility trends (avoiding) in EþT models.

Including heterogeneity was regarded as the best means
of improving the representation of transport technology
choice. Traditional BU energy system models assume homo-
geneous consumers taking perfectly rational decisions.
Introducing heterogeneous decision-makers is a precondition
for incorporating behavior in EþT models. Heterogeneous
transport users have different preferences, resulting in a
wide portfolio of technologies chosen, each one optimal for
a specific consumer group. When deciding the number of
dimensions along which consumers are split and the number
of behavioral features to consider, a compromise between
model complexity and completeness needs to be made. An
ideal representation of transport behavior within an EþT
model would involve representing all consumers within the
region in question, yet the computation power required for
this level of detail renders this method incredibly onerous.
To avoid intractability or excessive complexity of the model,
efforts have to be addressed toward determining the min-
imum number of dimensions and subgroups necessary and
sufficient to distinguish the main consumer groups in an
exhaustive way.

Of all approaches reviewed regarding modal choice repre-
sentation, travel time budget (TTB) is recommended as the
best method of modeling this feature within BU models. It
can be introduced by adopting literature values (Sch€afer &
Victor, 2000) or eventually more region-specific TTBs, avail-
able from national travel surveys. Moreover, the concept can
be easily incorporated in the model, requiring only the def-
inition of modal speed and the setting of a constraint (as in
Daly et al. (2014) and Pye and Daly (2015)). An interesting
area for future work would be to adapt the methodology
proposed by McCollum et al. (2017) and Bunch et al. (2015)
to cover modal choice in BU optimization models. To pro-
vide reliable modal shares and calibrate the intangible costs
suitably, the energy system model requires drawing data

from a detailed support model (e.g., of the T type) that
incorporates modal choice.

We also acknowledge the need to model driving patterns
at a detailed geographical level to accurately account for fuel
consumption and emission factors from vehicles, which
strongly depend on the driving performances. The authors
recommend using the virtual technology approach for simu-
lating the introduction of eco-driving behavior through pro-
moting campaigns. These campaigns and their effectiveness
on changing car users driving behavior, along with the
improved fuel consumption and emissions, can be directly
reflected through virtual technologies within a BU optimiza-
tion framework. The relationship between modal speed and
infrastructure could be incorporated in the integrated energy
and transport model as was carried out in the model
IMACLIM-R (Waisman et al., 2013). Another possible
method consists in adapting the approach by Ramea, Bunch,
Yang, Yeh, and Ogden (2016), where the congestion level,
and thus the modal speed and emission factors, is
determined in an iterative way as a function of the
infrastructure capacity.

Modeling new mobility trends offers the opportunity to
explore and unlock their potential in contributing to more
sustainable transportation systems (Grischkat, Hunecke,
B€ohler, & Haustein, 2014; Wadud et al., 2016). Car sharing
services can possibly be modeled by introducing a new car
technology type characterized by a higher mileage per year.
Carpooling can be incorporated in integrated energy and
transport models by considering a lower car-ownership level
and higher occupancy factors.

6. Discussion

All models share the common trait of attempting to repre-
sent some aspects of a system as accurately as possible.
Despite this, the representation of behavior in integrated
energy and transport models, or lack thereof, has lead
toward potentially misguided analyses. From a policy per-
spective, improving the modeling of transport behavior rep-
resents a step forward in supporting the analysis and
definition of more targeted and effective transport and
energy measures. The increased level of detail in the repre-
sentation of the transport sector allows studying the cost
and impact of specific policies, possibly diversified for each
transport technology, mode or consumer group.

Regulatory and market-based strategies with a clear and
quantitative definition of their economic effects and tem-
poral applications could be tested through the improved
optimization and simulation models. On the other hand,
softer measures, typically informational or voluntary-based
programs (Richter, Friman, & G€arling, 2011), include a
more descriptive specification and are therefore less applic-
able to these models.

When the model contains an advanced incorporation of
transport technology choice, costs and other non-monetary
parameters characterize the vehicle technologies.
Additionally, the segmentation of consumers according to
their attitude toward car purchase and use allows addressing
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tailored strategies for supporting the transition to a more
sustainable transportation system. For instance, the model
can test the effectiveness of subsidies incentivizing the pur-
chase of electric vehicles, now considering a heterogeneous
group of potential vehicle purchasers. The system cost of the
introduction of “feebate” schemes, that is, a combination of
rebates awarded to purchasers of low-carbon emission
vehicles and fees charged to purchasers of less efficient
vehicles (Sims et al., 2014), could be computed as well.
Moreover, models could analyze the impact of public
investments in the refueling infrastructure of electricity and
low-carbon fuels on the adoption of new car technologies.

The possibility of endogenously determining the market
shares of the modal choice enhances the analysis of a large
set of measures promoting the shift from private to a more
efficient mode of transport: national and regional strategies
targeting investments in public transport infrastructure (e.g.,
dedicated bus lanes), decrease in public transport cost, fuel
and vehicle purchase taxes, road-pricing, vehicle restrictions,
and parking reforms in cities.

Although few of the models reviewed include a compre-
hensive incorporation of driving patterns, some of them
attempt to model the relationship between infrastructure
investment and mode market shares while others segment
vehicle users into different groups according to their driving
profile. These models can aid the definition of, respectively,
strategies for improving the urban traffic management (e.g.,
speed limits) and eco-driving programs affecting driving
behavior. Finally, the inclusion of new mobility trends (or
Maas) could allow the assessment of strategies promoting
vehicle sharing services and the spread of carpooling adop-
tion, along with the impact of transport demand reduction
as a consequence of teleworking (Cohen-Blankshtain &
Rotem-Mindali, 2016).
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A B S T R A C T

As Denmark progresses towards a carbon neutral future, energy system models are required to address the
challenges of the energy transition. This article describes design, input data and current usage of TIMES-DK, the
first Danish energy system model that includes the complete national energy system, covering long-term tech-
nology investments. The article aims at explaining the modelling approach; highlighting strengths and reflecting
upon limitations of the model; illustrating possible applications of TIMES-DK and inspiring new model devel-
opments. Some of the key strengths of the model include simultaneous optimisation of operation and invest-
ments across the complete energy system over the whole modelling horizon, explicit representation of the most
important sectors of the economy, modular structure and the possibility of linking to a computable general
equilibrium model for an additional insight on, e.g. public finance or CO2-leakage. TIMES-DK is being developed
in close collaboration between an energy agency, a university and a consulting firm, to improve its robustness,
relevance and impact on policy making. It allows for a wide range of applications including exploratory energy
scenarios and policy analysis. To meet challenges of the future, further development of the model is needed and
consequently the article provides references to ongoing projects addressing current development needs, such as
improved representation of transport and flexible handling of the temporal dimension. To support a democratic
and transparent process around decisions for the future Danish energy system, TIMES-DK should become
available to interested parties.

1. Introduction

Denmark is undergoing a transition with its energy system set to
become carbon neutral by 2050 [1]. What the energy system will look
like in the future remains an open question. To investigate this ques-
tion, energy planners, policy makers, researchers and non-govern-
mental organisations (NGOs) require adequate tools that could help
them assess potential energy systems configurations and take into ac-
count the interaction between various sectors. These tools should be
open and accessible to promote grassroots development, user-critique
and to facilitate discussion on the future of the Danish energy system
[2].

Several sector models with different perspectives and approaches on
the energy system exist for Denmark. The Danish Energy Agency has

been using a combination of models to cover all the sectors (e.g.
RAMSES [3], EMMA [4], ElmodelBolig [5], COMPARE [6]). Land-
strafikmodellen (LTM), a 4-step simulation model of the Danish trans-
port sector [7], has been used to support planning and investment de-
cisions in traffic infrastructure. The Balmorel model, used by private
companies and in academia, is a partial equilibrium model for si-
multaneous optimisation of generation, transmission and consumption
of electricity and heat [8]. Both energy models STREAM [9] and En-
ergyPLAN [10], used for scenario analysis, cover all the sectors, but
lack endogenous investments. The Danish TSO (Transmission System
Operator), Energinet, has a whole suite of models for analysing various
portions of the power and gas systems [11].

The development of TIMES-DK was initiated from a growing need to
be able to prioritise and describe socioeconomic optimal pathways to a
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low-emissions society across all economic sectors. Covering all sectors
in one model would speed up the analysis process, while providing a
consistent method of policy evaluation across sectors.

The literature covers a growing number of energy modelling tools,
developed and applied at regional, national and international scale
[12–15]. Bottom-up techno-economic models include the TIMES-
MARKAL model family, with applications in several countries [16–18];
the open source energy system model OseMOSYS [19]; the global
model MESSAGE [20]; and the energy model PRIMES [21], applied for
the preparation of European energy outlooks and impact assessment
studies. Integrated assessment models, such as GCAM [22] and IMAGE
[23], include the representation of energy systems alongside the cli-
mate and ecosystem modules. The scenario-based modelling tool LEAP
[24] is being used especially by developing countries to undertake
mitigation emissions studies both in energy and non-energy sectors.

Based on the aforementioned past experiences in energy system
model design, TIMES-DK was developed within the IntERACT project
[25] in close collaboration between the Danish Energy Agency (DEA),
the Technical University of Denmark (DTU) and E4SMA. The model
possesses the usual characteristics of the TIMES model family [26–28],
such as being a bottom-up technology-rich energy system model suited
for medium to long-term analyses. Although sharing the general design
of other bottom-up energy system models, some of the distinct features
of TIMES-DK include an improved representation of heat demands and
heat saving measures by building type in the residential sector (Section
3.3), as well as a detailed industry modelling based on industry energy
services rather than technology type (Section 3.4). Additionally, quite
uniquely, the energy system model was developed hand-in-hand with a
computable general equilibrium (CGE) model, which enables easy
linking of the models to investigate interactions between the energy
system and the surrounding economy. To support a democratic and
transparent analysis of future optimal pathways for the Danish energy
system, the model development team is currently exploring the possi-
bility of making TIMES-DK model and data available to all interested
parties in the future.

The objective of this paper is to describe TIMES-DK and discuss its
main strengths and weaknesses. Section 2 provides a concise model
description including structure, temporal and spatial details, and main
data sources. Section 3 presents a comprehensive overview of the sec-
toral representation, which includes supply, power and heat, re-
sidential, industry and transport sector. Section 4 describes existing and
possible model applications. Finally, we discuss strengths and limita-
tions of the model, including potential future development in Section 5.

2. Model description

2.1. TIMES model generator

The Integrated MARKAL-EFOM System (TIMES) model generator is
developed and maintained by the Energy Technology Systems Analysis
Programme (ETSAP),2 a Technology Collaboration Programme of the
International Energy Agency (IEA), established in 1976. A TIMES model
is based on the bottom-up approach [13,29]. It is a single or multi-
regional model, often with a technology-rich database, for medium/
long-term analysis and planning of a national, regional or even city
level energy system3,4. In addition to that, TIMES is a techno-economic,
partial equilibrium model-generator assuming perfectly competitive
markets and full foresight (with the additional option of performing
analyses under a myopic foresight mode by defining settings for a time-

stepped solution). The TIMES model generator source code, written in
GAMS, is open and available for download free of charge upon signing
the ETSAP Letter of Agreement.

The TIMES models are based on welfare maximisation by mini-
misation of the total system costs discounted to the reference year,
calculated as sum of investment cost, fixed and variable operation and
maintenance (O&M) cost, import cost and export revenues for all the
modelled processes. For a particular technology, its capacity remains
until the end of its technical lifetime; in case the economic lifetime of
the technology goes beyond the modelling horizon, its salvage value is
deducted from the objective function. The type of inputs used to build
the TIMES models are: exogenous service demand curves, supply
curves, policies and techno-economic parameters for each technology.
Supply curves show the quantities of primary energy resources (e.g.
wind power) or imported commodities (e.g. oil and gas) available at a
specific cost. The techno-economic parameters are assigned to currently
available and future technologies, both transformation (e.g. wind tur-
bine, gas boiler, heat pumps, district heating system, etc.) and demand
technologies (e.g. electrical appliances, buildings by type and age, cars,
etc.) that are converting one or more commodities into one or more
other commodities (e.g. gas boiler transforms gas into heat for buildings
that are delivering the demand commodity). Examples of technical
parameters are efficiency and availability factor, while economical
parameters include investment costs and interest rates. Policies include
effects of legislation, such as taxes and subsidies on specific technolo-
gies or fuels.

The TIMES outputs are region-specific (for multi-regional models)
and time-specific optimal investments, operation and import/export
levels. Furthermore, alongside the optimal solution, the model output
includes costs, environmental indicators, marginal prices of commod-
ities and energy flows.

2.2. System overview

TIMES-DK is a multi-regional model, covering the entire Danish
energy system. It is geographically aggregated into the two Danish
power regions, i.e. Denmark East and Denmark West, with technolo-
gical and economic projections until 2050. The model covers five sec-
tors, namely: supply (SUP), power and heat (ELC), industry (IND), re-
sidential (RES), and transport (TRA). A detailed description of the
sectors is given in Section 3.

Primary energy commodities can be either imported, exported or
domestically extracted (SUP). Conversion technologies transform the
primary commodities in secondary commodities (ELC), needed by the
end-use technologies to satisfy the end-use sector service demands, i.e.
for industry (IND), residential (RES), and transport (TRA). Furthermore,
each energy commodity has associated respective emission factors, to
account for the emissions produced from the combustion of fuels across
all the sectors.

2.3. Geography

Denmark is divided into two regions, East (DKE) and West (DKW).
Fig. 1 shows the regions, along with the transmission lines connecting
them and the interconnectors to the neighbouring countries. The latter
are modelled as “price regions”, i.e. they are represented by projections
of available transmission capacities and electricity prices [30].

District heating (DH) producers in Denmark are characterised as
Central and Decentral [31]. Accordingly, DH areas supplied by these
producers are named Central and Decentral. Central DH areas are lo-
cated in bigger cities, have higher installed capacities, more consumers
and higher grid efficiency compared to Decentral areas. Central and
Decentral DH areas are represented with dark blue and green polygons
in Fig. 1. Next-to-DH areas are sharing a border with DH areas. They are
classified as Central or Decentral depending on the DH area they are
located next to. Central and Decentral Next-to-DH areas are represented

2 ETSAP homepage available at: http://www.iea-etsap.org.
3 TIMES Documentation and Demo Models http://www.iea-etsap.org/index.

php/documentation.
4 Example of TIMES applications http://www.iea-etsap.org/index.php/

applications.
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with lighter blue and green polygons in Fig. 1. Individual areas are not
sharing a border with DH areas and are located far away from existing
DH areas. Individual areas are represented with red polygons in Fig. 1.
All polygons of the same colour and within each of the regions (DKE
and DKW) are aggregated resulting in 5 heating areas per region in the
model.

2.4. Time

TIMES-DK is calibrated for 2010, i.e. the model output for the base
year replicates the historical energy system of Denmark in 2010, as
reported in the Danish energy statistics (for sector-specific data sources,
the reader can refer to Table 1 and Section 3). The convergence to
historical data has been established by aligning the aggregated capa-
cities of conversion and end-use technologies to those reported in the
statistics for 2010. The time horizon covers the years 2010–2050, and it
is flexibly sub-divided into shorter application-specific model periods of
various duration, most commonly 1–5 years. In turn, every year com-
prises 32 non-sequential time slices, representing seasonal (4 seasons),
weekly (working/non-working days) and daily variation.

The division of a year into seasons aims to represent the change of
the heating demands. The weekly division represents the difference in
demand patterns (electricity, heating, etc.) between working and non-
working days. On the daily time slice level, every hour of the year is
classified into four categories according to the historical variability of
renewable energy resources and power load profile. These four cate-
gories are intended to represent situations that are critical for the power
system and include: A) “high wind production - low power demand”, B)
“high power demand – low wind production”, C) “no photovoltaics

(PV) production” and D) “rest”. Fig. 2 illustrates the time slice structure
adopted in TIMES-DK.

The 32 time slices represents the most disaggregated resolution in
the model, yet not all modelled parameters are defined at this level of
detail. For instance, on the supply side, power and district heat pro-
duction are generally defined on 32 time slices. On the demand side, the
electricity and heating service demands in residential and industrial
sector are defined at 32 time slice level, while the transport demands
are defined at annual level.

The definition of the time slices is meant to capture especially the
availability of variable renewable energy (VRE) in relation to demand
in critical situations, following the methodology illustrated in Ref. [32].
This ensures that the model invests in sufficient back-up capacity to
secure supply at any time. For VRE generation technologies, i.e. solar
PV and wind, the production profiles are defined at 32 time slice level
to describe their maximum availability in each time slice. Non-VRE
power, e.g. a CCGT (Combined Cycle Gas Turbine), and heat production
has no limited availability in the time slices and can therefore produce
up to their installed capacity at any time. An exception is the produc-
tion from solar heating plants: for solar DH plants, the production
availability is defined on seasonal level because they are assumed to be
connected to large heat storage while, for small-scale individual solar
heating plants, the production availability is defined on the 32 time
slice level. Furthermore, the efficiency of large scale heat pumps is
defined on seasonal time slice level as it is assumed that the efficiency is
dependent on the outdoor temperature. Import and export prices for
electricity are modelled on 32 time slice level.

Fig. 1. Geographical aggregation in TIMES-DK model, based on [30,31].
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2.5. Main data sources

Table 1 illustrates the main data sources on which TIMES-DK is
based. Many of those are regularly maintained data sets. Among them
are energy technology catalogues, building register, Danish national
travel survey and register of wind turbines. Relying on regularly
maintained data sets significantly reduces the time needed to update
the model, as well as simplifies the update process. Within each sector,
data is typically collected from a consistent set of sources, as to main-
tain coherence in underlying assumptions on, e.g. cost calculations.
Harmonisation of assumptions across the full model is performed
through verification of model results and calibration.

3. Sectors

This section details the sectoral representation in TIMES-DK. The
description follows the flow of the energy commodities, from the ex-
traction/import/export of primary energy commodities in the supply
sector, through the conversion in power and heat or in other energy
commodities required to fulfil the energy service demands of the end-
use sectors, i.e. residential, industry and transport.

3.1. Supply

The supply sector in TIMES-DK comprises all the activities related to

import/export and extraction of primary energy resources, both fossil
and non-fossil, the conversion of these into secondary energy com-
modities (i.e. bio-fuels, hydrogen and oil products), and their delivery
to the downstream sectors. More specifically, the supply sector includes
both the domestic extraction of oil and gas, imports and exports of
solid, liquid, gaseous energy commodities, as well as electricity traded
with the neighbouring countries.

Considering that Denmark has little influence on the price for the
globally traded energy commodities such as crude oil, natural gas and
wood pellets, these are imported from or exported to a single geo-
graphical region, hereafter called Rest of the World (ROW). Since ROW
is not modelled in TIMES-DK, exogenous import and export prices
([40,44,45]) are the parameters regulating the energy commodity ex-
change with ROW (Fig. 3).

On the other hand, the power trade with neighbouring countries

Table 1
Main data sources for TIMES-DK. SUP: Supply, ELC: Power and heat, IND: Industry, RES: Residential, TRA: Transport. O: Original data, P: Processed data.

Data Sector Input used Type Reference

Energy plants ELC Costs, efficiency, availability factor, lifetime O [33]
Energy plants ELC Existing capacity O [31,34]
District heating grids ELC Existing capacity, losses O [35]
District heating grids ELC Expansion potential, costs O [36]
Bio-refinery technologies SUP Costs, efficiency O [37]
Hydrogen technologies SUP Costs, efficiency, availability factor, lifetime O [38,39]
Biogas plant technologies SUP Efficiency, costs P [40–43]
Fossil fuel prices SUP Import/export price O [44]
Biomass prices SUP Import/export price O [40,45]
Electricity trade SUP Import/export price, transmission capacity, availability factor P [30,46]
Transport technologies TRA Stock, mileage, occupancy load factor, mobility demand P [47]
Transport technologies TRA Stock retirement rate P [48]
Transport technologies TRA Travel pattern P [49]
Transport technologies TRA Efficiency P [50]
Transport technologies TRA Costs, efficiency improvement, lifetime P [50]
Fuel blending technologies TRA Minimum level, year O [50]
Stock of electrical household appliances RES Stock in the base year P [51]
Stock of electrical household appliances RES Projections of the stock P [52]
Residential building stock RES Heated area in the base year P [53]
Residential building stock RES Housing demand P [54]
Residential building stock RES Demolition rate P [55]
Residential building stock RES Energy performance of the existing stock, cost of heat savings P [56–58]
Residential heating technologies RES Costs, efficiency improvement, lifetime P [33]
Industry energy service demand IND Mapping of energy demand by sector P [59]
Industry technologies IND Energy service supply technologies P [31]
Industry energy savings potential IND Sectoral energy savings potentials and costs P [60]
Industry energy service driver IND Sectoral output projection O [61]
Emission factors All Emission factors by fuel type O [50,62]

Fig. 2. Time slice structure in TIMES-DK.

Fig. 3. Schematic of the supply sector and its linkages with other sectors.
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and within the modelled regions, is represented at a high level of detail,
to account for region-specific import/export prices of electricity, ca-
pacities and availability factors of transmission lines. These comprise
connections with Germany, Norway, Sweden and Netherlands. The
import/export prices of electricity from/to neighbouring regions are
adopted from Ref. [30]. Moreover, we include the intra-regional ex-
change of electricity between the two regions, DKE and DKW. The ex-
change is limited by the existing installed capacity and takes into ac-
count losses of an HVDC (high-voltage direct current) interconnection.

The procured primary energy commodities are transformed into
secondary energy commodities through conventional crude oil re-
fineries, bio-refineries and hydrogen production technologies. Some of
these technologies produce electricity and/or heat, which can be used
for DH, as a by-product in addition to their primary output. Table 1
reports the data sources, i.e. technology catalogues and scientific pub-
lications, used for the characterisation of the different technologies in
terms of required inputs, costs, efficiencies, plant lifetime and avail-
ability factors. The secondary energy commodities are delivered to
downstream conversion sector (ELC) and end-use sectors (IND, RES and
TRA), as shown in Fig. 3.

The national energy balance, providing information on the energy
supply mix and the domestic reserves of oil and gas, supports the ca-
libration of the supply sector in the base year.

3.2. Power and heat

The power and heat sector in TIMES-DK is responsible for producing
electricity and district heat. These secondary commodities are delivered
to consumers via the transmission and distribution networks. The in-
stalled capacities of the facilities, grouped by size, type and location,
describe the state of the power and heat system in the base year. The
retirement profile, i.e. the share of the base year stock [31,34] that is
decommissioned in each model period, is specified for each technology
group. For the existing DH grids, the base year capacities were obtained
from Ref. [35]. The existing production facilities are characterised by
techno-economic parameters, such as efficiency, fixed and variable O&
M costs and availability factors [33].

In addition to the existing stock of technologies, the model can in-
vest in a set of new technologies in the future years. These are therefore
also described with an investment cost [33]. Furthermore, we model
potentials of renewable energy sources, including domestic biomass
potentials [63–65].

TIMES-DK does not take into account the need for spinning reserves,
inertia in the system, frequency control and other ancillary services.
Ramping of power plants and unit commitment is also not considered.
This makes it computationally easier for the model to balance the
system at any time slice, while it might overestimate the flexibility of
the system. To overcome this issue, complementary models with higher
temporal resolution and higher level of technical details, such as
Balmorel [8] or EnergyPLAN [10], can supplement information on
more realistic availability factors for the most critical technologies.

3.3. Residential

The residential sector comprises all the activities related to sa-
tisfying household heating (space heating and hot water) and electricity
(operation of appliances) demand. The heating part of the residential
sector is calibrated against the Danish energy statistics [66] for 2010.
District heating and individual heating options compete with heat
saving measures to satisfy the heating demand. The relation between
individual heating options (HO), district heating (DH) and heat savings
is illustrated in Fig. 4. The rectangles in Fig. 4 denote processes, the
vertical lines indicate commodities, while the arrows represent the
energy flows.

The whole Danish residential building stock is represented in
TIMES-DK. It is classified according to construction period, building

type, position relative to existing DH areas and region. Construction
period (before and after 1972, and new buildings) reflects the drastically
stricter requirements for energy performance of new buildings in-
troduced in 1972 [67], as well as the improved energy performance
from 2011 onwards. The classification according to building type (single-
and multi-family buildings) is inherited from Danish energy statistics
[66] and is used to specify the type of heat supply technologies avail-
able for a building, as well as economy of scale. Position relative to ex-
isting DH areas (central, decentral and individual) allows differentiation
by cost, efficiency and availability of DH. Central DH systems are lo-
cated in larger cities, have higher installed capacities, more consumers
and higher grid efficiency compared to decentral systems. Residential
buildings within or close to these areas include DH among their heat
supply options. All the remaining residential buildings belong to in-
dividual areas, i.e. without access to DH. As a result, we classify the
residential building stock into 36 groups, as presented in Appendix A.

The heated area of residential buildings in the base year is adopted
from the Danish Building and Housing Register (BBR) [53]. After the
base year, the change in the heated area in the residential sector drives
the heat demand. The construction rates are calculated for each of the
36 building groups as a difference between housing demand [54] and
existing stock affected by demolition [68]. We assume that the heating
demand of new buildings complies with building regulations [55].

Heat saving measures in the residential sector reduce heating de-
mand proportionally to heating degree-days. For each of the 36
building groups, we use heat saving cost-curves that are calculated
based on the cost of replacing building envelope elements (floors, walls,
roofs, windows and ventilation systems) and their lifetimes [69]. The
data about existing stock and cost of heat savings are obtained from
Refs. [56–58]. Heat savings are not available for new buildings.

The energy service demand for electrical appliances is represented
by the following 7 demands: computers, cooking, entertainment,
lighting, refrigeration, machines (such as washing) and others.
Electricity demand generated by household appliances depends on the
ownership level and specific consumption. These, as well as the stock of
appliances in the base year and its development in the future are based
on ElmodelBolig Statistik [51] and ElmodelBolig Prognose [52]. The
projection of the specific energy consumption takes into account that
efficiency of the appliances is increasingly determined by EU regula-
tion, i.e. the Ecodesign and the Energy Labelling Directives. The own-
ership level is informed by historical trends that are projected into the
future.

3.4. Industry

Industry energy service demands are modelled at a very dis-
aggregated level in terms of twelve different economic sectors (covering
primary, secondary and tertiary sectors) namely: 1) agriculture, for-
estry, fishing, gravel and stone; 2) food, beverages and tobacco; 3)
chemicals (excl. manufacture of basic metals); 4) metals, machinery
and transport equipment; 5) cement and bricks, glass and ceramics; 6)
other commodity production; 7) wholesale and retail trade; 8) private
service (incl. support for transportation and postal activities); 9) public
service; 10) construction; 11) other utilities; and 12) motor vehicles -
purchase and repair. Energy service demand is based on a compre-
hensive study [59], which creates a correspondence between historic
fuel demands and sectoral energy service demands. Fig. 5 illustrates the
structure of the sector-specific energy service demands in TIMES-DK.
The brackets in Fig. 5 denote the boundaries of the industry sectors
(IND).

Energy service demand in TIMES-DK is best understood as the net
energy demand associated with the particular type of energy service.
This approach is somewhat different from other TIMES models, where
energy service demands are often modelled in terms of specific sector
outputs, e.g. tonnes of cement or tonnes of steel to be produced.
However, with relatively few large energy-intensive firms in Denmark,
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modelling the actual material output has a limited scope in a Danish
context. Instead, defining energy service in terms of net energy demand
offers a consistent and scalable method for modelling energy service
demand across very different sectors.

As a consequence, high temperature process heat in the agriculture
sector will be different from high temperature process heat in the
concrete sector. This difference is captured as we account for the fuel
specific capacity mix of producing each individual energy service in
each sector, i.e. the share of coal in high temperature process heat is
significantly higher in the concrete sector compared to the agricultural
sector. We calibrate TIMES-DK by endowing the model with fuel spe-
cific energy service capacities such that the stock of these in combi-
nation with efficiency and availability assumptions matches historic

fuel demand for each sector.
In future modelling years, the energy service demand can either be

supplied by investing in fuel (and energy service) specific (conversion)
capacity or reduced through energy savings. New conversion technol-
ogies are specified with an efficiency and investment, variable and fixed
cost based on technology catalogues [62]. Energy savings potentials for
each sector and energy service are specified from a bottom-up study
[60], which covers both the assessment of potentials and associated
investment costs. The choice between investing in conversion tech-
nology and energy savings can be determined by TIMES-DK as part of
the least-cost solution. As driver for the sectoral energy service demand
we use economic projections on a sector level based on the Danish
Convergence Programme [61]. We assume that the relative share of

Fig. 4. Residential heat supply.

Fig. 5. Schematic of sectoral energy demand in TIMES-DK.
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different energy services in a given sector remains constant in the fu-
ture.

3.5. Transport

From an energy system perspective, transport can be considered an
end-use sector, as it consumes secondary commodities (e.g. oil pro-
ducts, electricity, hydrogen and bio-fuels) to fulfil the end-use travel
demands (e.g. passenger mobility and transport of goods). In TIMES-
DK, the transport sector comprehensively describes the Danish mobility
demands and the end-use transport technologies. This sector includes
passenger and freight transport, further split into aviation, maritime
and inland sub-sectors. The two former include passenger and cargo
aircraft, and ferry and cargo ship. The inland freight sector comprises
three modes: van, truck and train. The inland passenger sector is re-
presented with a high level of detail and includes eight modes: car, bus,
coach, rail (metro, train, light-train), 2-wheelers (motorcycle and
moped) and non-motorised modes (bike and walk).

The end-use demands of mobility are defined exogenously for each
mode, from the base year until the end of the modelling horizon. They
are expressed as service demands, respectively in passenger-kilometre
and tonne-kilometre for passenger and freight transport. Moreover, the
modes have associated more than one demand: for inland transport, the
total modal demands are split by class of distance range (extra short/
short/medium and long distances for passenger transport and short/
long for freight transport) and for aviation and maritime transport de-
mands are split between national and international.

The technology database for the transportation sector of TIMES-DK
includes existing technologies and technologies that are available for
future investments. These technologies compete to meet the projected
travel demands. It is worth noticing that technologies can compete
within a mode, but not between modes (i.e. modal shift is not possible).
Several fuels are available to the transport sector, some of which make
the transport sector integrated with the rest of the energy system (e.g.
bio-fuels, electricity and hydrogen). Blending of bio-fuels and fossil
fuels is achieved through blending processes characterised by in-
creasing levels of bio-fuel shares over the modelling horizon.

Table 1 provides an overview of the parameters characterising the
transport technologies in TIMES-DK. The techno-economic parameters
describing the technologies are exogenously determined and change
over time. Some parameters (stock, occupancy, load factor, mileage and
efficiency) are also differentiated at the geographical level to represent
regional differences in the transport sector between DKE and DKW.
Generally, costs and efficiencies of new technologies available for in-
vestments are described with exogenous technology learning curves.
End-use transport technologies are also characterised by specific travel
patterns, which define their contribution to the different distance-range
modal demands. A feature that distinguishes the car mode is the pre-
sence of a Weibull-distribution-based scrapping curve, which describes
in detail the retirement profile of the base year vehicle stock. The re-
tirement profile is based on historical observations of private vehicle
scrapping in Denmark [48].

4. Model application

Given the inherent uncertainty of long-term analysis, eventually
coupled with lack of robust and comprehensive data, energy system
models do not aspire to predict the exact evolution of the energy
system. Rather, they primarily support policy- and decision-makers in
identifying effective policies by comparing a number of potential future
pathways. Similarly, the energy system model TIMES-DK is capable of
acting as a decision-making tool by providing insights into the dy-
namics of the different sectors of the Danish energy system. But most of
all, a complete model of the Danish energy system gives the possibility
to analyse what measures are the most economically efficient across all
sectors, e.g. when aiming at changing the whole energy system to be

independent of fossil fuels. On the contrary, sector-based models fail at
capturing cross-sectoral synergies and limitations.

TIMES-DK is currently used in a multitude of roles at the Danish
Energy Agency. The model is part of the model suite used to produce
Denmark's Energy and Climate Outlook [1]. It further serves a role as an
in-house modelling tool to better understand the challenges posed by
the Danish transition to a low-carbon economy. Finally, it contributes to
assessing the impacts of different energy policy changes in the medium
to long term.

Utilising the model for the creation of policy scenarios allows eval-
uating whether the energy system can reach desired targets and what
set of measures are the most effective, e.g. comparing frozen policy
scenarios with the implementation of a new set of policy settings [70],
such as: enforcement of efficiency standards for, e.g. private vehicles;
application of thermal insulation in residential buildings; phasing out of
less efficient and more polluting technologies in the heat and power
sector; and introduction of energy/emission taxes and investment
subsidies on specific fuels and technologies. In this respect, TIMES-DK
has been applied to assess future scenarios for the inland passenger
sector, under different sets of policies [71,72]. The TIMES-DK model
can further be utilised for evaluating how uncertain parameters de-
termine the possible future configurations of the energy system. Under
this set of studies, TIMES-DK has been used to, e.g. analyse the com-
petitiveness of technologies [73–75] under different economic as-
sumptions, and assess the conditions guaranteeing or undermining en-
ergy security.

4.1. Linking to the CGE model

In parallel to TIMES-DK, a Computable General Equilibrium (CGE)
model for Denmark, as well a soft-linking methodology, have been
developed. Soft-linking TIMES-DK with the CGE extends the scope of
the analysis by making it possible to capture structural adjustments in
the economy as well as GDP and consumer utility effects from energy
and climate policies. In addition, soft-linking provides insights related
to issues such as public finance and CO2-leakage from domestic energy
and climate policies.

The foundation of our soft-linking strategy is that TIMES-DK pro-
vides the price of energy services, energy service fuel cost shares and
future fuel tax rates to the CGE model. Based on this information, the
CGE model then determines the energy service demand response, which
is then fed back to TIMES-DK. The models iterate in a fully automated
setup until the fuel cost associated with each energy service is equal
between the two models (3–5 iterations). Fuel costs is an ideal con-
vergence criterion, since it is equally and well defined in both TIMES-
DK and the CGE model.

To facilitate an efficient soft-linking routine, data harmonisation
and the creation of a parallel structure between TIMES-DK and the CGE
model with respect to energy services was required, i.e. the energy
service demand in the CGE model mirrors the structure of energy ser-
vice supply in TIMES-DK. For this purpose, the 12 final energy de-
manding industry sectors are defined in TIMES-DK based on the same
national account definition used in the CGE model. On the other hand,
the CGE model was designed to accommodate the energy service
modelling described in TIMES-DK for the residential sector. For a more
detail description of the methodology, the reader can refer to [76].

5. Discussion

5.1. Strengths

The optimisation model TIMES-DK is used for analysing the
medium- and long-term evolution of the Danish energy system under a
specified set of constraints. First, the optimisation of the total system
cost is a simple yet well-defined objective, allowing the accounting of
present and future techno-economic characteristics of supply,
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conversion and end-use energy technologies. The resulting optimal
solution represents a cost-effective configuration of the system, under
the envisioned technological development and imposed policy and
technical conditions. This relatively simple functioning logic affords
quick cause-effect assessments, by investigating the impacts of changes
in the input assumptions on the energy system.

Second, the inclusion of the most important sectors of the economy
(see Section 3) allows examining the interplay between supply-side and
end-use sectors from a system perspective. Since commodities such as
fuels, electricity and heat are shared resources across sectors, limited
availability of these (triggered by, e.g. installed plant capacities or ex-
pensive import prices) would clarify the existing synergies and com-
petition between sectors. Similarly, following the imposition of an
overall carbon budget in a target year, the model would illustrate the
burden shifting among sectors along the modelling horizon in a techno-
economic perspective.

Third, given the modular structure of TIMES-DK, it is rather simple
to perform model expansions, especially in terms of new technologies
and sectors. For example, carbon capture and storage (CCS) technolo-
gies are currently not implemented in TIMES-DK. However, their in-
troduction does not require structural changes to the model, which can
be expanded to accommodate CCS technologies as future investment
options. Similarly, the user can adjust the time resolution, including
modelling horizon, milestone years and time slice definition, according
to the requirements of the performed analysis. From this point of view,
TIMES-DK presents similarities with other bottom-up energy system
models [16–18], with respect to, e.g. the flexible modular structure, the
sector coverage and the rich technology representation. On the other
hand, as explained in Section 3, the availability of detailed datasets and
the relevance of analysing specific research questions for the country,
drove towards a more detailed modelling of some sectors, e.g. re-
sidential, industry and representation of bio-fuels production.

Fourth, the collaborative model development shared between two
main energy system modelling groups, i.e. Energy Systems Analysis
(DTU) and Danish Energy Agency, has driven firstly the build-up and
secondly the continuous update and expansion of TIMES-DK. This type
of cooperation presents several advantages: data review, version con-
trol and documentation [77]; transparency, robustness and validation
of input assumptions [78]; interdisciplinarity, e.g. sector and tech-
nology specialisation; impact on and relevance to policy making [77];
and managing structural uncertainty [79].

Finally, TIMES-DK benefits from the continuous development of the
TIMES model generator carried out by the ETSAP community, as well as
know-hows and insights generated within the community through the
application of the TIMES models in the various parts of the world.

5.2. Limitations

Since all models are simplified representations of reality and its
complex dynamics, they inherently bear limitations on the detail and
scope of their mathematical representation [80]. Likewise, TIMES-DK
includes simplifications with regard to, e.g. time and spatial resolution;
at the same time sector and system boundaries partially restrict the
breadth and depth of the possible analyses.

To avoid long computational times, the number of time slices in
TIMES-DK is limited (Section 2.4), thus not allowing for a detailed
temporal representation of the end-use demands and the availability of
natural resources. While the time slice definition currently adopted
carefully represents some critical occurrences for the power and heat
sector, the absence of chronological time slices at the week and day
levels prevents a detailed modelling of storage technologies. However,
modelling of seasonal storage technologies is possible with the current
structure of the times slices. Structural changes are made in the model
within the SHIFT Project,5 which will allow changing the time slice
structure to meet the needs of the performed analysis. The structural
changes will result in a flexible time slice structure. With the flexible

time slice structure, the model will be able to perform analyses with any
number of time slices. However, there is no intention to perform the
analyses with more than 8760 time slices.

Regarding the spatial resolution of TIMES-DK, all sector activities
(i.e. processes) are explicitly defined over two regions (Section 2.3).
However, within each sector, processes can be further specified at a
greater geographical detail. For instance, the residential sector follows a
geographical representation based on DH areas while the transport
sector splits the modal demands according to the trip distance (without
currently taking into account the urbanisation area where the trip takes
place). The inconsistency in spatial aggregation across sectors may yield
more or less detailed modelling, thus results, depending on the sector.
Furthermore, neighbouring countries are not endogenously modelled,
but only exogenously represented through trade links. The latter lim-
itation is addressed in the SHIFT project by developing TIMES models
of the remaining Nordic countries and linking them with TIMES-DK.
This will result in endogenous power prices in neighbouring countries.
However, the extension of geographical scope of the model does not
fully solve the issue of representation of neighbouring countries
through trade links. The issue rather migrates from the Danish borders
to the borders of the Danish neighbours and third countries.

Inherently to the energy system optimisation methodology, TIMES-
DK assumes a role of the central energy planner who makes decisions
on behalf of the average consumer with full information, perfect ra-
tionality, aiming at maximising the economic utility of the system. This
does not allow capturing in detail all the aspects related to consumer
behaviour, which play a fundamental role in decision-making processes
[81]. For instance, in reality in the transport sector, many attributes are
involved in the choice of mode and vehicle such as travelling time or
charger availability (for electric vehicles). To overcome this limitation,
the ongoing COMETS project6 aims at improving the representation of
behaviour in the transport sector within bottom-up optimisation energy
system models [72,82]. The representation of behaviour is improved by
extending the technology competition within the modes to competition
across modes by aggregating the passenger modal travel demands into
demand segments based on the distance range.

Finally, TIMES-DK is not yet openly available. This limits its ap-
plication and usage potential. Moreover, publicly accessible code and
data is a prerequisite for transparency, repeatable research, model
maintenance and development, verification of results and not least
model-based learning [2,83]. In this view, while TIMES-DK has already
been used for projects outside of the institutions that developed it [70],
the model should become available to third parties (e.g. consultancy
companies, NGOs, university students) to support a democratic process
around the needed decisions for the future Danish energy system. Ad-
ditionally, an open model development would lead to improved data
quality, validation of assumptions and correction of errors. After all the
data in the model has been attached with an open licence, TIMES-DK
will be made publicly available.

6. Conclusion

This paper presents TIMES-DK, the first Danish energy system model
that includes the complete national energy system and covers invest-
ments over the entire modelling horizon. The development of the model
was initiated from a growing need to be able to prioritise and describe
socioeconomic optimal pathways to a low-emissions society across all
economic sectors. Covering all sectors in a single model speeds up the
analysis process, while providing a consistent method of policy eva-
luation across all the sectors. Another important consideration taken
into account in the development of TIMES-DK is that it is based on data
sets that are continuously maintained making it easier to update and

5 http://www.nordicenergy.org/flagship/project-shift/.
6 http://www.cometsproject.dk/.
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refine the model.
Thanks to being developed in close collaboration between an energy

agency, a university and an SME the model allows for a wide range of
applications. They include, but are not limited to, exploratory energy
scenarios and various policy analysis. Linking TIMES-DK to the CGE
model developed hand-in-hand provides additional insights into, e.g.
impact on public finance, burden shifting between sectors or CO2-
leakage from ETS (Emission Trading Scheme) to non-ETS sectors.

TIMES-DK benefits from the continuous development of the TIMES
model generator carried out by the ETSAP community, as well as know-
hows and insights generated within the community through application
of the TIMES models in the various parts of the world.

A continuous model development is essential to ensure that the
model remains capable of addressing challenges of the future. Our
ongoing projects are contributing to improving the representation of
behavioural aspects in TIMES-DK, as well as making temporal dimen-
sion of the model easily adjustable. At the same time, efforts at ensuring
broad availability and usage of the model can facilitate the discussion
on the Danish energy transition towards carbon neutrality.
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• Increased value of straw under carbon- and resource-constrained energy scenarios.

• Attractiveness of gasification with Fischer-Tropsch synthesis to produce biofuels.

• Integrated energy system planning optimizes excess heat recovery from biorefineries.

• Current domestic biomass resources would not attain energy self-sufficiency targets.
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A B S T R A C T

The long-lived dependence on fossil fuels has led to a slow pace in the transition to renewable energy sources in
the heavy-duty sectors of the energy system. While bioenergy might represent a possible alternative, biomass is a
limited resource, whose use is restricted by potential technical, environmental and social impliations. Because
residual biomass inherently minimises these negative impacts, when its sustainable use is ensured, it could lend
itself to multiple options, including production of back-up power, heating and alternative transport fuels. This
study investigates different pathways for the optimal use of the most abundant residual biomass in Denmark, i.e.
straw, from a technical, economic and environmental perspective. We harness the strengths of two bottom-up
model typologies by means of soft-linkage to reveal insights from both perspectives: the multi-sectoral model,
TIMES-DK, provides a system assessment of the whole energy sector, while the geographically detailed opti-
mization model, Balmorel-OptiFlow, supports the analysis of biorefinery plant size, location and area-specific
recovery of excess heat. Modelling results of carbon- and resource-constrained energy scenarios reveal the in-
creased value of straw in a future decarbonised energy system and the attractiveness of the gasification route
with Fischer-Tropsch synthesis for the production of biofuels to supply the heavy segments of the transport
sector. Moreover, relying on current domestic biomass resources would not attain the energy self-sufficiency
targets in a carbon-constrained case.

1. Introduction

The transition to a future low-carbon energy system presents nu-
merous challenges. Biomass and bioenergy might play an important
role in future energy systems according to several scenario studies
[1–3]. Nevertheless, researchers warn against the potential negative
implications associated with an extensive use of biomass for energy
purposes, due to e.g. the impacts on use of land, food and water systems
[4–6].

Biomass resources largely fall into three main categories: natural
biomass (i.e. forest), energy crops and residual biomass. Within the
latter, Brosowski et al. [7] distinguish five high-level groups:

agricultural by-products, residues of forestry and wood industries,
municipal waste, industrial residues, and residues from other areas.
Common examples are cereal straw, rice husks, corn stover, animal
slurry and manure, logging residues, sawdust, and fruit shells. Residual
biomass resources are considered by-products if no further value is
extracted within the food, farming or wood industry. However, when
considering cereal straw, for instance, its uses range from animal bed-
ding, animal feed, mushroom production and frost protection in hor-
ticulture, to roof thatching and wall panel production [8]. Moreover,
ploughing straw in the field contributes to soil fertility and physical
structure [9].

In Denmark, the main current use for residual biomass from
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agriculture is “left on field” [10]. Straw from wheat, barley and other
cereals amounts to 4900 t DM/year (dry matter/year), corresponding to
68 PJ/year, with around 50% being left on field, 23% used for energy,
and 27% for feeding bedding [11]. Nature grass, thus not including
garden waste, is around 430 t DM/year (6.7 PJ/year), with all of it
currently being left on field [10]. Animal manure corresponds to
6200 t DM/year, with 4% used for energy and 96% left on field [10],
while Scarlat et al. [12] report that the collectable manure amounts to
2930 t DM/year. Given these estimates, residual biomass from agri-
culture holds an annual energy potential in the range of 105–145 PJ/
year, corresponding to 14–19% of the total primary energy consump-
tion in Denmark in 2015 [13]. A recent analysis by Tonini et al. [14]
reports similar values for the potential of residual biomass from agri-
culture. Furthermore, the energy potential from wood residues ranges
between 5.6 PJ/year [15] and 12.6 PJ/year [16], with all woody bio-
mass potential estimated at around 40 PJ/year [15]. Other agro-in-
dustrial residues, such as, e.g. beet pulp and molasses, are fully destined
to fodder production [10]; hence, they will not be considered hereafter.

Given the potential of this partly untapped resource, an increasing
number of studies investigate the utilisation of agricultural residues as
raw materials for electricity and heat production [17–21] or in bior-
efinery systems [22–26,10,27,14]. Technological options considered in
the aforementioned studies comprise bioethanol production via fer-
mentation, biogas from anaerobic co-digestion with manure, synthetic
fuels from thermal gasification, and combustion for heat and power
generation.

In particular, in the Danish context, researchers approached the use
of residual biomass for energy and fuel production from a number of
perspectives, often yielding discordant results on which pathway to
prioritise. Several works applied comprehensive Life Cycle Assessments
to estimate the environmental consequences associated with the use of
residual biomass [14,27,25,18,28], while others focused on the impact
on the use of land [29,30] and soil [31]. Some studies examined the
issue from a techno-economic perspective [32–34] and other works
included considerations on the socio-economic effects, e.g. job creation
[30,34]. Moreover, other studies have analysed the recycling of nu-
trients and carbon into the soil from the products of biomass gasifica-
tion [32] and anaerobic digestion [31], which can bring about positive
effects for the energy system and the environment. Also, the generation
of non-energy co-products, such as feed, contributes to a circular use of
resources [14].

For the case of straw, multiple alternative uses have been identified,
each one with its advantages and limitations. The fermentation
pathway for the production of second-generation bioethanol yields va-
luable co-products, such as animal fodder and lignin, the latter re-
usable for power and heat generation. Although the technology could
provide sustainable fuels for the light transport sector, no commercial
bioethanol production from ligno-cellulosic material exists, with opti-
mization of enzymes use, straw pre-treatment and process yield being
the main challenges [35,36]. Co-digestion of straw with manure and
other feedstocks for the production of biogas represents a competitive
use, with the possibility of recycling the digestate to restore soil carbon
and nutrients [10,31]. On the other hand, due to the high lignin content
in straw, degradation time increases considerably and pre-treatment is
needed to ensure adequate biogas yields at lower retention times. Fi-
scher-Tropsch (FT) synthesis of syngas from straw gasification could
yield a variety of synthetic fuels, e.g. methanol or DME (dimethyl ether)
[33], which can replace fossil fuel combustion in vehicles with minor
engine modifications. The flexibility in the output fuels, and the option
of storing surplus electricity into electrofuels, from carbon dioxide and
water electrolysis (via hydrogen), thus boosting the production of liquid
or gaseous fuels, represent the main advantages of this technology,
while process efficiency improvements, fuel handling and infrastructure
costs remain more uncertain parameters [37].

While a number of studies are attempting to integrate the en-
vironmental assessment of these options within energy system analysis,

in Denmark [14] and globally [38], often relevant techno-economic
considerations remain out of the study scope. For instance, a detailed
spatial and temporal resolution is required for capturing biomass cycles,
the site of its generation and the place of its use, which in turn affect,
e.g. storage and transport costs. Furthermore, the location and size of
conversion plants, for power, heat and fuel production, could be opti-
mised while considering the trade-offs between economies of scale and
transportation of biomass resources [39,40]. Sharma et al. [41] and Yue
et al. [42] offer a review of studies addressing design and optimization
of biomass supply chains. Both simulation [43] and optimization
models [44,38,45] are adopted for incorporating the biomass supply
chain in energy system models. Integrated modelling and model linking
combine the strengths of different models, e.g. energy system models
and land use models [46,47,17]. Moreover, spatially disaggregated
tools allow for a detailed representation of cost-supply curves [44],
technology pathways [38] and industry integration [26].

The present study investigates different pathways for the optimal
use of the most abundant residual biomass resource in Denmark, i.e.
straw, applying both techno-economic constraints and climate goals.
We harness the strengths of two model typologies linked to reveal in-
sights from two perspectives: the multi-sectoral model TIMES-DK pro-
vides a system assessment of the whole energy sector, including the
representation of energy technologies and their competition in sup-
plying the electricity, heat and transport demands; on the other hand,
the geographically and temporally detailed optimization model
Balmorel, with the add-on OptiFlow, supports the analysis of biomass
transport costs and area-specific recovery of heat for district heating
(DH) networks. Stemming from a common cost-optimization frame-
work, model linking allows capturing many dimensions, including
inter-sectoral technology competition and environmental considera-
tions associated with biomass use, such as indirect land-use changes,
changes in soil carbon and fertilising effects on fields.

This paper is structured as follows: Section 2 illustrates the adopted
methodology and modelling framework while Section 3 reports the
main data assumptions; Section 4 describes the scenarios definition,
Section 5 presents the results of our case study, and Section 6 discusses
findings, trade-offs and policy implications; finally, Section 7 draws the
conclusions.

2. Methodology

The generation of residual biomass, such as straw, varies on a re-
gional basis and its utilisation depends on competitive uses, including
the trade-offs between transport distances, economies of scales and
high-value by-products, such as excess heat from biorefineries. In ad-
dition, future energy systems will be increasingly characterised by in-
termittent renewable energy (RE) sources. This calls for a novel and
integrated approach in the field of energy modelling and optimization,
comprising: (1) Representation of the whole integrated energy system;
(2) Detailed spatial granularity and high temporal resolution with
chronology; (3) Integration of environmental considerations associated
to the sustainable use of biomass. A single model that could capture all
of the above would require large computational times. Therefore, this
study proposes a soft-linkage between the model TIMES-DK (Section
2.1) and the model Balmorel with the add-on OptiFlow (Section 2.2).
To perform a comprehensive analysis of the optimal use of straw, we
consider the impact of detailed geographical and temporal dimensions,
as well as introduce environmental accounting related to biogenic
carbon emissions and soil fertilising effects (Section 2.4).

2.1. The TIMES-DK model

The model generator TIMES (The Integrated MARKAL-EFOM
System) was developed and is maintained by the Energy Technology
Systems Analysis Programme (ETSAP), an Implementing Agreement of
the International Energy Agency (IEA), established in 1976.
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TIMES is a technology-rich, bottom-up model generator utilised for
long-term analysis and planning of regional, national and multi-na-
tional energy systems. Furthermore, the techno-economic partial equi-
librium model generator assumes full foresight and perfectly competi-
tive markets [48]. TIMES is mathematically formulated as a linear
program, minimising the total system cost discounted to the reference
year and calculated as sum of investment costs, fixed and variable op-
eration and maintenance costs, import costs, and export revenues for all
the processes included.

In particular, TIMES-DK provides a system assessment of the whole
energy sector for Denmark, geographically aggregated in two regions,
i.e. Denmark-East (DKE) and Denmark-West (DKW), with technological
and economic projections until 2050, including assumptions on exo-
genous prices, end-use demands and resource availability [48]. TIMES-
DK includes the representation of energy technologies and their com-
petition in supplying the electricity, heat and transport end-use de-
mands [48]. Endogenous technology learning is currently not included
in the model, with projections on technology developments (e.g. costs,
efficiencies) provided exogenously as inputs to TIMES-DK.

The inclusion of the most important end-use sectors of the economy,

i.e. industry, residential and transport (Fig. 1), allows examining the
interplay between supply-side and end-use sectors from a system per-
spective. Since commodities such as fuels, electricity and heat are
shared resources, the integrated modelling of these can clarify the ex-
isting synergies and competition across sectors. Similarly, the imposi-
tion of a climate or energy policy target can illustrate the burden
shifting across sectors along the modelling horizon in a techno-eco-
nomic perspective.

Moreover, fuel supply chains, i.e. fossil, biofuels and electricity, are
modelled from production to distribution, along with fuel imports and
exports. The fuel infrastructure consists of two components: fuel de-
livery and fuel stations. Fuel delivery from fuel production to the end-
use sectors is represented through a variable cost (€/GJ of transported
fuel) [49,50], assuming that the existing fuel and grid infrastructure can
accommodate the annual demand for fuel delivery. Fuel stations are
explicitly modelled for public electric vehicle charging and blended gas
stations, the latter including both natural gas and biomethane. Virtual
technologies simulate power and gas stations, characterised by an in-
vestment cost and the information on existing stock in the base year
(2015) [51–53]. In this way, only when the required power/gas for

Fig. 1. Cross sectoral interactions in TIMES-DK, with focus on bioenergy conversion pathways and fuel options to the end-use sectors. Fossil fuels include natural gas,
crude oil and its refined products, i.e. heavy fuel oil, kerosene, gasoline and diesel. Solid biomass types supplying the industry and residential sectors include straw,
woodchips, wood pellets and waste, while liquid/gaseous biofuels comprise biodiesel and biogas.
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vehicles exceeds the stock, the additional required capacity will be built
at a cost equal to the investment cost.

As per the temporal and geographical aggregation, each modelled
year is subdivided in 32 non-sequential time slices, built as the com-
bination of factors influencing the variability of RE sources and end-use
energy demands. The factors considered for the definition of the time
slices are the four seasons (spring, summer, autumn, winter), two ty-
pical days of the week (working, non-working) and four weather-spe-
cific cases (“high wind production-low power demand”, “high power
demand-low wind production”, “no photovoltaics (PV) production”,
“rest”). This time aggregation represents the most detailed resolution
used in TIMES-DK in this analysis, yet not all modelled parameters are
defined at this level of detail, e.g. transport demand is described at
annual level. For each of the two regions, DKE and DKW, three areas are
defined based on their heat demand: central, decentral and individual.
Central and decentral areas are connected to the DH grid, while in-
dividual areas represent suburban or rural zones served by individual
heating technologies. For a complete overview of the model TIMES-DK
and the mathematical formulation of TIMES model generator, the
reader can refer to respectively Balyk et al. [48] and Loulou et al. [54].

2.2. The Balmorel model with the OptiFlow add-on

Balmorel is a partial equilibrium model for simultaneous optimi-
zation of investments and dispatch of electricity, district heating and
hydrogen, including power transmission, under the assumption of
perfectly competitive markets [55]. The reader can find the general
mathematical structure of the model in Ravn [56].

The model, exemplified in the upper part of Fig. 2, as used in this
study, determines the optimal system configuration for satisfying the
energy demands by maximising social welfare, i.e. consumers’ utility
minus producers’ cost for the electricity, district heating and hydrogen
demands, subject to technical, physical and regulatory constraints. The
model is data-driven and has a high degree of flexibility with respect to
temporal and spatial resolution. For instance, the user-defined temporal
dimension allows for different levels of chronological detail, from
weekly to hourly levels. For this analysis, an hourly resolution is
adopted for four full representative weeks, one for each of the four
seasons.

OptiFlow is a generalised network model (Fig. 2), whose arcs and
nodes topology can be used to analyse the optimal use of residual
biomass and waste, integrating economic, environmental and resource
scarcity considerations, among others [57,58]. A mathematical in-
troduction to the model is presented in Ravn [59]. OptiFlow is herein
used as an integrated add-on within the Balmorel model, i.e. hard-
linked, with the former providing the net production of electricity and
DH generation from Waste-to-Energy (WtE) and biorefinery plants to
the latter, as well as the hydrogen demand for syngas upgrading in
biorefineries. In order to model economy of scale endogenously, the
model Balmorel-OptiFlow is defined as a mixed integer linear program
(MILP).

In this study, district heating and transport of resources are mod-
elled in Balmorel-OptiFlow at a higher geographical resolution than in
TIMES-DK. In addition, electricity and district heating generation in
Norway, Sweden, Finland and Germany is also modelled, as to re-
present that the Danish electricity clearing price is determined within
the interconnected North European market. For district heating, the 34
largest DH grids in Denmark are represented individually, where the
technologies competing for the supply of heat, especially the base-load
demand, are waste incineration plants, excess heat from industries and
biorefineries. Due to economy of scale, incineration plants and bior-
efineries can be built only in those 34 larger areas, against the almost
500 medium and small district heating networks existing in Denmark,
which are represented in an aggregated way by power regions, i.e. East
and West (see blue areas in Fig. 3(a)). To represent the local availability
and transportation of biomass and waste resources, another spatial

layer is added, with a representation of the 98 municipalities in the
country. Transport of resources takes place through the euclidean dis-
tances between the centroids of each polygon, i.e. each municipality (as
calculated by QGIS 2.14.22), considering only the five closest points for
each centroid. Transport of residual resources, i.e. straw and waste, is
optimised following the networks depicted in Fig. 3(b). Other biomass
types, e.g. energy crops, are assumed to be acquired at the plant gate at
their market price, thus the transportation routes and costs are not
endogenously modelled.

2.3. Linkage of TIMES-DK and Balmorel-OptiFlow

To benefit from the specific strengths of each energy system model,
respectively in terms of process coverage and spatio-temporal resolu-
tion, TIMES-DK and Balmorel-OptiFlow are soft-linked, as illustrated in
Fig. 4. The two models are first harmonised in terms of technical and
economic characteristics of conversion plants and their stock capacity,
exogenous fuel prices, biomass potentials, and renewable energy ca-
pacity potentials. Additionally, while TIMES-DK performs a perfect
foresight optimization along the whole modelling horizon, Balmorel
adopts perfect foresight within the optimization year and a myopic
approach between years, as to portray a more realistic picture of
technology investments under uncertainty, and to avoid a very high
computational time associated with the detailed spatial and temporal
resolution adopted.

TIMES-DK calculates annual power, district heating and hydrogen
demands as inputs to Balmorel, as well as yearly allocation of residual
biomass and fossil fuels for electricity, district heating and fuel pro-
duction. Subsequently, Balmorel-OptiFlow co-optimises power, district
heating and hydrogen generation, along with the utilisation of residual
biomass, at a higher geographical and temporal resolution.
Subsequently, Balmorel-OptiFlow informs TIMES-DK on the computed
average transport cost for straw, the amount of heat that can be effi-
ciently recovered from biorefineries in the DH grids, and the net elec-
tricity trade volume between neighbouring power regions. The data is
exchanged between the two models until convergence of the fuel mix in
the power and district heating sectors.

2.4. Environmental accounting

In addition to the techno-economic perspective traditionally
adopted within energy system analyses, we introduce the representa-
tion of two main environmental aspects related to the use of biomass:
biogenic carbon accounting and soil fertilising effects.

Both fossil and biogenic CO2 emissions are accounted for, through
the assignment of emission factors to energy commodities. While fossil
emissions contribute to global warming, we assume that direct CO2

emissions from biogenic origin would be neutral in terms of global
warming potential, as short biomass cycles of cultivation-harvest-con-
version-degrade-regeneration do not bring alterations to the natural
carbon cycle [60].

An increase in energy crops and forest biomass, i.e. corn, rapeseed,
sugarbeet, woodchips, wood pellets, could lead to cropland expansion
directly (when new cropland is created), or indirectly (when existing
cropland is diverted). Indirect Land-Use Change (ILUC) emissions are
assigned to energy crops and forest biomass, according to the factors
suggested by The European Parliament and the Council of the European
Union [61] and Ecofys, IIASA and E4tech [62] for European feedstocks
(Fig. 5), whose accounting reflects the net impact on the terrestrial
carbon pools. It is assumed that energy crops grow in land previously
destined to food and feed crops, whose demand is satisfied by bringing
non-agricultural land into production elsewhere, thus resulting in in-
direct land-use change. Land-use changes have impacts on carbon
stocks on land, due to loss of above and below ground living biomass
and soil organic carbon, but also on biodiversity, land-use rights and
other socioeconomic implications [63]. If land with high carbon stock is
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converted (e.g. tropical forest and peatland drainage outside the Eur-
opean Union for oil crops), it can lead to significant greenhouse gas
(GHG) emissions. For woody biomass, it is assumed it comes from
thinning and forest intensification, and there is no land-use change per
se; however, there are emissions resulting from a lower build-up of soil
organic carbon [62].

IPCC guidelines recommend using country-specific validated data, if
possible [64]. However, as this was outside the scope of our analysis,
average ILUC values used herein should be regarded as a likely source
of uncertainty. Furthermore, ILUC factors have been assumed constant
for the whole temporal scope of the analysis, although they will depend
on the global demand of biomass for energy and land governance,
among other factors, thus possibly varying across time. In this study, no
ILUC emissions have been associated to biofuels, which are imported
from abroad.

For residual biomass, i.e. animal manure, grass, straw and organic
waste, we assume no generation of ILUC emissions, as their utilisation
does not lead to additional demand for land. Fugitive losses from biogas
production, resulting in CH4 emissions to the atmosphere, have been
assumed to be 1% of the generated methane in volume terms [31], due
to the large global warming potential of methane.

Some biomass conversion processes can induce changes in the soil
carbon balance, through application of digestate from biogas plants,
spreading of raw manure on fields and return of bioashes from biomass
gasification to land. These considerations are included in the modelling

framework, through the assignment of negative carbon emission factors
(Fig. 5), except for spreading of digestate from manure mono-digestion,
which causes net positive CO2 emissions. When ploughing straw in the
field, 99.9% of the carbon is released to the atmosphere over a 20-year
period [31], hence straw incorporation contributes only in minor part
to negative CO2 emissions, and has thus been considered negligible. For
raw manure, it is assumed that it is stored both indoor and outdoor
prior to spreading on field. The resulting methane emissions from sto-
rage, amounting to 95 kg CO2-eq/GJ of manure [31], thus counter-
balance the carbon sequestration effect from soil application depicted
in Fig. 5.

With respect to fertilising effects, some technologies considered for
the utilisation of straw produce soil fertilisers: nitrogen (N), phosphorus
(P2O5) and potassium (K2O), with different NPK ratios. Ashes resulting
from the gasification of biomass contain soil fertilisers [32]. Similarly,
the anaerobic digestion process transforms the biomass into biogas and
digestate, the latter having soil fertilising properties [31]. The fer-
mentation of ligno-cellulosic material, such as straw, yields bioethanol
and lignin, which cannot be converted into sugars with the current
technology. Although lignin may have fertilising properties, we herein
assumed that it is used for power and heat production [65]. To compare
all the different uses of straw, the avoided fertilisers production re-
sulting from ploughing the straw and not removing it from the fields is
also accounted for, as well as the possibility of using raw manure di-
rectly as fertiliser without undergoing anaerobic digestion [31].

Fig. 2. Representation of the energy system, and use of straw, manure and residual waste in Balmorel-OptiFlow (as applied in this study).
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The marginal fertilisers considered for nitrogen, phosphorus and
potassium are respectively urea, diammonium phosphate (DAP) and
potassium chloride. As decisions on investment and operation of plants
follow a least-cost optimization in TIMES-DK, a reward (€/t of fertiliser)
is assigned to the avoided fertiliser production for each process [66].

3. Data

The study performs a long-term socio-economic optimization of the
Danish energy system, with exogenous assumptions on price develop-
ments, technology potentials and decommissioning (i.e. short-term
scrapping plans for obsolete facilities). Exogenous future fuel prices are
aligned with Danish projections [67], while electricity prices regulating

Fig. 3. Geographical representation in Balmorel-OptiFlow: district heating networks in Denmark (a) and geographical areas for biomass collection with transport
links (b).

Fig. 4. Model linking between TIMES-DK and Balmorel-OptiFlow.
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the trade with neighbouring countries (only used in TIMES-DK), as well
as transmission lines capacities, are based on data from the Danish
Transmission System Operator (TSO) [68] and the European TSO [69].
The socio-economic analysis herein performed includes the total costs
of satisfying the end-use energy demands under carbon and resource
constraints, thereby excluding taxes, levies, subsidies or any other
market mechanism for regulation or allocation, and without directly
accounting for externalities, except for GHG emissions and soil ferti-
lising effects. Across the analysed scenarios, the same projections apply
with regard to end-use demands, technologies characteristics and exo-
genous prices. Particularly for the latter, it is assumed that the impact of
Denmark on fuel prices would be marginal; therefore, these do not
change across the analysed scenarios.

This section provides an overview of the technology characterisa-
tion for this study, including alternative pathways for the utilisation of
straw (Section 3.1) and assumptions on the modelling of biomass re-
sources (Section 3.2). All monetary values are expressed in € 2016.

3.1. Technology data

Our model framework includes several technologies for the pro-
duction of heat, power and fuels. The supply sector comprises the ac-
tivities related to import, export and extraction of primary energy re-
sources, both fossil and non-fossil. The procured primary energy
commodities are transformed into secondary energy commodities, i.e.
oil products, biofuels, biogas and hydrogen, through conventional
crude oil refineries, biorefineries, anaerobic digestion plants and hy-
drogen production technologies. Some of these technologies produce
electricity and/or heat, which can be used for DH, as a by-product in
addition to their primary output. Carbon Capture and Storage (CCS)
options are currently not considered within the model technology da-
tabase. For a complete overview of the technology characterisation of
biorefineries and biogas plants, the reader can refer to the
Supplementary Material A, while Balyk et al. [48] describes the main
data sources used in TIMES-DK.

In the adopted model framework, straw can be utilised in different
processes within the energy and agriculture system (Fig. 6): (a)
ploughed in the field, (b) production of biogas through anaerobic co-
digestion with manure, (c) production of bioethanol through hydrolysis
and fermentation, (d) production of heat in heat-only boilers, (e) pro-
duction of heat and power in combined heat and power (CHP) plants,
and (f) production of bioalcohols and biodiesel through gasification and
Fischer-Tropsch (FT) synthesis, with or without hydrogen addition.

As biorefineries produce a considerable amount of excess heat as by-
product, we assume that all plants will be built only in central DH areas,

thus having a large plant scale, in the range of 800–1400 kt of biomass
feedstock per year. On the other hand, biogas plants are located in
decentral areas to benefit from the greater availability of the primary
input resources, i.e. manure and other agriculture residues. As these
resources have high water content, their transportation must be mini-
mised. Moreover, we distinguish between three different sizes of biogas
plants to take economies of scale into account [70,71]: small, medium
and large scales respectively correspond to 110, 320 and 500 kt of
biomass feedstock per year. The plant investment cost and the transport
cost of biomass from the field to the plant are differentiated by plant
scale.

The transport cost of biomass is calculated considering the average
transport distance for each plant size, the transport cost by diesel truck,
and the loading & unloading costs. Costs are derived from Joint
Research Centre [72]. For each feedstock, a distance radius to the plant
is assumed: 23, 44 and 61 km for sugarbeet [71]; 6, 8 and 10 km for
manure [71]; and 5, 10 and 20 km for the other biomass types. The
resulting transport costs for the different biomass feedstocks (¢€/GJ)
are reported in Table 1, along with the biomass price seen at the gate
(€/GJ).

Fig. 7 compares the total cost (€/GJ biogas) and energy efficiency of
the biogas plants considered in this study. When straw is anaerobically
co-digested with manure to produce biogas, a pre-treatment step is
added to enhance the hydrolysis phase and ultimately the biogas yield,
by increasing the recovery of sugars from the ligno-cellulosic material
[73]. Several pre-treatment options are commercially available, in-
cluding mechanical, chemical, biological and thermo-chemical treat-
ment. We assumed that straw is pre-treated through mechanical ex-
trusion [74], based on Danish experiences for biogas production, at a
cost of 4.0 €/GJ of straw [75]. Also sugarbeet needs to undergo pre-
treatment, i.e. washing, slicing and ensiling, prior to the anaerobic co-
digestion with manure. The pre-treatment cost is assumed at 4.5 €/GJ
of sugarbeet, as proposed in the literature relevant for the Danish case
[71].

3.2. Availability of resources

Spatial availability of energy resources can vary greatly, depending
on the location and density of residential and industrial settlements,
agriculture fields, forest and farming areas. Moreover, while temporal
availability of biomass largely depends on seasonal and annual varia-
tions affecting farming and natural forests, the generation of heat from
biorefineries and industries is primarily driven by the need to utilise the
invested production assets optimally. In addition, waste incineration
currently allows for the safe disposal of residual waste in Denmark,

Fig. 5. ILUC effects of first-generation biomass [kg CO2-eq/GJ] (left) and carbon emissions from the recycling of biomass into soil [kg CO2-eq/t] (right) annualised
over 20 years. Corn, sugarbeet, rapeseed from The European Parliament and the Council of the European Union [61]; woodchips and wood pellets from Ecofys, IIASA
and E4tech [62]; bioashes from Sigurjonsson et al. [32]; raw manure and digestate (co-digested with manure) from Hamelin et al. [31]. *Expressed in kg CO2-eq/t of.
straw gasified.
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where landfilling of combustible waste is banned. As waste storage is
constrained, considering e.g. the large share of organic waste in the
residential fraction, coupled with the need to limit plant over-di-
mensioning due to high capital costs, waste incineration provides a
rather constant delivery of power and heat. Accounting for variation in
the temporal and geographical availability of resources can provide a
more detailed picture of their competing uses, as well as the value of the
by-products provided. This subsection describes the assumptions be-
hind the representation of biomass (Section 3.2.1), residual waste
(Section 3.2.2) and industrial excess heat (Section 3.2.3) in our mod-
elling framework. (see Fig. 8).

3.2.1. Biomass resources
The biomass resources considered in this study are manure, grass,

straw, organic waste, corn, rapeseed, sugarbeet, wood pellets, wood-
chips and wood waste, as described in Table 2. Some of these feedstocks
could be imported from abroad, when the demand exceeds the national
supply. Potentials have been estimated considering the amount of
biomass which is technically available under business-as-usual condi-
tions, e.g. assuming no changes in diet, crop production and land
management practices [14]. The manure potential is expected to rise by
2050 without a corresponding increase in its generation rate, due to
increased collection for anaerobic digestion. Third-generation biomass,
e.g. algae, is not included in this study.

As this study aims at evaluating the optimal use of straw, including
the location and capacity of biorefineries, we conducted a detailed
geographical assessment of its availability. The generation of straw is
mapped considering the agricultural areas of the crops that produce the
largest amounts of straw in Denmark: winter wheat, spring barley, rye,
winter barley and oats, which account for 97% of the total straw gen-
eration [76]. The amount of straw generated at a national level is cal-
culated assuming the national average straw yield per hectare of spe-
cific cropland, as reported in Statistics Denmark [11] (see
Supplementary Material B for further information). The straw available
is calculated as the percentage of straw currently used for energy, plus
the fraction left-on-field (Fig. 9), as proposed by Tonini et al. [10].
Therefore, the amount of straw currently destined to animal bedding
and fodder is excluded from the potential.

Fig. 6. Alternative pathways for the use of straw. CHP=Combined Heat and Power, H=Heat, E=Electricity, PSA=Pressure Swing Adsorption, NPK=Marginal
fertilisers (Nitrogen, Phosphorus and Potassium).

Table 1
Gate prices (2016) and transport costs of biomass per plant size.

Biomass type Price (€/GJ) Transport cost (¢€/GJ)

Small Medium Large

Corn 9.3 27.2 27.2 27.2
Grass 5.5 3.8 6.2 11.1
Manure 0.0 5.1 6.6 7.4
Organic waste 0.0 12.5 20.6 36.9
Rapeseed 17.7 27.2 27.2 27.2
Straw 5.5 3.8 6.2 11.1
Sugarbeet 5.7 4.1 6.3 8.0
Woodchips & wood waste 6.1 32.2 32.2 32.2

Fig. 7. Total cost of production of biogas by plant
type (medium scale plants are assumed). Transport
costs cover the transport of biomass feedstocks to the
plant, while delivery costs refer to the transport of
biogas to the final use. Investment costs are annual-
ised with a 4% discount rate and 40 years lifetime,
and reported for the year 2016.
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However, the resulting potential should be regarded with caution,
as there is yet a need to assess the amount of straw that could be safely
removed without incurring in soil deterioration and carbon loss [77].
For instance, Hamelin et al. [78] showed that straw removal can affect
the carbon balance, depending on the crop and the type of soil. On the

other hand, allocating straw to energy purposes might be preferred over
straw ploughing when pursuing climate mitigation goals [9,79].

Straw is generated and stored after harvesting, which is a seasonal
process. Changes in the composition of straw during storage are rela-
tively small. Hamelin et al. [31] report a loss of 1.1% of the initial dry
matter content after storage of dry straw bales for eight months.
Therefore, it is assumed that storage does not alter the composition, and
annual potentials (PJ/year) are thereby considered, i.e. straw must be
used within a year of its generation. Finally, it is assumed that the
potential of straw available for energy in Denmark does not vary across
time, i.e. it is equal to the amount estimated for 2016.

3.2.2. Residual waste
Residual waste comprises combustible waste from households, ser-

vices and industry, which does not undergo a recycling process and
needs to be disposed. In Denmark, 54% of the residual waste was in-
cinerated in 2014 for energy recovery [80]. Although new options for
residual waste treatment might be developed in the coming years, with
a higher added-value in economic and/or environmental terms, e.g.
gasification [58], this study assumes that all the residual waste avail-
able in Denmark has to be incinerated. Residual waste must be in-
cinerated within a week of its collection, while up to 50% of industrial
waste can be stored for a year.

Waste amounts, along with their composition, vary over time as a
result of changes in, e.g. population, consumption patterns, GDP and
recycling rates. The econometric tool FRIDA is used to estimate the
amount and fractions of waste generated at a national level until 2050
[81]. The amount of residual waste is calculated by defining specific

Fig. 8. Total production cost (€/GJ fuel) for range of biofuels which can be domestically produced, compared to fossil counterparts (respectively gasoline, diesel and
biokerosene) for 2020 and 2050. Transport costs cover the transport of biomass feedstocks to the plant, while delivery costs refer to the transport of biogas to the final
use. Investment costs are annualised with a 4% discount rate and 20 years lifetime.

Table 2
Domestic (D) biomass potentials (PJ). D indicates that the resource is available in Denmark, while I indicates that the resource can be imported from abroad.

Feedstock Potential (PJ) Domestic/Imported Reference

2015 2050

Corn 45 45 D & I Danish Energy Agency [16]
Grass 4.1 6.7 D Danish Energy Agency [75]
Manure 14.5 28.7 D Danish Energy Agency [16], AgroTech [106]
Organic waste 1.9 4.2 D Andersen and Larsen [81]
Rapeseed 10 15 D & I Danish Energy Agency [16]
Sugarbeet 10 15 D & I Danish Energy Agency [16]
Straw 54 54 D Statistics Denmark [11]
Woodchips & wood waste 40.7 41.6 D & I Danish Energy Agency [16]
Wood pellets N/A N/A I –

Total domestic 176.5 206.1

Fig. 9. Straw available for energy in Denmark in 2016, aggregated at munici-
pality level.
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recycling goals for each fraction, as to comply with the EU target setting
the recycling of waste to minimum 65% by 2030 [82], herein main-
tained until 2050, as shown in Fig. 10.

The availability of organic waste for anaerobic co-digestion with
manure is expected to increase from 1.9 to 4.2 PJ (Table 2). This is due
to an increase in waste separation at the source of generation, which is
a requirement to ensure the traceability of the waste, as well as the
further possibility to spread digestate on-land as a fertiliser [83].

3.2.3. Industrial excess heat
Bühler et al. [84,85] have highlighted the unexploited potential for

excess heat recovery from thermal processes in Denmark after evalu-
ating 22 industrial sectors, representing 79% of the energy used in the
Danish industry. Our study considers the excess heat production
available within the large district heating areas, i.e. 2.2 PJ/a, and the
possibility to invest in heat pumps to utilise the potential from low-heat
sources, which could provide up to 2.1 PJ/a, as illustrated in Fig. 11.
Furthermore, we assume that the amount of industrial excess heat and
its geographical availability will not vary throughout the years, as to

reflect that no major changes will occur in the industry composition and
facilities location.

4. Scenario definition

To investigate the optimal allocation of straw to the alternative uses
under different conditions, three scenarios are herein analysed, as de-
scribed in Table 3. The scenarios progressively examine the cumulative
impact of different constraints on the use of biomass, while modelling
the whole energy system. All scenarios include a constraint on the share
of first-generation biofuels: in accordance with the Renewable Energy
Directive of the European Commission [86,87], the contribution from
biofuels produced from food or feed crops will be no more than 7% of
the final energy consumption in road and rail transport by 2020. This
limit is further reduced to 3.8% by 2030 [87].

The Reference scenario replicates the current use of straw [11] until
the end of the modelling horizon. The split on the use of straw is cal-
culated on the basis of its energy content (% PJ) in 2014: 23% of the
total harvested straw was utilised in the heat and power sector, i.e. CHP
plants and heat-only boilers, 27% was destined to fodder and bedding
for animals, while the remaining 50% was left on the field. Moreover, in
the Reference case, there are no imposed restrictions on imports of
biomass from abroad, as to reflect the current policies.

In the Carbon-constrained scenario (CO2), we analyse the effect of
imposing a bound on the CO2-eq emissions for the whole energy system,
yet excluding waste incineration, as this activity is highly regulated and
assumed to continue in the future. Therefore, according to the IPCC
[64] guidelines for National Greenhouse Gas Inventories, Eq. 1 includes
all the domestic emissions associated to stationary and mobile com-
bustion (category 1A); and some emissions from agriculture, forestry
and land use (categories 3A2, 3B & 3D), but only of those resources that
could potentially be used for energy purposes in Denmark (see Table 2).
The overarching target on CO2-eq emissions for the year 2050 follows
from Denmark’s ambition of being climate-neutral by 2050, i.e. Den-
mark absorbs at least as much GHG as it emits [88]. As a result, we set
the sum of CO2-eq emissions (CAPy) from all sectors (S) to zero for year

=y 2050, including fossil GHGs y
fossil
, , indirect land-use change GHGs y

ILUC
,

and biogenic GHGs y
bio
, components, as in Eq. 1. Nevertheless, this as-

sumption should be regarded as conservative, as emissions from the
agriculture sector in 2015 were 22% of the total Danish GHG emissions
(excluding land use), while the land use, land-use change and forestry

Fig. 10. Geographical distribution of residual waste (a) and residual waste prognosis for Denmark (b).

Fig. 11. Geographical distribution of exploitable industrial excess heat in
Denmark in 2014 (adapted from Bühler et al. [84,85]).
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(LULUCF) sector was estimated to be a net sink of 1% of the total GHG
emissions [89]. As these two sectors are not accounted in Eq. 1, a ne-
gative cap might actually be required by 2050 to achieve the desired
goal of climate neutrality at a national level, unless emissions from the
agricultural sector decrease drastically or the forest carbon sink in-
creases.

∑ + + =
∈

GHG GHG GHG CAP
s Sector

s y
fossil

s y
ILUC

s y
bio

y, , ,
(1)

Additionally, in the CO2 scenario the constraint on the use of straw is
relaxed, leaving the cost-minimisation program free to optimise the use
of straw in the energy system considering the different alternative uses:
left on field; anaerobically co-digested with manure for the production
of biogas; combusted for the production of heat or combined heat and
power; treated (hydrolysis) and fermented for the production of bioe-
thanol; gasified at high temperature and subsequently liquefied through
FT synthesis to produce biokerosene or biodiesel.

The No bioenergy imports scenario (NO-IMP) is centred around the
utilisation of domestic resources. Imports of first-generation biomass,
i.e. corn, rapeseed, sugarbeet, woodchips and wood pellets, as well as
imports of liquid biofuels from outside Denmark follow a progressive
decrease along the time horizon until 2050, when imports are no longer
allowed. Additionally, to strengthen the role of the agricultural sector
as a supplier of green energy (Green Growth Agreement, signed by the
Danish Government in 2009 and setting goals for 2020 [90]), we force
the use of at least 50% of the livestock manure potential for the pro-
duction of biogas.

For all scenarios, the time horizon ranges from 2010 to 2050, split in
five-year periods, with 2015 as calibration year.

5. Results

The size of a model influences its solving time: the NO-IMP scenario
of this study is characterised in TIMES-DK by 801,418 rows, i.e.
equations, and 928,343 columns, i.e. variables or endogenous para-
meters, while the Balmorel & OptiFlow model is characterised by
2,367,358 equations and 4,400,779 variables. As described in Section
2, TIMES-DK is used as a linear programming model, while Balmorel &
OptiFlow, as applied in this study, is formulated as a mixed integer
linear programming problem to model endogenously economies of
scales. Therefore, due to the differences in sizes and mathematical
formulations, solving times differ significantly, with an average of
8min for TIMES-DK and 720min for Balmorel & OptiFlow. In both
cases, a CPLEX solver with barrier algorithm is used.

5.1. Transition of the energy system

The optimal allocation of residual biomass should be analysed in the
perspective of the transition from the current to the future Danish en-
ergy system (Fig. 12). The energy system becomes increasingly in-
tegrated, with a growing electrification of the transport sector and heat
production in the three scenarios. Electricity and district heating gen-
eration are almost fossil-free, except for the fossil component of residual
waste, i.e. plastics. Nevertheless, the consumption of fossil fuels for

heavy transport and process heating is still significant in the Reference
scenario, i.e. 90 PJ in 2050, whereas the oil consumption decreases by
70% compared to 2015 levels. The CO2 and NO-IMP scenarios (Fig. 13
minimise the fossil fuel consumption by an increase in the energy ef-
ficiency, the use of biofuels, investments in solar heating for low-tem-
perature process heating in the industrial sector, and the electrification
of part of the demand. In addition, due to the limited biomass resources
in the NO-IMP scenario, constrained by the domestic potential, hy-
drogen is used to upgrade biogas and syngas, boosting the production of
biofuels. Hydrogen is mostly produced via electrolysis, thereby in-
creasing even more the electricity demand in the NO-IMP scenario, as
well as the integration between electricity, heat and transport sectors.

Renewable sources like wind and solar cover the entire domestic
power production in 2050, except for waste incineration plants. The
increase in electricity demand in the CO2 and NO-IMP scenarios is

Table 3
Scenarios definition. X indicates active constraint.

Scenario Abbreviation Straw use Manure use CO2 Target Biomass imports Biofuels imports Biofuel blending

Business As Usual BAU Heat and Power 23% – Allowed Allowed X
Left on field 50%

Fodder and bedding 27%
Carbon-Constrained CO2 Energy system 73% – X Allowed Allowed X

Fodder and bedding 27%
No bioenergy imports NO-IMP Energy system 73% ⩾50% X Not allowed Not allowed X

Fodder and bedding 27%

Fig. 12. Danish energy system in the Reference scenario. The Sankey diagram
reports the energy flows for the whole energy system, from primary sources
(both domestic and imported) to conversion processes (e.g. power plants) to the
end-uses (i.e. residential, industry and transport). Electricity trade with
neighbouring countries is not reported for simplicity.
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mostly fulfilled through the growth in offshore wind installations and in
transmission capacity with neighbouring regions. Heat generation in
central areas shifts away from coal cogeneration plants towards a
combination of waste incineration, solar heating and excess heat from
biorefineries in the three scenarios. In decentral areas, heat pumps (HP)
become the major source of heat supply, providing around 62 PJ of heat
in 2050 in the Reference, compared to 20 PJ in 2015.

5.2. Allocation of biomass resources

Biomass and waste play a relatively small role in 2015, accounting
for 10% of the primary energy supply, with 53 PJ used for the gen-
eration of heat and power, 9 PJ for the production of biogas, and 5 PJ in
the industry and residential sectors. On the other hand, biomass and
waste play a much larger role in the energy system in 2050 already in
the Reference scenario, corresponding to 40% of the primary energy
supply and replacing a great share of oil, coal and gas: 55 PJ are des-
tined to heat and power production, 70 PJ to industry and 92 PJ are
converted to biofuels and biogas for the transport and industry sectors.
Biomass and waste play a dominant role also in the CO2 scenario,
amounting to 37% of the total primary energy supply in 2050, while it
has a more modest role in the NO-IMP scenario (23% of primary energy
supply in 2050), due to the constraint on the sole use of domestic re-
sources. Biofuel production increases from 9 PJ in 2015 to 37 PJ in
2050 in the Reference scenario (Fig. 14), primarily consisting of bio-
diesel from gasification of woody biomass and biogas from co-digestion
of manure and organic waste, respectively used in freight trucks and
industry.

Although the transport sector witnesses an increased level of elec-
trification already in the Reference scenario, corresponding to 31% of

the total fuel consumed by all modes in 2050, sustainable liquid or
gaseous fuels are needed for those modes, such as heavy transport,
navigation and aviation, where electrification might be more difficult to
achieve (with 36%, 32% and 1% supplied by respectively (bio) kero-
sene, biodiesel and heavy fuel oil in the Reference scenario in 2050). In
the CO2 scenario, biodiesel from gasification of straw and woody bio-
mass amounts to 76 PJ in 2050, destined to industry, freight trucks and
national shipping. Around 73 PJ of woodchips or wood pellets need to
be imported in order to meet the demand for fuel and industrial heat.

In the CO2 and NO-IMP scenarios, biogas production increases
considerably by 2050 due to the need of avoiding the application of raw
manure on land, as constrained by the climate-neutrality equation, as
well as to maximise the value of domestically available resources in the
NO-IMP scenario.

The utilisation of straw changes across the three scenarios analysed,
as illustrated in Fig. 15. In the Reference case, straw use reflects the
current shares, with around 36 PJ left for ploughing on agriculture
fields, and 18 PJ combusted in CHP plants and heat-only boilers. In the
CO2 scenario, the imposition of a bound on CO2 emissions drives the
allocation of straw away from agriculture fields towards biorefineries to
produce biofuels, which displaces the use of fossil fuels in the energy
system. Starting from 2025, straw is increasingly converted to biodiesel
through gasification and FT synthesis. In the most stringent scenario,
NO-IMP, where imports of bioenergy from abroad are not allowed,
straw is mostly converted to biofuels for aviation, i.e. biokerosene.

In the NO-IMP scenario, almost all biogas produced in 2050 (33 PJ -
see Fig. 14) from co-digestion of manure, grass, organic waste and
energy crops is upgraded to natural gas quality through methanation
with hydrogen, which allows to boost the methane production. Bio-
methane supplies part of the heavy-duty road transport with domestic
bioenergy resources, while the remaining 0.3 PJ are used in industrial
sectors for high-temperature process heating. Furthermore, both bio-
diesel and biokerosene production processes use hydrogen from elec-
trolysis (31 PJ H2) to boost the process efficiency (Fig. 15). Therefore, it
is only under the condition of restricting bioenergy imports, thus re-
lying solely on domestic resources, that hydrogen plays a stronger role
in the energy system. However, this last scenario presents a certain
degree of infeasibility, suggesting that domestic resources are not suf-
ficient to supply the whole final energy demands. Imports of biofuels
will be still required in 2050, e.g. 20 PJ of biokerosene for the aviation
sector, unless new technologies are developed or the domestic biomass
potential increases through changes in, e.g. land use and agricultural
practices, while respecting sustainability principles. The infeasibility of
the NO-IMP scenario is detected through the definition of slack vari-
ables, simulating the additional required import of resources (at a
higher price) to satisfy the end-use demands. The introduction of slack
variables allows to detect model infeasibilities while at the same time
obtaining an optimal solution for the problem.

In the formulation of the optimization model TIMES-DK, the mar-
ginal value of straw, which is the shadow price of the equation that
restricts its availability, describes the cost change in the objective
function if the availability of the commodity is increased by one unit, i.e
the benefit or expense associated to the consumption of an additional
unit of commodity. Therefore, the marginal value of straw, as shown in
Fig. 16, gives an indication of its market value under perfect competi-
tive market conditions. The marginal price of straw doubles in the CO2
scenario with respect to the Reference, from 11 to 22 €/GJ in 2050, due
to the rise in the demand of biomass to comply with the emission re-
duction targets. For comparison, the current average Danish price for
straw at the plant gate amounts to 5.0–5.5 €/GJ [21]. Under the hy-
pothetical condition of supplying only from domestic biomass resources
by 2050 (NO-IMP scenario), the marginal value of straw is affected by
the existence of an infeasibility related to the inability to satisfy the
whole energy demand with domestic resources, as well as the lack of
alternative technologies, e.g. ammonia for shipping [91] or electrified
roads. This results in an extremely high marginal price of straw

Fig. 13. Danish energy system in the CO2 and NO-IMP scenarios, for the year
2050.
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(2845 €/GJ in 2050), reflecting the value attributed to the goal of self-
sufficiency.

Fig. 17 compares the annual costs of the energy system for the three
scenarios, all of which witness increasing investment and fixed O&M
costs over the modelled years. Moreover, to more stringent policies
correspond higher total costs, as a result of the increasing number of
constraints imposed onto the system, i.e. carbon abatement and re-
source limitations. As a result, the total discounted system cost for the
analysed time horizon (i.e. the objective function of the optimization
problem) equals to respectively 291, 293 and 483 billion € for the Re-
ference, CO2 and NO-IMP scenarios. The much higher system cost for
the NO-IMP case is also to be ascribed to the presence of slack biofuels
imports (amounting to 159 billion €).

5.3. The role of biorefineries in future energy systems

Biorefineries play an important role in ensuring the transition to-
wards a climate-neutral system, where the use of fossil fuels is

Fig. 14. Biofuel and biogas production and imports in the analysed scenarios.

Fig. 15. Use of straw across years in the analysed scenarios.

Fig. 16. Marginal price of straw in the analysed scenarios.
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progressively phased out. Furthermore, biorefineries can provide va-
luable by-products, such as heating, as long as there is a market that can
absorb it. Results from Balmorel-OptiFlow in Fig. 18 show the optimal
location and sizing of biorefineries, constrained by economies of scale,
considering the availability of resources and the competition between
waste incineration plants and industrial excess heat for supplying the
base-load heat.

In 2050, biorefineries may supply up to one third of the DH demand
in central areas in Denmark (in the CO2 scenario, where heating pro-
duction from biorefineries is the largest), if their location as well as
investments in inter-seasonal heat storage (e.g. water pitches) are op-
timized. The installed capacity in inter-seasonal heat storage in central
DH networks by 2050 corresponds to 991 GWh (3% of the total DH
demand in those networks) in the Reference, 1356 GWh (4% of the total
DH demand) in the CO2, and 926 GWh (3% of the total DH demand) in
the NO-IMP.

Incineration WtE plants can cover up to 25% of the DH demand in
central areas, while industrial excess heat can supply around 1%.
Incineration plants are centralised due to the meaningful impacts from
economy of scale, as discussed by Pizarro-Alonso et al. [57]. They are
located in the areas with the largest populations, hence the highest
waste generation and minimum transport costs, and large district
heating demands.

Biorefineries need to be relatively centralised due to the impacts

from economies of scale, with the possibility to install up to five straw
biorefineries in Denmark, if the full potential is utilised. Comparing
Figs. 9 and 18, the optimal location of straw biorefineries is largely
driven by the possibility to use the excess heat, hence they will be lo-
cated in areas with relatively large district heating demands (red areas
in Fig. 3(a)), and their location will also depend on the need to mini-
mise transport of resources, but subject to the requirements from
economies of scale. In the CO2 scenario less than 11% of the heat
produced by biorefineries would have to be cooled down by 2050.

Fig. 18 shows that there is a coexistence of different biorefineries
and incineration plants within the largest district heating networks.
Nevertheless, if the possibility to install inter-seasonal heat storage is
limited, location of incineration plants remains similar, while bior-
efineries would be placed in smaller district heating networks. In this
way, the competition for supplying the base-load heating demand
would be minimised, as well as the cooling down of heat, despite the
fact that it would increase to approximately 20%.

In addition to the straw-based biorefineries, in the Reference and
CO2 scenarios, four biorefineries for biodiesel production from wood-
chips/wood pellets are built in 2050, and located in the largest DH grids
to efficiently recover the large amount of excess heat provided.
Similarly, in the NO-IMP scenario, two biorefineries for biodiesel pro-
duction and one for methanol production from domestic woodchips are
constructed, also located in the largest DH grids. Other biorefineries,

Fig. 17. Annual system costs by type in the analysed scenarios (sunk costs are not included).

Fig. 18. Location of waste incineration plants and biorefineries as a result from Balmorel-OptiFlow (the size of the symbols is proportional to the amount of district
heating provided).
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such as biodiesel from rapeseed and bioethanol from corn in the
Reference and NO-IMP scenarios, have very low excess heat production,
and their optimal location is driven by the location of their feedstocks,
being preferentially placed in smaller DH grids.

5.4. Greenhouse gas emissions assessment

The decrease in fossil emissions from 2015 to 2050 shown in Fig. 19
is explained by a transition away from fossil resources, especially in the
power and district heating sectors, with increasing investments in wind,
solar power and heat pumps, along with the introduction of electric
vehicles and biofuels in the transport sector. Given the current decrease
in costs for renewable technologies and demand electrification, and the
economic benefits associated to the implementation of moderate energy
efficiency measures, the Reference scenario already experiences a deep
decrease in fossil emissions without specific climate policies. The re-
maining fossil emissions in 2050 for the Reference scenario come from
industry, heavy transport and waste incineration plants. In both the
CO2 and the NO-IMP scenarios, fossil CO2 emissions are almost fully
abated by 2050, through an increased use of renewable-based elec-
tricity and bioenergy in industry, freight, aviation and shipping, as well

as an increase in the energy efficiency.
The evolution of biogenic emissions, as reported in Fig. 20, shows

that emissions increasing the net balance are related to the ILUC effects
associated with first-generation biomass, emissions associated to indoor
and outdoor storage of raw manure, and fugitive losses of methane from
biogas production in the anaerobic digesters. On the contrary, negative
biogenic emissions from bioashes and spread of digestate on land
contribute to restoring the soil carbon balance.

In the Reference, the net positive biogenic emission balance is ex-
plained by the ILUC effects from woodchips being larger than the
benefits provided by applying the bioashes from gasification on soil. In
both the CO2 and the NO-IMP scenarios, negative biogenic emissions
increase in the future, following from the increased gasification of
woody biomass and straw for the production of biofuels, thus the
subsequent application of bioashes on land.

In the Reference, 25% of the manure available for anaerobic diges-
tion is cost-effectively diverted to produce biogas, while 75% is still
spread on land by 2050. Emissions from spread of raw manure on land
increase over time, as it is assumed that the manure potential available
for anaerobic digestion increases (Table 2). In the CO2 and NO-IMP
scenarios, all manure available for energy is destined to anaerobic

Fig. 19. Evolution of fossil CO2 emissions from the energy system in the analysed scenarios.

Fig. 20. Evolution of biogenic CO2-eq emissions from the energy system in the analysed scenarios including ILUC.
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digestion by 2050, due to the need to minimise emissions from raw
spread on-land. Furthermore, avoided emissions from the application of
digestate from manure co-digestion with the organic fraction of waste
and induced emissions from digestate from manure mono-digestion are
present in the three scenarios. However, their impact on the biogenic
carbon balance is very limited. In the NO-IMP scenario, negative
emissions associated to the spreading of digestate from anaerobic co-
digestion of manure with grass and sugarbeet are also present, as illu-
strated in Fig. 5.

TIMES-DK accounts for the avoided fertiliser production achieved
through substituting soil fertilising effects through ploughing straw on
field, spreading raw manure, recovering and spreading on land the
digestate from anaerobic digestion and bioashes from gasification
processes (Section 2.4). Fig. 21 provides an account of the fertilising
effects achieved by the different processes across the three analysed
scenarios. While fertilisers from spreading raw manure are dominant
and increasing over the years in the Reference scenario, these are
sharply disappearing in the last years of the modelling horizon
(2045–2050) under more constrained scenarios (CO2 and NO-IMP), as a
result of diverting animal manure to the more climate-effective anae-
robic digestion plants. Digestate recovered from these plants can
thereafter be spread on land for soil fertilising effects, increasing
especially in the NO-IMP scenario where more biogas plants are in-
vested in.

5.5. Sensitivity analysis

Biomass might represent a large share of the Danish energy con-
sumption in the future, both under business as usual conditions, but
especially in a stringent climate mitigation scenario. Biomass will likely
play a key role in the supply of fuels to industry, heavy-duty transport
and aviation sectors. From this point of view, the availability of sus-
tainable domestic biomass is crucial to minimise the environmental
impacts of the future energy system. The domestic potential of first-
generation biomass destined to the energy sector, e.g. sugarbeet and
rapeseed, is uncertain, and it depends on factors such as land use, land
availability, climate conditions and economic feasibility of fuel con-
version pathways.

Fig. 22 (left) illustrates the impact of the availability of Danish
energy crops on the degree of energy self-sufficiency for the NO-IMP
scenario in 2050. Bioenergy imports in the CO2 scenario amount to
73 PJ of woodchips and 48 PJ of biofuels by 2050. In the NO-IMP sce-
nario, a larger availability of rapeseed and sugarbeet, primarily

destined to biogas and biodiesel production, diminishes the need for
imports of biokerosene from abroad, albeit with the same impact on the
use of straw, both under a 50% and a 100% increase. This effect can be
explained by the fact that all the available straw is already fully utilised
for the production of biokerosene in the +50% case. On the other hand,
a lower potential of energy crops increases the need for imports of
aviation fuel, unless alternative production routes for biokerosene be-
come commercially feasible. The potential of straw available for energy
is currently uncertain, and a further analysis could consider soil-specific
rates of straw removal, while maintaining safe and sustainable levels of
soil organic carbon (SOC), structure and water retention [77]. By
analogy with these modelling results, a lower availability of straw
would increase biokerosene imports.

In the perspective of adopting a more circular use of domestic re-
sources, the recycling of the by-products from biomass gasification back
into agricultural fields can enhance soil nutrients and organic carbon.
The application of biochar on Danish soil demonstrated the potential of
substituting mineral fertiliser and traditional lime [92], while it pre-
sented no negative effects on soil microorganisms and earthworms.
Moreover, biochar in sandy soils has a positive influence on water
holding capacity and soil structure [93]. However, the contribution to
restoring the SOC is more debated and location-dependent, with some
studies showing no effects on SOC from biochar application on soil
[92], and other analyses concluding on the positive climate impact of
carbon soil sequestration through biochar produced from straw gasifi-
cation [32].

In this view, we performed a sensitivity analysis on the CO2 sce-
nario, testing decreasing levels of carbon recovering from bioashes of
biomass gasification, with 100% corresponding to the base level, as
illustrated in Fig. 22 (right). Decreasing levels of carbon recovery from
application on soil result in reduced domestic biofuel production and
corresponding increased reliance on biofuel imports, especially second-
generation biodiesel. This trend can be explained by the progressive
diminishing benefit of using bioashes as a carbon sink, which con-
tributes to the climate neutrality goal, thus opting for cheaper biofuels
produced abroad (for which sustainability needs to be ensured).

6. Discussion

6.1. Technology prioritisation

Residual biomass resources become increasingly valuable for the
production of sustainable fuels and heat, particularly under stringent

Fig. 21. Avoided fertilisers (N,P,K) by substituting source in the analysed scenarios.
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climate mitigation scenarios and energy self-sufficiency goals. Under
these conditions, a socio-economic optimization prioritises the gasifi-
cation route with subsequent Fischer-Tropsch synthesis to biofuels, i.e.
biodiesel and biokerosene, to supply the heavy segments of the trans-
port sector. Additionally, the possibility of recovering the excess heat
from biorefinery plants in central DH networks, as well as recycling
carbon and nutrients into the soil, contributes to the attractiveness of
this route. On the other hand, although first-generation biomass is
domestically available, indirect land-use change effects hinder its uti-
lisation for the production of biofuels or biogas in a carbon-constrained
scenario.

While biomass gasification technologies coupled with FT synthesis
represent a promising option for the production of alternative transport
fuels, further technology development and scaling are needed to
achieve commercial installations [94]. However, large-scale applica-
tions exists for the biomass gasification technology in isolation, e.g. for
the cogeneration of heat and electricity [93]. Among possible techno-
logical improvements, gas yields can be further optimized by increasing
gasification temperatures [95], and by pre-heating and drying the
biomass [96], while the production of tar and soot can be limited by
adjusting the injection of steam and excess air in the process [95].

The comparison with other energy system assessments in the Danish
context reveals relatively similar results. The possibility of boosting
biofuel production from thermal gasification through syngas hydro-
genation has been highlighted also in other studies [33], representing a
valuable option, particularly when assuming limited availability of
biomass. In line with the results of the NO-IMP scenario, domestic
biomass resources are in the long run insufficient to supply the total
Danish fuel demand [14,29], unless adopting different cropping sys-
tems, improving harvest practices and increasing land dedicated to fast-
growing forest biomass [30].

Other studies conducting pure environmental optimization of
technology pathways for residual biomass revealed the combustion of
straw for cogeneration of heat and power as the preferred alternative
[14], as it displaces coal- and gas-fired heat and power generation, with
a temporal scope up to 2030; while manure-straw co-digestion for
biogas production is preferred over second generation bioethanol in
Wenzel et al. [25], with a time frame up to 2050. However, in Tonini
et al. [14], when imposing renewable targets on transport fuels and
enforcing a phase-out of coal and oil, part of the straw resources are
diverted to bioethanol production, and part of the woody biomass to
thermal gasification and FT synthesis. The divergent technology opti-
mization arises from different modelling horizons, conversion pathways
and dimensions covered in the studies, i.e. the economic dimension was
not included in neither Tonini et al. [14] nor Wenzel et al. [25].
Moreover, in Wenzel et al. [25] it was assumed that no carbon goes
back to the soil from gasification processes.

Our analysis adopts a long-term vision up to 2050, when Denmark
aims to be fossil-independent and climate-neutral. In this perspective,
decarbonisation of heavy transport and high-temperature process
heating are also required. Cogeneration or bioethanol routes could re-
sult in lock-in pathways with the possibility to generate stranded assets
if a full decarbonisation is pursued in the Danish energy system, thus
highlighting the importance of using adequate foresight horizons when
assessing long-term goals in the short- and medium-term energy plan-
ning.

Regarding the decarbonization of the industrial sectors, we have
allowed a complete fuel switch from coal in the Reference scenario to-
wards other sources (gas, biogas, synthetic natural gas, electricity and
biomass) in the CO2 and NO-IMP scenarios. Although this fuel sub-
stitution might be feasible for many of the industrial sectors operating
in Denmark currently and in the foreseeable future, it might be more
challenging for the heavy segments, i.e. glass, concrete and metal in-
dustries, where radical changes would be required in the industrial
processes and/or in the industry configuration in Denmark.

6.2. Modelling approach

This study analysed the optimal use of straw from a socio-economic
perspective, considering the competing allocation options in different
end-use sectors by applying the energy system optimization model
TIMES-DK. A holistic multi-sectoral approach is required to represent a
more integrated system that allows to achieve a high degree of dec-
arbonisation in a cost-efficient way. On the other hand, this study has
not considered the demand of biomass resources for materials, which
might become increasingly important, e.g. given the fact that the
European Parliament approved on October 2018 a ban on single-use
plastics by 2021, due to rising concerns on plastic pollution in the
ocean. Therefore, further analyses could be extended to integrate the
demand for materials, which might compete with the energy sectors for
biomass resources, among others.

This study introduced a novel model linkage between TIMES-DK
and the detailed spatio-temporal optimization model Balmorel-
OptiFlow, with the latter able to capture transport of resources, dis-
patch dynamics and chronologies. Furthermore, it includes endogenous
electricity trade between Denmark and four neighbouring countries
(Sweden, Norway, Germany and Finland), the representation of the 34
largest district heating networks in Denmark as unique entities without
aggregation, and the consideration of economies of scale for bior-
efineries and waste-to-energy plants by introducing binary variables.
This modelling framework is computationally demanding due to the
need to use MILP, as well as a large number of time slices and geo-
graphical divisions for achieving a disaggregated representation of DH
and electricity trade dynamics.

Fig. 22. Impact of energy crops availability on the domestic biofuel supply and straw utilisation - Sensitivity analysis for the NO-IMP scenario in 2050 (left) & Impact
of carbon recovery from recycling of bioashes on biofuel production and imports - Sensitivity analysis for the CO2 scenario in 2050 (right).
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As a large part of the excess heat from biorefineries can be effi-
ciently used in Danish DH networks by optimizing heat storage, the
linkage of TIMES-DK with Balmorel-OptiFlow does not modify the
conclusions regarding the optimal use of straw. Nevertheless, the use of
the Balmorel-OptiFlow model allows not only to show the optimal use
of straw, but also the techno-economical feasibility of investments in
biorefineries. Results indicate specific information regarding how many
biorefineries might be needed, where they could be located or heat
storage requirements, all of which can provide relevant support to de-
cision-making in energy planning and, in a broader perspective, public
policy.

Therefore, depending on the specific questions to be addressed, the
use of TIMES-DK as a stand-alone model might be sufficient to provide
more aggregated information on the energy system, e.g. the optimal use
of straw. Nevertheless, to determine the actual feasibility of these re-
sults (e.g. as information to the public debate), the application of
models with detailed spatial and temporal resolution is recommended
despite the computational drawbacks.

6.3. Policy implications

In Denmark, the existence of large-scale energy producers has been
instrumental in developing the straw to energy market [21], mainly
through the refurbishment of coal-fired power plants. However, in
compliance with stringent climate targets, residual biomass should be
more effectively diverted to the production of transportation fuels, as to
supply the heavy-duty segments where the use of electricity presents a
challenge.

In contrast with the modelling results, overnight investments in
biorefinery technologies, as well as connections with DH networks, may
however not be immediately technically feasible in reality. These would
instead require the development of efficient supply chains, the for-
mulation of new business models (e.g. recycling of by-products and
farmers compensation), the advancement in technology R&D (e.g.
thermal gasification of straw linked to production of liquid fuels) and,
not least, financing and political support. Currently, the value chains
supporting the combustion of straw for power and heat production in
boilers and CHP plants present a variety of formal contracts and in-
formal agreements among the actors involved, according to the size of
the plant [21]. These include the operations from straw harvest to final
disposal of ashes. The success of straw-to-biofuel applications would
entail a more regulated commodity pricing coupled with sustainability
labelling of first-generation biomass for energy use, as well as for-
malised and operative climate targets or carbon pricing, especially
targeting the transport sector.

This study focused on Denmark, where straw is mostly left-on-field,
or used for fodder, bedding or energy. However, in many parts of the
world, peasants often burn the straw in situ after the harvest, in spite of
the fact that local governments usually ban this practice [97–99].
Farmers need to remove straw fast to plant crops for the next growing
season, with straw burning being a cheap and immediate solution
[100]. Straw burning damages the air quality, and subsequently health,
and visibility and mobility due to the creation of haze and smog
[101,100,102]. There are also climate effects due to the emissions of
black carbon [103], and a decrease in the soil quality. Furthermore,
straw burning might lead to uncontrollable fires [104], which can
threaten people’s lives, infrastructures and ecosystems. The persistent
challenges related to deposition of agricultural residues require in-
tegrated policies from the agricultural and energy spheres to divert
straw towards energy production or biorefineries if deemed optimal,
while preserving soil organic carbon stocks [98]. The use of integrated
energy systems analysis models, including the spatio-temporal avail-
ability of straw, as shown in this study, could support the decision-
making processes and policy definition.

7. Conclusions

This study investigated alternative pathways for the optimal use of
straw in the Danish context, applying both techno-economic and en-
vironmental considerations, under a range of climate and resource-
constrained scenarios. The optimal allocation of straw was assessed
with the bottom-up optimization model TIMES-DK. Afterwards, the
techno-economical feasibility of straw biorefineries, as well as their
optimal location and size, was analysed through the use of the
Balmorel-OptiFlow model, having a detailed representation of geo-
graphy and time. The modelling approach showed that a more ag-
gregated representation of spatial and temporal dimensions might be
sufficient to assess the optimal use of straw. Nevertheless, a detailed
modelling might still be valuable to determine its techno-economic
feasibility under a systems perspective.

The performed socio-economic optimization revealed the increased
value of straw in a future decarbonised energy system, especially when
energy self-sufficiency targets are pursued, e.g. due to security issues or
concerns about the origin, thus the sustainability, of foreign biomass
feedstocks. Modelling results highlighted the attractiveness of the ga-
sification route with subsequent Fischer–Tropsch synthesis for the
production of biofuels, i.e. biodiesel and biokerosene, to supply the
heavy segments of the transport sector under carbon-constrained sce-
narios. In addition, a holistic planning of biorefineries, electricity and
district heating systems increases the utilisation of excess heat recovery
from biorefineries, which further maximises the value of straw and
minimises the total cost of satisfying end-use demands.

The utilisation of straw for heating or cogeneration in future carbon-
constrained scenarios is limited, due to the higher value associated to
its use in sectors where electrification and decarbonisation are complex.
Nevertheless, in the Reference scenario, straw is a valuable resource for
electricity, but mostly for district heating production, as straw boilers
can balance the production from other sources, such as heat pumps, and
winter peaks; moreover, electricity generation by wind, balanced with
electricity trade, is very cost-competitive. Biogas production does not
represent a cost-optimal alternative for straw, as its high lignin content
would require an expensive pre-treatment process. Finally, straw is not
used for bioethanol production through fermentation, as bioethanol is
mostly used in light-duty vehicles, which can be electrified.

Modelling results indicated that relying on domestic biomass re-
sources would not attain energy self-sufficiency in a carbon-constrained
case, if assuming no drastic changes in diet, crop production and land
management practices. Nevertheless, if hydrogen, electrofuels or am-
monia, among other technological innovations, become commercially
feasible alternatives for the supply of liquid and gaseous fuels, biomass
demand would decrease. Among these options, direct air carbon cap-
ture could provide the needed CO2 feedstock, which can be combined
with hydrogen to produce carbon-neutral fuels [105]. Therefore, fur-
ther research should advance technology pathways for straw utilisation
and the development of an operative regulatory framework, as well as
advance innovative solutions for those sectors that cannot be elec-
trified. This would promote the transition towards climate neutrality in
a cost-efficient way, while both pursuing the target of energy self-suf-
ficiency and minimising the need for biomass, as its sustainability re-
mains uncertain.

It is challenging to achieve carbon neutrality unless carbon sinks
increase, such as natural carbon sinks or artificial techniques for carbon
sequestration. Straw use might bring net negative impacts on the
Danish greenhouse gases balance when applying bioashes from gasifi-
cation for restoring soil nutrients and carbon in agriculture fields.
However, these impacts are still uncertain. Emissions associated to in-
direct land-use changes from other biomass feedstocks should still be
compensated with an increase in carbon sinks to achieve the desired
goal of climate neutrality, even more if the global demand for biomass
rises and land governance is imperfect, thus resulting in higher indirect
emissions to be offset.
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A B S T R A C T

In energy and transport policy research, the creative process of building narrative storylines allows investigating
future structures of the system under analysis, thus interpreting causal relations and interdependencies.
Quantitative tools instead model the deterministic structure of the system, thus enhancing the validity of input
assumptions and presenting long-term implications of policies. However, the process of integrating narratives
and modelling remains an intricate phase for deriving robust policy recommendations. The present paper in-
vestigates the iterative and participatory application of driving forces in bridging qualitative and quantitative
methods in transport scenarios, presenting the case of the Danish transport sector. Stakeholders generate key
driving forces and narratives of transport futures as a collective action. Subsequently, a structured prioritization,
translation and quantification of the driving forces and qualitative storylines yields the generation of quanti-
tative scenarios in the energy system model TIMES-DK. We discuss the opportunities and challenges of our
approach, underlining that the use of multiple driving forces is a critical aspect for the creation of coherent
storylines. The communication among actors has a central role in the iterative process for increasing mutual
enrichment and validation. The existing gap between modelling results and the future evolution of the transport
sector can be overcome by reinforcing a constant dialogue, as to both embrace stakeholders’ perspectives, and to
secure an impact on transport policy making.

1. Introduction

In the transport sector, a long-lived dependence on fossil fuels with
consequent lock-in effects in the infrastructure network have for long
determined a slow pace in the transition to renewable sources.
According to [1], the transport sector is today responsible for 21% of
the total greenhouse gases (GHG) emissions globally. Moving towards a
more sustainable transport system, while dealing with a continuous
growth in global mobility demand, requires large societal changes at all
levels, including technological, political and lifestyle changes.

The complexity and uncertainty around the evolution of this inter-
dependent socio-technical system implies that its future configuration
cannot be forecasted, but rather shaped, by initiating and supporting
discussions among laypersons and politicians. Scenario methodologies
are increasingly adopted in the discussion around the future of trans-
port [2], with growing focus and importance being attributed to par-
ticipatory and inclusive scenario creation exercises [3,4]. The in-
volvement of stakeholders, such as scientists, policy makers and
citizens, in the process of scenario planning contributes to securing an

impact on policy-making [5], by translating technical solutions into
practical and feasible policy recommendations through dialogue and
negotiations [6].

In this respect, several authors identified an “implementation gap”
in transport and energy policy [2,7,8]. Adopting collaborative and
multidisciplinary approaches in scenario development can provide a
broader and integrated perspective, thus embracing not only techno-
economic elements but also considering social and political implica-
tions [8–10].

The creative process of building qualitative scenarios, i.e. narra-
tives, is explorative and stimulating in nature. It allows investigating
future structures in the system under alternative combinations of trends
and policies [11], thus interpreting causal relations and inter-
dependencies [12]. On the other hand, quantitative tools typically
model the deterministic structure of the system [13], thus having the
power to enhance the reliability and validity of input assumptions, and
to present cumulative and long-term implications of policies [14].

In scenario practice, the dichotomy between explorative and pre-
dictive scenarios [86] for long created a divide between respectively
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scenario writers and modellers [12]. Narrative explorations of futures
(explorative scenarios) were hardly integrated into short-term fore-
casting models (predictive scenarios), due to differences in the theore-
tical framework of the two perspectives. However, the development of
more complex mathematical tools for long-term assessments renovates
the need and opportunity to connect the two worlds, qualitative and
quantitative [13–15].

A number of scenario studies apply a combination of quantitative
and qualitative approaches in the fields of transport [3,16–20], energy
[15,21–23] and environment [24–26].

Across these studies, a common methodological feature is the use of
“driving forces” for the creation of consistent scenarios [15,24,25].
Driving forces determining future scenarios are hereby intended as an
operational tool in the scenario building process (see Section 2), as
earlier recognized in Schwartz's seminal work on scenario planning
[27]. Moreover, some foresight exercises explicitly apply the Story and
Simulation (SAS) approach [28] as an overarching framework for the
organization of the scenario planning process [25,29,30].

Under this framework, researchers describe the translation and
dialogue between narrative storylines and numerical models as an in-
tricate and challenging step [15,23], due to e.g., the difficulty in pro-
viding quantitative estimates to highly uncertain drivers [18]; presence
of implicit information in the qualitative descriptions [15,31]; and
time-consuming exercises with hard to grasp concepts, as fuzzy set
theory [32] or multi-criteria analysis [16].

On the other hand, others acknowledge the relevance of main-
taining a dialogue between scenarios and models, not just to reproduce
the dynamics of each storyline, yet rather to mutually examine and
validate the two exercises run in parallel [17], to highlight differences
and similarities between the two points of view [15], and to promote
greater transparency around modelling assumptions and uncertainties
[33]. Nonetheless, very few studies strive for rendering and system-
atically describing the translation methodology in a transparent and
generalizable manner, with notable exceptions in other fields than
transport [21,34]. As a result, the process of integrating narratives and
modelling remains an intricate phase for deriving robust policy re-
commendations.

The present study takes inspiration from Fortes et al, [15], where
narrative and quantitative scenarios (modelled in TIMES_PT) were
combined to study two alternative pathways for the Portuguese energy
system. The authors adopted the general SAS approach and apply the
concept of driving forces. However, two possible methodological im-
provements can be identified from a review of Fortes’ study. As driving
forces were interpreted and loosely drawn from the storylines in the
translation phase, a more systematic approach based on a shared and
consolidated set of drivers can further the robustness of the scenario
exercise. Moreover, as also indicated by the same authors, the study
lacked an iterative step, where the modelled scenarios can be revised by
stakeholders.

In light of these observations, the present paper aims at in-
vestigating the iterative application of driving forces in the participa-
tory process of creating transport scenarios, from the identification of
relevant drivers to the formulation of narrative storylines, their trans-
lation into quantitative model attributes and the revision of modelled
scenarios with stakeholders. We apply a combination of qualitative and
quantitative methods to study the case of the Danish transport sector in
a participatory setting, attempting at rendering the “softer” steps of the
foresight process in a more explicit manner [13]. The case study reports
on the scenario planning process within the COMETS project1, which
aims at initiating a discussion on the future of the Danish transport
system with stakeholders, citizens, and politicians. The project seeks to
contribute at identifying and optimizing policies and investments
within an integrated energy system model incorporating the transport

sector, i.e. TIMES-DK, thus supporting Denmark's 2050 goal of be-
coming independent of fossil fuels.

The remainder of the paper is structured as follows: Section 2 pro-
vides the theoretical framework on the use of driving forces in transport
scenario planning; Section 3 describes the methodology applied and the
modelling framework; Section 4 presents the results while methodolo-
gical and transport policy insights are discussed in Section 5. Finally,
Section 6 draws the conclusions and elaborate on further work.

2. Driving forces in transport scenarios

In scenario literature, driving forces, or simply called drivers, can be
generally defined as those trends and patterns, which can influence the
outcome of events [27]. Drivers can be classified in social, technolo-
gical, economic, political and environmental factors. Furthermore,
stakeholders should pay attention to the most uncertain and relevant
driving forces when building plausible future scenarios [28].

Although standing as a general concept and tool, different inter-
pretations exist for the role of driving forces in scenario creation, i.e.
backbone, foundation and building scaffold [35], encompassing in-
creasing degrees of flexibility in their use. In their more traditional
function, driving forces support the definition of the main dimensions,
i.e. the guiding axes, along which the scenarios are crafted, as in recent
transport and energy scenario studies [36–38]. Other practitioners are
experimenting with less strict applications of driving forces [39,40],
where several of these are combined to define one single region of in-
terest. On the other hand Wilkinson et al. [41] argue that driving forces
are not the only important set of factors shaping the future, highlighting
how micro causes could influence the future as an emergent effect.

Despite the possibly different attributed roles, a common char-
acteristic across foresight exercises is that the determination of the key
driving forces becomes functional to the development of scenarios. In
many cases, scenarios are built along few dimensions, identified
through literature reviews, brainstorming sessions and scenario work-
shops, as the most relevant forces driving the future changes in the
system under analysis. Moreover, even when driving forces are not
directly employed in the scenario definition, the collective process of
determining the most relevant and uncertain factors serves the purpose
of aligning stakeholders and modellers’ thinking of the future [42].

Within the SAS approach, driving forces are central to the com-
munication between narrative storylines and quantitative models [28].
However, the author himself pinpoints some drawbacks to the method
of converting the qualitative knowledge in the storylines to numerical
model inputs, namely in terms of reproducibility and conversion. The
first issue relates to rendering the assumptions and cause-effect re-
lationships behind the storylines in a transparent manner. The second
problem undermines the scientific credibility of the scenario analysis,
whenever the conversion between the narratives and the model inputs
often relies on “best judgment”. Moreover, permanent misalignment in
the number and level of detail of the driving forces results in incomplete
scenarios.

To cope with the lack of transparency and universality of the
translation phase, which stands at the core of the integration between
the quantitative and qualitative perspectives, a number of studies have
addressed the issue from different angles. McDowall [17] highlights the
relevance of establishing a dialogue between the two methods to induce
further insights than when using standalone approaches. Fortes et al.
[15] combines quantitative modelling and storylines to assess the dif-
ferences and similarities between the two perspectives. Robertson et al.
[21] illustrate the strengths of an iterative and mutual calibration.
Geels et al. [43] propose a framework for bridging rational goal-or-
iented analysis with feasible pathways and emerging options, identified
through socio-technical analysis and practice-based action research.

In the transport field in particular, given the environmental threat
posed by a slow transition away from fossil fuels coupled with a con-
tinuous growth in transport activity, literature envisioning sustainable1 http://www.cometsproject.dk/.
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transport futures has been produced in the recent years. Table 1 sum-
marizes the characteristics of the reviewed literature studies, focusing
on the creation and analysis of future transport and energy scenarios.
The reader may consult Appendix A, containing further details and
classification for the reviewed literature.

According to the adopted methodological approach (Methods and
Foresight elements), studies can be grouped into three main sets: the
first, and largest, group relies on qualitative and semi-quantitative ap-
proaches to scenario development, including review studies, expert
consultations and Delphi surveys, as in e.g. [44,45]. A second group
focuses mostly only on quantitative methods, e.g. the IEA study
[46,47]. The last group of studies employs a combination of qualitative
and quantitative methods, including an iterative process of stakeholder
involvement by integrating expert workshops with quantitative mod-
elling activities, through e.g. the development of meta-models [20] and
integration of bottom-up scenarios derived from regional workshops
[19].

While driving forces are commonly used, their role and application
vary across the scenario planning processes. They can constitute the
backbone of the scenario creation [44,48]; they are more loosely
drawing the foundation of the foresight exercise [49,50]; or they inform
the scenario building process acting as a background study, i.e.
“building scaffold” [19,20]. Across the studies reviewed, the translation
of scenario narratives into the quantitative modelling, as well as the
role of driving forces in the process, was either not explicitly described,
not performed or not sufficiently comprehensive for the full set of
scenarios. To this respect, the lack of transparency in the definition of
scenarios can undermine the credibility and robustness of the analyses.

Considering the potential role of driving forces in bridging the
quantitative and qualitative scenarios, we aim at investigating whether

an iterative and participatory approach in the scenario planning process
can support the translation from storylines to quantitative modelling
inputs, and serve in the dialogue between the two perspectives.

3. Methodology

3.1. The case of the Danish transport sector

Denmark's ambitious energy and climate policy has in the last
decade driven towards the integration of renewable energy and the
gradual phase-out of fossil fuels, especially in the heat and power
sector. A comparison made by the World Energy Council ranking 125
countries’ energy performance shows that Denmark is on the top of the
index [51]. Since 2011, the Danish policy has been aiming towards an
energy system independent of fossil fuels by 2050 [52]. However, the
transport sector is currently dominated by the use of fossil fuels [53], as
is for most countries globally, thus hindering a complete transition to a
low-carbon society by 2050 [52]. The COMETS project grew out of this
political landscape. One overall goal of the project is to investigate the
future evolution of the transport sector in Denmark, by e.g., studying
whether an already favourable configuration of the Danish energy
system, with a large share of renewable-based electricity, offers the
opportunity for a further integration of the transport sector [54]. The
relevance of the case study primarily stems from the availability of an
integrated energy and transport system model for scenario analysis i.e.,
TIMES-DK, and from a widespread and traditional culture of stake-
holder participation i.e., policy makers, agencies, research institutions,
into the discussion of societal issues of relevance for the country.

Table 1
Characterization of studies focusing on the development of transport scenarios. An empty cell under “Driving forces” indicates that they have not been employed in
the study. Specification of “Translation” is indicated only for those studies applying a combination of quantitative and qualitative methods.

Project and affiliation Region Methods Foresight elements Driving forces Translation

FORESIGHT for TRANSPORT [44] EU Qualitative Surveys
Narratives

Multiple
Backbone

Backcasting approach for sustainable mobility – JRC [60] EU Qualitative Literature review
Backcasting

Road Transport Scenario 2030+ [49] EU Qualitative Literature review
Workshop
Narratives

Multiple
Foundation

TransVisions, Mobility scenarios towards a post-carbon
society [20]

EU Qualitative+Quantitative Workshop
Survey
Narratives
Transport model

Multiple
Building scaffold

Through calibration

EU Transport GHG: Routes to 2050? – European
Commission [73]

EU Qualitative+Quantitative Literature review
Transport model

Not performed

Global Transport Scenarios 2050 [19] Global Qualitative+Quantitative Workshop
Narratives
Energy model

Multiple
Building scaffold

Not performed/Not
described

TOP-NEST – VTT [48] Nordic
countries

Qualitative Workshop
Value chains
Narratives

Two-axes
Backbone

Nordic Energy Technology Perspectives 2016 [46] Nordic
countries

Quantitative Energy and transport
model

Danish Greenhouse Gas Reduction Scenarios for 2020 and
2050 [50]

Denmark Qualitative+Quantitative Workshop
Energy model

Multiple
Foundation

Not performed

IDA Climate Plan 2050 [74] Denmark Qualitative+Quantitative Workshop
Energy model

Not performed/Not
described

Coherent Energy and Environmental System Analysis
(CEESA) – Aalborg University [75]

Denmark Quantitative Energy model

Danish Transport without coal and oil – how? [61] Denmark Qualitative+Quantitative Expert consultation
Energy model

Not performed

Fossil-free Road Transport 2050 [76] Denmark Qualitative Expert panels
Backcasting

Future energy scenarios towards 2020, 2035 and 2050 [77] Denmark Quantitative Energy model
Green Roadmap 2030 [78] Denmark Quantitative Workshop

Energy model
Transport model
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3.2. The methodological framework for scenario development

For this case study, the SAS framework [28] was enlarged to ac-
commodate greater emphasis on the communication between the
storylines and the model. With the aim of investigating the iterative and
participatory role of driving forces in the planning process of transport
scenarios, the core of our analysis covers: (a) foresighting (generation of
key drivers and narrative storylines), (b) translation (quantification of
the driving forces into modelled scenarios), and (c) revision (Fig. 1).
Within foresighting, the identification of driving forces, narratives de-
velopment and their revision were executed as two consecutive work-
shops, grounding on the participatory scenario work of the PRELUDE
project [25]. The PRELUDE project (PRospective environmental ana-
lysis of Land-Use Development in Europe) was initiated by the Eur-
opean Environment Agency, with the main objective of building future
scenarios of land-use in Europe. In particular, “with the PRELUDE in-
itiative, the EEA decided to embark on a truly participative scenario
building process. In order to achieve this, the project team carefully
selected a group of stakeholders from across Europe, representing a
wide variety of interests and perspectives” [28,p. 9]. Building on the
PRELUDE project, the first workshop (WS1) involved the scenario team
(Section 3.2.1), and the second workshop (WS2) included the scenario
panel (Section 3.2.2). The two workshops, both facilitated by the third

author, were video-recorded and later transcribed and coded in the
software Atlas.ti2 for data collection and analysis.

The scenario team was composed of the project scientific group,
with fields of expertise ranging from engineering, energy modelling and
transport to social science applied to transitions in the energy and
transport system. The scenario team comprised 12 scientists (10 males
and 2 females), with age varying from 25 to 65 years. The purposive
selection of the stakeholders forming the scenario panel was performed
with the aim of including representatives from a variety of public and
private organizations in the energy and transport domain in Denmark.
Another important objective was to include stakeholders with a wide
range of perspectives on issues related to energy and transport in
Denmark. As a result of the selection process and the availability of
stakeholders, the scenario panel included a total of 12 professionals
from the energy and transport sectors, of whom three were female, with
age ranging from 30 to 65 years. The scenario panel represented dif-
ferent interests in the transport and energy sectors in Denmark, com-
prising stakeholders with varying expertise and knowledge. The

Fig. 1. Methodological set-up for this study, with focus on the central phase “Foresight”. Legend: ST= Scenario Team, SP= Scenario Panel, WS=Workshop.
Source: Figure adapted from [72].

2 Atlas.ti is a qualitative data analysis software. It can be used for qualitative
analysis of documents, graphical, audio and video data, including various op-
tions for arranging and managing data and code (https://atlasti.com/).
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scenario panel included participants affiliated to institutions covering
state organizations (e.g. the Danish Road Directorate), interest organi-
zations (e.g. Federation of Danish Motorists, Danish Cyclists’
Federation), public transport companies, agencies and independent
environmental organizations.

The Post-Foresight steps, i.e. Implementation and Learning, are not
included in this paper, as the main focus is herein set on the integration
of modelling and storylines. The learnings for transport and energy
policy- making will be included in a follow-up paper.

3.2.1. Foresighting: qualitative scenarios
The adopted approach for the description of transport scenarios

aims at capturing more than two dimensions [55]. The use of multiple
driving forces in facts allows for more comprehensive qualitative sce-
narios [40], in turn supporting a more transparent translation and
quantification of the qualitative inputs into quantitative model attri-
butes (Sections 3.2.3 and 3.2.4).

During a first workshop (WS1), the scenario team brainstormed on
parameters and driving forces affecting the Danish transport sector, in
the context of reaching a 100% renewable energy system in 2050. This
process was facilitated by an initial presentation of driving forces and
game changers, which may affect the future transport system. These
included societal factors (e.g. urbanization and sharing economy),
technological factors (e.g. autonomous vehicles and electric vehicles
(EV)), economic factors (e.g. GDP growth and interest rates) and poli-
tical factors (e.g. environmental targets). Additional drivers highlighted
by the scenario team covered consumer preferences and behaviour,
urban planning and transport infrastructure. The parameters identified
at this stage formed a list of detailed factors relevant to consider in
relation to the future energy and transport system in Denmark, later to
be grouped into key driving forces.

Subsequently, participants reflected individually on the impact and
uncertainty of the identified parameters in relation to the Danish energy
system. Impact relates to the expected importance of the parameter on
the whole energy system (e.g. relevance of electric vehicles for the
decarbonization of the transport sector). Uncertainty is associated with
either the expected large variation in the effect of a certain parameter
on the energy system (e.g. effect of autonomous vehicles on transport
demand) or with the inherent variability and fluctuation of a parameter
(e.g. future fuel prices). The qualitative assessment of impact and un-
certainty was performed through the assignment of green (for impact)
and red (for uncertainty) marks from a set of 16 marks (8 green and 8
red), available to each participant and to be shared among all para-
meters considered. The number of marks available to each participant
was chosen to be lower than the number of parameters to be qualita-
tively assessed. Considering that around 20 parameters were to be
evaluated in the first workshop, each participant could use only 16
marks, thus reflecting on the parameters that he/she considered the
most relevant and uncertain, without the possibility of assigning marks
to all available parameters. To maintain consistency between the two
workshops, the same amount of marks was later provided also to the
scenario panel.

The reason for employing this evaluation step was to facilitate a
discussion among the participants and determine the most impacting
and uncertain parameters within each key driving force. We chose to
facilitate the discussion through this generic step (assigning red and
green marks to parameters), as applied in previous scenario planning
exercises [56]. Following the voting step, the participants justified their
choices in a roundtable discussion. As highlighted by Nowack et al.
[57], the involvement of experts and stakeholders in scenario planning
exercises is important to initiate a prioritization of drivers.

Afterwards, the scenario team grouped the parameters into overall
categories i.e., driving forces. During this stage, discussions allowed
iteratively to reach an agreement on the number and name of the key
driving forces, as well as the assignment of the individual parameters to
the key driving forces. Furthermore, when grouping the parameters into

driving forces, the concept of “influence chains” was adopted. Influence
chains [25,48] allow linking the different parameters together by
considering cause-effect relationships between them and other system
implications.

As the last stage of the process, participants drafted scenario
storylines by selecting different combinations of the created driving
forces, each one described on a 3-level qualitative scale (low, medium
and high). This scenario creation phase was organized as a brain-
storming session for both workshops, with participants working in
groups and discussing possible developments for each driving force.
Initially, the groups did not specify a common scale for the three levels.
After presenting the scenario narratives in plenum, participants agreed
to the need of a common scale, as differences arose in the interpretation
of the driving forces.

3.2.2. Foresighting: revision of driving forces and narratives
In a second workshop with the scenario panel (WS2), the foresight

exercise followed the same methodology as for the scenario team per-
formed in WS1, with identification of a list of parameters, assignment of
the most influencing and uncertain factors, grouping in key driving
forces and creation of scenario narratives. As a differentiating feature
with respect to the first workshop, the scenario panel focused on the
revision of the driving factors defined previously, instead of defining
them from scratch. Furthermore, the scenario panel firstly reviewed the
scenario outlines elaborated by the scenario team, and secondly created
new scenarios by defining new combinations of key driving forces. This
modified workshop structure was an intended decision, grounded on
two main reasons: the necessity of establishing a common starting point
and avoid otherwise inevitable and not relevant divergences in such a
heterogeneous stakeholder group, as well as the limited time available
by the participants i.e., a working day.

3.2.3. Translation: quantification of driving forces
In line with the adopted SAS approach, the qualitative information

from the workshops was translated into quantitative model inputs,
following a series of steps: (i) peer-reviewed prioritization of para-
meters within the scenario team, (ii) translation of the most critical
parameters from qualitative descriptions into model attributes, and (iii)
determination of the quantitative levels for each model attribute
(Section 3.2.4).

The peer-reviewed prioritization step (i) within the scenario team
focused on determining the most critical parameters within each key
driving force to include in the model set-up, in order to represent the
future transport scenarios. The decision criteria included: the possibility
to capture the parameter in the chosen model under the envisioned
model development, the impact of the parameter on the transport and
energy system, and the relevance of the parameter in the context of a
100% renewable energy scenario.

The following step (ii) involves the translation of the qualitative
parameter descriptions into usable model attributes. The scientific
modelling team performed the translation process, combining knowl-
edge on the capabilities and structure of the energy system model
adopted within this study, TIMES-DK (see Section 3.2.4), with the
parameters described within scenario narratives. As for the prioritiza-
tion step, also this phase underwent peer-review within the scenario
team.

During this stage, some parameters could not be translated into
model attributes due to the difficulty of assessing their impact on the
system or due to the high level of detail, relatively to the model cap-
abilities and scope. As an example, work flexibility relates to flexibility at
the workplace, in terms of flexible working hours, possibility of tele-
working and substitution of physical with virtual meetings, all of which
could influence the future transport system. The effects could include
reduced transport demand for commuting and decreased congestion
rate at rush hours. Nonetheless, the relationship between work flex-
ibility and transport demand is certainly not linear. Moreover, the
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implementation of such relationship in an energy system model (see
Section 3.2.4) requires the determination of relation coefficients for
variables like e.g., “exit hour from work” or “distance work-home”.
However, these elements are over-detailed to be described in the
modelling framework used for this study.

3.2.4. Translation: modelling of the quantified scenarios
Following the translation, the quantification of impact levels in-

cluded the investigation of the historical trends, current state and future
planned development for each parameter. To maintain consistency
along the quantification process, the three development levels share the
same basic assumptions: for each parameter to be quantified, the low
level is determined through extrapolation of the historical trend; the
high level scenario corresponds to the most optimistic development; the
medium level, whenever used, assumes an evolution in between the low
and high levels. Although this common framework has been adopted
along the whole quantification process, all assumptions have been
collected for future discussion and validation with stakeholders during
the follow-up feedback sessions on modelling results (Section 4.6). The
chosen modelling tool TIMES-DK is a bottom-up least-cost optimization
energy model, covering the Danish energy system geographically ag-
gregated in two regions, with technological and economic projections
until 2050 (for a complete overview of the model, the reader may refer
to Balyk et al. [58]). Fig. 2 illustrates the model structure with com-
modities and processes being the main entities of the system. On the
supply side, commodities can be either imported, exported or domes-
tically produced (e.g. coal and woodchips). Conversion technologies
(e.g. combined heat and power plants) transform the different com-
modity inputs into usable energy services (e.g. heat and electricity),
which need to satisfy the annual end-use sector demands (i.e. re-
sidential, industry and transport). Model inputs include techno-eco-
nomic characteristics of conversion processes (i.e. costs, efficiencies and
CO2 emission factors), end-use energy demands (e.g. annual passenger
travel demand) and prices of imported fuels (e.g. electricity trade with
neighbouring regions). TIMES-DK simultaneously optimizes operation
and investments across the complete energy system over the whole
modelling horizon, as to satisfy the end-use demands at the minimum
cost. In particular, the transport sector includes inland (private car, bus,

coach, rail, 2-wheeler, bike and walk), maritime and air modes, both
passenger and freight. Within the inland passenger transport, TIMES-
DK determines modal shares endogenously: modal competition is based
on the levelised costs of the modes, speed and infrastructure require-
ments [59]. As we focus on the translation of qualitative narratives into
quantitative scenarios, the specifics of model implementation will not
be part of the discussion. However, few examples are made on the
quantification of model attributes, to afford a better understanding of
the translation process (Section 4).

3.2.5. Revision
The integration of quantitative and qualitative methods can ad-

vance scenario creation because it combines different perspectives on a
certain field [15], i.e. the Danish transport sector in our case. Moreover,
as long as models incorporate aspects of reality only as fixed inputs
[13], they cannot be trusted to provide relevant and robust policy re-
commendations. Therefore, it is of uttermost importance to integrate
the knowledge achieved through the quantified scenarios with views
from those same stakeholders who contributed in building the quali-
tative visions of the future. At the same time, this process allows for a
participative creation of ideas about the future, in turn enabling the
engaged stakeholders to take stronger responsibilities in the decision-
making process [42].

In the revision phase, the quantified scenarios were thus reported
back to members of the scenario panel, through individual feedback
sessions. The entire group of stakeholders was invited for revision
feedback sessions with the first and second author, with seven stake-
holders eventually participating. The revision phase was organized in a
feedback session format, where the stakeholders were presented with:
(a) a summary of the previous workshop with the scenario panel, i.e.
the narrative scenarios (Section 4.2); (b) the translation of driving
forces and parameters into model attributes (Section 4.3); c) the
quantification of relevant parameters (Section 4.4); and (d) the mod-
elling results for two scenarios. Out of seven scenarios created, two
were modelled and discussed with the stakeholders, with the aim of
clarifying whether the quantified driving forces and modelled scenarios
could be interesting and relevant to investigate further. Based on this, a
discussion followed, in which stakeholders addressed several issues,

Fig. 2. Schematic representation of the energy system model TIMES-DK, including supply, conversion and end-use sectors. Horizontal lines represent the flow of
commodities within the system (e.g. from supply to conversion), while vertical lines aggregate the commodities in sets (e.g. fossil, biomass, electricity).
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including the interpretation of qualitative descriptions into model at-
tributes, the quantification of parameters, additional technologies or
parameters to be considered, the specific scenario results and general
comments on the scenario storylines.

4. Results and discussion

4.1. Generation of driving forces

The brainstorming sessions among the scenario team (in WS1) and
the scenario panel (in WS2) resulted in a wide range of driving forces.
Table 2 presents the resulting parameters, their evaluation in relation to
impact and uncertainty, and their grouping into driving forces as per-
formed by the scenario team and scenario panel. The number of green
and red dots reflects the number of marks assigned to each parameter
by workshop participants overall.

Since the scenario panel had added a number of parameters in the

second workshop (marked with * in Table 2), not all parameters were
evaluated by the scenario team. The clustering of parameters into “in-
fluence chains” to determine the key driving forces was initially per-
formed by the scenario team during WS1, with additional parameters
introduced by the scenario panel during WS2. Seven key driving forces,
each embracing detailed parameters, emerged from the two workshops:
Infrastructure, Technology, Policy and Regulation, Behaviour, Demo-
graphy, Macro Economy and Urban Planning. The latter had low in-
fluence in the determination of scenarios, hence will not be considered
hereafter.

The most relevant points highlighted by the scenario panel and the
scenario team during the generation and evaluation of drivers are
hereby reported.
Infrastructure and Technology: Transport infrastructure, with

particular reference to EVs and e-bikes infrastructure, was considered
important for enabling a stronger technological shift in the private
passenger sector, as highlighted also in Tuominen et al. [48] and

Table 2
Identification of the most impacting and uncertain parameters within each key driving force. The number of dots reflects the actual number of dots placed by the
members of the scenario team and the scenario panel during the two workshops.

Driving forces Parameters Scenario team Scenario panel

Impact Uncertainty Impact Uncertainty

Infrastructure Infrastructure •••• •• ••••••• •••
Accessibility of public transportation •••••••• ••• ••
Biking and parking at train stations*

Policy & Regulation Taxation •••• •• ••••••••••••• •••••••
Local air pollution ••••• ••
Personal targets •••• ••••
CO2 targets ••• •• •••••
Change of tax system* •••• •••
Climate change urgency* •••••••
Tax revenue* •
Congestion* • •
Green cities (pollution)* • •

Demography Urbanisation •••••••• • ••••••• ••••
Population density ••• • ••
Aging ••• ••
Family patterns* • •••
Urbanization - self-driving cars effect*

Macro Economy Economy •• •••••• •••••••••• ••••••••
Freight demand •• ••••••
Energy prices •• •••••• ••••••••• •••••••••
Car manufacturer business models*

Behaviour Tourism •• •••••• ••••
Life style changes •••••••• •••••••••••• •••• ••••
Green behaviour •• ••••••
Work flexibility • •••••••••• • •
Sharing economy •••• •••••••• •••••••
Opening hours of institutions * •
E-trading*
Basic feeling of freedom*
Free time*

Technology Autonomous vehicles ••••••• ••••••••••• •• ••••
Electric transport •••• •• •••••••••• •
Cost of vehicles •••••• •• •••• •••
Travelplan - total app for all modes* •
Hydrogen and gas vehicles, electric* bikes •• •••
Biofuels potential* • •••
Intelligent road, inductive charging*
3D print* •
Drone transport* •••

Urban planning Behaviour/demography* ••••• ••••••
New urbanisation *

Note: *additional parameters added by the scenario panel.
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European Commission [60].
Investments in bike lanes were deemed of minor importance instead

by the scenario panel, considering the current and projected future
transport work delivered by bikes on the total of all modes. On the other
hand, intelligent roads, e-highways and inductive charging should be
considered as future development options within freight transport.
Among technological factors, biofuels were added to the relevant
parameters as they could play a major role in the future freight trans-
port.

Behaviour: Car sharing was discussed among the stakeholders,
raising contrasting opinions about the likelihood of expansion and
flexibility of this system, decreasing private car ownership and the
potential effect of increasing mobility. Sharing economy might in-
fluence freight transport on a larger scale through the increasing
phenomenon of e-commerce. Moreover, the concept of Maas
(Mobility-as-a-Service) was remarked, outlining the possibility of
developing mobile travel applications optimizing trips in terms of
time, cost and sustainability. Accessibility and user-friendly public
transport (e.g. park and ride options) could boost the use of this
transport mode. Further, emerging lifestyle changes and higher
environmental awareness, in combination with virtual meetings and
the advent of MaaS, may affect the selection of vehicles and the use
of more sustainable forms of transport. Additionally, imitation ef-
fects may play a role in the choice of transport modes. The para-
meter flexible work hours was seen as a potential factor for avoiding
the rush hours, thus improving road capacity and minimizing tra-
velling times.
Policy and Regulation: Stakeholders stressed on the dependency of
the Danish state budget on registration taxes from private vehicles,
thus challenging dramatic and rapid modifications of the taxation
schemes. At the same time, as consumer “green” behaviour alone
may be an insufficient driver for transitioning to a more sustainable
transport system, incentives realized through subsidies and regula-
tions should be pursued.
Demography: In line with most of the studies reviewed (Section 2),
demographic parameters as e.g., age distribution and population
density in the different geographical areas were mentioned as re-
levant factors in relation to the accessibility to public transport, and
thus the potential of modal shift. Consistently with some of the
measures identified in [61], several stakeholders highlighted the
strong interdependencies between the factors demography, con-
sumer behaviour and urban planning. For instance, the size of cities
and distribution of the different living spaces (residential, workplace
and commercial activities) could be optimized to guarantee the
desired transport activity and choice of mode.

Grunwald [62] pinpoints the existence of a diversity of futures in
the energy field. The evaluation of the driving forces by two groups
involved in our foresight exercise (Table 2) effectively reflects these
diversified views on what the future has in store. Both groups evaluated
Infrastructure to be of high relevance. However, within this key driving
force, the scenario team focused on parameters related to public
transport and bikes, i.e. accessibility of public transportation, while the
scenario panel criticized the lack of focus on drivers with greater po-
tential, impacting freight transport. Additionally, stemming from the
closer link to policy makers within the scenario panel, taxation and
change of tax system were rated to be of higher relevance and un-
certainty by the scenario panel than the scenario team. Regarding the
key driving force Behaviour, the scenario team assigned higher un-
certainty level to several parameters, thus highlighting the un-
predictable potential role of consumers in shaping the future transport
sector. Similarly, the penetration of technologies such as autonomous
vehicles may have disruptive consequences on the system, either in-
creasing or diminishing the total transport demand [63]. Demography
and Macro Economy affect the broader economic and social system,

beyond the sole transport and energy sectors. Therefore, the two drivers
are only partially considered in future scenario descriptions.

4.2. Creation of narrative scenarios

After identifying the key determinants of the transport futures [64],
i.e. driving forces, the scenario team created a set of five scenarios, by
selecting different combinations of the key driving forces, each one
described on a 3-level qualitative scale. The adopted scale is common
practice across energy scenario studies [22,65]. For an overview of all
the scenario narratives (“High-tech high-reg”, “Urban Hippie”, “Urban
Electrification”, “Green Individuals Alone”, “Policy and Consumer
Driven”), the reader may consult Appendix B.

During the second workshop, the stakeholders developed two more
scenarios, as presented in Table 3: “No Leadership – Market delivers”
and “Last-minute Action 2050”. In this case, the participants were asked
to either create their own scenarios or to adjust the scenarios already
created by the scenario team.

Semi-structured descriptions in bullet-point form accompanied each
scenario. In the narratives, not all the parameters within each key
driving force could be described, due to time constraints. Therefore, the
translation of narratives into quantitative parameters is subject to a
certain level of uncertainty due to unclear or missing qualitative de-
scriptions [15]. One important aspect when creating scenarios is to
maintain internal consistency [66]. Hence, once deciding upon the le-
vels of the 3-level scale for each driving force, participants forcibly
reflect on the cross-impacts of the key drivers within the transport
system. This process allows for the development of coherent scenarios.
For example, in the scenario “Urban Hippie” and “Green Individuals
Alone”, the presence of a high level of behavioural change in combi-
nation with a low technological and infrastructure development, or
scarce policy support, needs to be carefully clarified during the ela-
boration of the narratives. Furthermore, stakeholders themselves
highlighted the need for a common understanding and agreement on
the description of the key driving forces and the qualitative scale on
which they are evaluated.

4.3. Translation of narrative scenarios

Since the narrative scenarios were based on the levels assigned to
the key driving forces, mainly these latter functioned as guide in the
translation and quantification phase. However, given the scope of the
energy system model, not all the parameters could be quantified and
modelled. We encounter two main sets of challenges: as Trutnevyte
et al. [23] point out, the translated parameters will be a narrower re-
presentation of the qualitative storyline, which is rich in detail; fur-
thermore, narrative descriptions often implicitly assume some frame-
work conditions, which cannot thus be rendered explicitly in the
quantitative scenarios [15].

Moreover, some parameters could be considered less impacting on
the future energy and transport sectors. We therefore firstly prioritized
the parameters by taking into account the uncertainty and relevance
impacts assigned by the scenario team and the scenario panel, as in
Table 2. The priority levels high, medium and low in Table 4 define the
overall importance of the parameters in the scenario translation and
quantification process.

Considering the key driving force Infrastructure (Table 4), the
parameter charging stations for electric vehicles has been given high
priority when considering that infrastructure was deemed relevant by
both scenario team and scenario panel. On the other hand, biking and
parking at train stations was a parameter introduced during the second
workshop, but was not considered an important aspect. Therefore, it
was assigned low priority. A similar reasoning is behind the prior-
itization of all other parameters: for example, the high priority given to
adoption of electrical transport follows from the high relevance assigned
in the workshops, while the less impacting drone transport has been
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given low priority. However, there are few exceptions stemming from
the limitations of the model [43]: while taxation has been regarded as a
key issue among the scenario panel (Table 2), it has been assigned
medium priority, given the limited model capabilities in capturing the
effects of tax changes on the macroeconomic system. Similarly, lifestyle
changes have been recognized as a relevant parameter, especially by the
scenario team. However, the relationship between changes in travellers’
lifestyle and transport use and demand cannot be comprehensively in-
ternalized in the current energy system model, thus only exogenous
assumptions on future transport demand and mode shares can be used
as model input. Table 4 summarizes the prioritization choice and the
translation into model attributes for a set of selected parameters.

In the translation step, the qualitative descriptions collected
alongside each parameter name had to be interpreted and adjusted to
the model framework [23]. For example, accessibility of public transport
is a broad term describing the interconnectedness of bus, metro and
train modes, the frequency of their services, the vicinity of stations and
the possibility of travelling at lower price with respect to private modes.
Because the energy system model TIMES-DK specifies each technology
according to monetary and time parameters, it is possible to express the
accessibility of public transport by operating on either cost or time. Once
again, to allow competition among modes and technologies, the model
assigns an investment cost and an operation and maintenance cost, but
not the ticket cost. Therefore, the remaining option is to model the

Table 3
Narrative storylines for two selected scenarios.

No Leadership – Market delivers
There will be little political leadership both at local and national level, towards reaching the 100% renewable transport system in
Denmark. Similarly, also urban planning will not be in line to reach the goal. We will see great technological development, in the
power generation, storage technologies and production of biofuels. High oil prices will be an important driver for technological
development. This will be coupled with high environmental awareness among the consumers, which will be willing to purchase and
use new green technologies for transport, both battery electric vehicles and other low-carbon options (e.g. biofuels).

Last minute Action 2050
The path towards a more sustainable transport sector is completely relying on the level of technological development and people's
behaviour towards the year 2030. After 2030, the environmental goals have failed. Denmark is forced to live up to the renewable
energy targets set internationally. To comply with this, a late, yet strong, political response is initiated. Here strict regulations will
force consumers to purchase and use more electric vehicles. Therefore, technology and behaviour alone could not drive the
transition in the transport system up to 2050, if not supported by ambitious political actions.

Table 4
Prioritization and translation of selected qualitative parameters into model attributes. The qualitative parameter descriptions herein reported represent enlarged
definitions of the parameters names reported in Table 2; H=High, M=Medium, and L=Low.

Parameter – Qualitative description Priority Model implementation – Quantitative input

Infrastructure
Charging stations: coverage level of charging stations for electric vehicles H Incorporate and adjust cost and stock of charging infrastructure for electric vehicles
Train speed: increased number of high-speed trains in the future M Train speed to be modified by increasing occupancy factor and/or decreasing travel time

for long distance demands
Accessibility of public transport M Reduce the time-cost of the public transport mode to simulate a decrease in the waiting

time
Biking and parking at train stations: availability of bike

docks at train stations
L

Policy & Regulation
Political targets: adherence to national and international energy and

climate targets
H Constraints reflecting European/national renewable energy targets and CO2 targets

Local air pollution: importance in the national regulations M Add externality cost and bound associated with PM, NOx, SO2 and CO emissions
Taxes: parking fees, congestion pricing, road, tax exemption on electric

vehicles and bikes
M Introduce and adjust additional taxes/subsidies on specific vehicle technologies

Demography
Urbanization: speed and diffusion of the trend M Use the trend to forecast the future energy and transport demand
New urbanization: effect of urban sprawl on city centre and outskirts L

Behaviour
Environmental awareness: level of diffusion among consumers H Constraint on the use of more efficient and sustainable technologies
Frequency of business travel: impact on demand and mode for long

distance travel
M Model as a change in long distance travel demand

Diffusion of co-driving, multi driver lanes shared with bus & taxi M Adjust the occupancy factor of private road vehicles
Flexibility of work schedules L

Technology
Level of adoption of electrical transport H Constraint on minimum penetration of electric vehicles in the technology mix
Autonomous cars: level of diffusion and net effects on transport demand M Introduce new passenger transport technology with different yearly mileage and

occupancy factor
Technology availability M Change year of introduction of vehicle and fuel technologies and biofuel blending limits
Drone transport: level of diffusion and net effects on transport demand L
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accessibility of public transport by acting on the time parameter: when-
ever the scenario narrative envisions a high development for the key
driving force Infrastructure, the travelling time associated to public
transport modes is decreased to simulate a reduction in the waiting
time.

Since all models are simplified constructions of reality, the trans-
lation process into model attributes inherently simplifies the breadth of
the qualitative descriptions [13,43]. For instance, the parameter diffu-
sion of co-driving, multi driver lanes shared with bus & taxi was identified
as important to include in the modelled scenarios. However, during the
translation phase the coverage of the parameter's meaning had to be
reduced to limit the model complexity. The parameter has been ren-
dered with the simpler car sharing, hereby adjusting the occupancy level
of private road vehicles to reflect the changes in transport users’ be-
haviour.

4.4. Quantification of driving forces

For each parameter to be included in the modelled scenarios, the
quantification step involved literature review and data collection on
trends and future projections, followed by assumptions drawn for the
determination of the three development levels. Lastly, the definition of
the final scenarios result from the combination of all the parameters
levels in accordance with the state assigned to the embracing driving
forces in the narratives. While, on the one hand, this generalized ap-
proach allows for a clear assignment of the development levels of each
key driving force, on the other hand, specific information on the evo-
lution of one or few parameters could be missed.

Table 5 reports the assumptions behind some of the quantified
parameters, thereby showing an example of scenario definition for two
scenarios developed by the scenario panel, “Last Minute Action 2050”
and “No Leadership – Market Delivers”. The purpose of the study is not
the one of providing modelling results for a full range of energy and
transport scenarios, but that of applying the case of the Danish trans-
port system to illustrate the possible integration of qualitative narra-
tives and quantitative modelling, through involvement of stakeholders.
Therefore, we chose to perform the modelling in TIMES-DK only for the
two scenarios created by the scenario panel during WS2, as these would
generate greater interest and engagement among the stakeholder
group, as well as increased relevance of the revision process (Section
4.6).

The parameter accessibility of public transport refers to the inter-
connectedness of public transport, which is reflected in the model
TIMES-DK through adjustments in the waiting time experienced during
short- and medium-distance journeys by bus and train (Section 4.3).
Passenger travel data extracted from the Danish National transport
model LTM [67] for the base year 2010, allowed to calculate that
average waiting and walking time weight respectively 4% and 2% on
the total travel time on public transport. Therefore, considering that the
average non-in-vehicle time corresponds to 6% of the total, the high
level includes a reduction of the total travelling time by 5%; in the
medium level, the total time is reduced by 3%; in the low level, no
changes are applied to the base version of the model.

As explained in Section 4.3, diffusion of co-driving, multi driver lanes
shared with bus & taxi is modelled by adjusting the occupancy factor of
cars, as to represent the development of car sharing systems and the
adoption of car-pooling. The current average occupancy factor for cars
in Denmark equals 1.55 passenger/vehicle. The European Environment
Agency [45] provides the vehicle occupancy factors for different Eur-
opean countries between 2004 and 2008, where the maximum value for
some Eastern European countries reached the value of 2 passenger/
vehicle. However, there has been a decreasing trend for this factor over
time. The most optimistic development for this parameter (i.e. high) has
been therefore assumed equal to the maximum value reached on
average in some European countries according to European and Danish
statistics (notably Hungary, Slovenia and Sweden), corresponding to 2

passenger/vehicle. The low level equals the current value of 1.55 while
the medium level takes a value in between, i.e. 1.78 passenger/vehicle.

For the driving force Policy and Regulation, the translation and
quantification followed a simpler approach: the most relevant qualita-
tive parameters have been translated into the main overarching energy
and climate targets and policies with impact on the Danish transport
sector. In the scenario definition, the single policy constraints are active
or inactive according to the level of ambition set for the driving force
Policy and Regulation. The first two targets Phase-out fossil fuels and
Danish Climate Law are long-term visions of the Danish Parliament for
the year 2050, respectively corresponding to independence from fossil
fuels in all sectors of the economy, and reduction of greenhouse gas
(GHG) emissions to 80% below 1990 levels by 2050, as a contribution
of all sectors. The EU 2020 targets reflect the Renewable Energy
Directive 2009/28/EC [68], in which three main goals are set: (a) re-
duction of GHG emissions from buildings, agriculture and transporta-
tion of 20% between 2005 and 2020; (b) the fraction of renewable
energy in the total energy consumption should be 30% in 2020; (c) the
fraction of RE in the transport sector should be 10% in 2020. With
respect to the EU 2030 targets, the general goal is a reduction of emis-
sions from the EU as a whole of 40% between 1990 and 2030 [69]. In
accordance with the target expressed in the Annex 1 of EC [69], we
considered for Denmark a 39% reduction in GHG emissions in 2030
with respect to 2005 levels. Furthermore, we applied the specific con-
straint of reaching at least 27% RE in total energy consumption by 2030
to the Danish case. The last policy item, Min. 50% wind powered elec-
tricity by 2020, represents a short-term target set by the Danish Par-
liament for the heat and power sector, yet with implications on the rest
of the energy system, including the transport sector.

The driving force Macro Economy has been excluded from the
quantification since changing its development level would influence the
end-use sectors demands (including transport demand) and make the
comparison across scenarios less straightforward.

4.5. Model results

The scenarios were modelled in the energy system model TIMES-DK
(Section 3.2.4), as to validate and assess the elements described in the
qualitative storylines within a quantitative modelling framework [17].
This phase involved the adjustments of all relevant parameters and the
setting of constraints according to the scenario definition, as in Table 5.

Within passenger transport, car remains the most used mode in both
scenarios in all modelled years, representing 67% of the total fuel
consumption (PJ) in 2010 (Fig. 3). However, in the scenario “Last
Minute Action 2050”, from 2025 the fuel consumption in cars starts
decreasing, reaching 37.8% of the total fuel consumption in 2050. The
decrease stems from two major reasons: the use of more fuel-efficient
private vehicles (i.e. EVs) and the substitution of part of the car demand
with bus demand. The mode share of busses (in million passenger km)
shifts from 6.3% in 2010 to 13.3% in 2050 while in the scenario “No
Leadership – Market Delivers” the share for bus transport in 2050 is
lower, and equal to 9.5%. The energy system model finds the cost- and
time-optimal transport technology and mode mixes. In fact, within the
passenger road modes, modal shares are endogenously calculated by
the model based on technology costs (both investment and operation)
and travelling times. As visible from Table 6, the input to the model for
the road modes is the total passenger demand (million passenger-km),
from which the model internally determines the modal split among car,
bus, rail, bike and walk.

Therefore, under the energy and climate targets set in the scenario
“Last Minute Action 2050”, energy- efficient technologies and modes
are preferred. Moreover, travelling times for public transport are re-
duced because of high development level assigned to the parameter
accessibility of public transport in both scenarios.

Regarding freight transport, final demands (million tonne-km) are
assumed the same in both scenarios (Table 7). However, because of the
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late policies active in the scenario “Last Minute Action 2050”, we
witness a lower fuel consumption from vans and trucks in 2050 with
respect to the scenario “No Leadership – Market Delivers” (Fig. 4). The
reason is ascribed to the selection of more fuel-efficient vehicles in
2050, namely electric vans and biodiesel trucks.

Fig. 5 summarizes the total fuel consumption (PJ) across modes for
the two scenarios. The visible shift in the fuels used in the “Last Minute
Action 2050” scenario comes as a result of the targets to be reached by
2050, i.e. the Phase-out fossil fuels and the Danish Climate Law, corre-
sponding to carbon neutrality in all modelled sectors of the system
(industry, transport, residential, heat and power). The fossil fuels are
thus replaced by the corresponding biomass-based liquid and gaseous
fuels options, and by electricity. Gasoline is substituted by bio-ethanol
and diesel by biodiesel in light and heavy-duty vehicles; kerosene is
abandoned for bio-kerosene in the aviation sector while natural gas is
either blended or completely replaced by bio- methane.

In the scenario “No Leadership – Market Delivers” instead, fossil
fuels continue being utilized until the end of the time horizon, with
natural gas dominating the shares (37% of the total). However, also
electricity is used in this scenario (18% against the higher 22% in “Last
Minute Action 2050”), because of the assumed projections on the pe-
netration of the EVs and the reduced purchase cost of cars in both
scenarios (Table 5). Even though the transition from fossil fuels to more

sustainable options gradually takes place in the “Last Minute Action
2050” scenario, the final fuel mix in 2050 (resulting from the perfect
foresight model optimization) is far from realistic, since it would as-
sume a sudden change to happen in the years 2040–2050, which can
only be triggered by very strict regulations.

In both scenarios, the decrease in the total fuel consumption is, once
more, resulting from the greater use of fuel-efficient technologies, the
assumed increase in car occupancy and the projected efficiency im-
provements of vehicle engines.

TIMES-DK associates CO2-equivalent emissions to the combustion of
fuels used in all sectors. Therefore, the consumption of fossil fuels (e.g.
gasoline, natural gas, and diesel) corresponds to the emission of GHG in
the atmosphere, while biofuel production and use do not result in
emissions of CO2, since it is assumed that biomass is carbon-neutral.
This means that the biomass, used for biofuels production and for
combustion in the heat and power sector, is harvested locally and in a
sustainable manner; the biomass cycles of cultiva-
tion–harvest–conversion–degrade–regeneration are balanced, hence
without drastic alterations to the exchanges between the biosphere and
the atmosphere. A restriction is thus imposed in both scenarios so that
biomass can only be sourced domestically and cannot be imported from
abroad.

Fig. 6 illustrates the decreasing trend in CO2 emissions associated to

Fig. 3. Fuel consumption in the passenger transport sector over time (PJ).

Table 6
Passenger transport demand (million passenger-km) in the two scenarios. Road modes include car, bus, rail, bike and walk.

2010 2015 2020 2025 2030 2035 2040 2045 2050

No Leadership – Market Delivers
Inland modes 70,538 65,694 65,878 67,425 68,029 67,985 68,845 68,940 69,033
Air 36,860 38,703 40,546 41,467 42,388 43,310 44,231 42,879 41,526
Sea 1666 1749 1832 1874 1916 1957 1999 2041 2082

Last Minute Action 2050
Inland modes 70,538 65,694 65,894 67,548 68,062 67,694 65,608 64,409 64,284
Air 36,860 38,703 40,546 41,467 42,388 43,310 44,231 45,153 46,074
Sea 1666 1749 1832 1874 1916 1957 1999 2041 2082

Table 7
Freight transport demand (million tonne-km), applying to both scenarios.

2010 2015 2020 2025 2030 2035 2040 2045 2050

Vans 3670 3830 3996 4037 4078 4119 4161 4203 4246
Trucks 19,773 21,660 23,728 25,260 26,892 28,628 30,477 32,445 34,541
Rails 374 393 411 421 430 439 449 458 468
Sea 49,010 51,460 53,911 55,136 56,361 57,587 58,812 60,037 61,262
Air 632 663 695 711 727 742 758 774 790
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the transport sector, following from the active policies constraining the
use of fossil fuels. However, there are differences between the two
scenarios. The reduction is sharper in the scenario “Last Minute Action
2050”, especially in the last period analyzed. Moreover, while road, rail
and air transport gradually reduce their impact on the environment, the
navigation sector is not constrained and continues producing emissions
in both scenarios.

4.6. Revision of modelled scenarios

Among the seven stakeholders that participated in the feedback
sessions, three of them highlighted the importance of modelling the
registration tax paid when purchasing vehicles, which is currently
based on the vehicle's weight and investment cost. The registration tax,
together with fuel taxes, can indeed strongly affect consumers’ purchase
decisions and change the final picture on the vehicles used in the pri-
vate passenger transport.

Furthermore, seen the conservative phasing-in of EVs in both sce-
narios, one expert recommended considering the cheaper option of
“home charging”, since charging patterns show that EV users charge
their vehicles mostly at home (or at work), for 90% of the charging.

Among game changers not to be disregarded considering the fore-
seen impact on the transport sector, three stakeholders mentioned au-
tonomous vehicles: their effect on mobility could correspond in an in-
crease in the total road transport demand, because of the possibility of
longer driving distances. The fuel used gives an additional layer of
uncertainty.

The divergence between some of the parameters included in the

quantitative framework and those highlighted as important during the
follow-up discussion with stakeholders stems from the difficulty of
spotting and rendering priorities and messages, which were implicit in
the qualitative storylines.

For instance, with respect to the fuels used in the private passenger
sector, two stakeholders considered the huge deployment of gas cars
not realistic for the Danish case in the scenario “No Leadership – Market
Delivers”. Moreover, some others viewed the assumed penetration of
EVs too pessimistic, considering the expected drop in batteries’ prices.
On the other hand, the use of first-generation biofuels (i.e. biodiesel) in
transport was considered too large, especially taking into account the
latest EU directives for a shift from first- to second-generation biofuels,
along with the availability of biomass to produce the latter. Other
specific comments regarded the drop in fuel use (PJ) over time, with
reference to cars, considered dramatic with respect to e.g., fuel effi-
ciency of vehicles, greater use of electricity and occupancy factor. The
latter, according to two stakeholders, has been overestimated and its
prospected increase is unrealistic, if considering that there has been a
decreasing trend over time and the current average value in Denmark
(2017) is around 1.35 passenger/vehicle.

In some cases the storylines and the model output did not align,
because the narrative descriptions often implicitly assume some fra-
mework conditions, which cannot always be elicited in the quantitative
scenarios [15]. For example, the scenario panel assigned the level high
to the driving force Infrastructure, yet with reference to high develop-
ment of roads, and not “green” infrastructure (e.g. bike paths, EV
charging points), as it has been modelled. Furthermore, the scenario
“No Leadership – Market Delivers” should resemble a situation in which

Fig. 4. Fuel consumption in the freight transport sector over time (PJ).

Fig. 5. Total fuel consumption in the transport sector over time (PJ).
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the market pushes for a transition towards more sustainable mobility,
through availability of cheap and efficient transport solutions. Instead,
despite the high development assumed for the driving forces Tech-
nology and Infrastructure in this scenario, the system fails at reaching
the envisioned RE targets. Thus the model does not fully reach the
anticipated result that was envisioned in the storyline, which resulted in
recognizing the importance of detailing those parameters separately.

5. Discussion

5.1. Insights on methodology

Previous research has suggested that driving forces may function as
a backbone in scenario planning processes [35]. In the case of the
Danish transport sector, they indeed were central to maintaining in-
ternal consistency, during the peer-reviewed and structured prioritiza-
tion, translation and quantification steps of the qualitative storylines.
By consistently directing our attention to the key drivers along the
whole scenario development process, we are able to highlight the dis-
crepancies that would unavoidably appear when multiple actor-groups
are interpreting concepts. One example of this was the definition of the
driving force Infrastructure, where stakeholders had conflicting ideas of
its meaning, from bike lanes to road expansion.

The continuous focus on driving forces was useful firstly during a
series of workshops where the scenario team and the scenario panel
drafted narrative scenarios. In these workshops, the generated key
driving forces served as guiding axes to create the scenario narratives.
Here it was possible to discuss and evaluate the collection of driving
forces and their interdependencies. After the quantitative scenarios
were modelled in the energy system model TIMES-DK, an iterative
process of scenario revision was initiated through the discussion with
and involvement of members of the scenario panel. Also in this phase,
the key driving forces were the leading dimensions used to communicate
with stakeholders on the interpretation of the narratives and the dif-
ferences between the implemented scenarios.

The use of multiple driving forces instead of a method with two axes
allowed for a more coherent construction of scenarios: with multiple
driving forces, the causal effects between any of those become more
apparent. For example, when creating the narratives, setting a high
level to the driver technology (e.g. fast technological development of
electric vehicles) may or may not influence the development of infra-
structure (e.g. availability of public charging stations) depending on
where people will charge the cars. Thus, the use of driving forces can
ensure the coverage of the most relevant parameters for each case.

The definition of key driving forces can arguably raise awareness
[31] and inspire mutual learning [3,4] among both stakeholders and
scientists, when identifying the relevant drivers and cause-effect

relationships for the future transport system. Particularly, during the
first brainstorming phase, the construction of influence chains allowed
to find associations between the various parameters, for instance the
links between demography, consumer behaviour and urban planning.
More generally, the gap between the research team's expectations on
the translation and modelling of driving forces, and the scenario panel's
recognition of the model's strengths and limitations highlighted the
importance of maintaining a dialogue between the two spheres of work
(i.e. the scientists/modellers and the stakeholders/policy makers) to
increase the relevance to transport policy [2].

A limitation of the process may lie in the strict adherence to the
adopted scenario planning structure, giving less freedom on devising
alternative scenario parameters and storylines with respect to those
already defined. However, the iterative revision and calibration leaves
room for adjustments both in the qualitative and quantitative scenarios.
Moreover, the results of a socio-economic optimization tool could in
some cases conflict with the everyday experience of people, as the latter
face daily decisions on e.g. transport modes under a private-economic
perspective. On the other hand, the use of a socio-economic model re-
mains important, as it aids and informs policy makers on future options
for system investment and possible consequences of policies.

5.2. Insights on results

The exercise of integrating qualitative storylines into a deterministic
mathematical tool initiates a mutual exploration of two somewhat
distinct worlds. In our case, the model selects the cost-optimal combi-
nation of vehicle and fuel technologies, given the described techno-
economic assumptions. Yet, the results may differ from the real devel-
opment of certain technologies, due to factors, which are not captured
by the tool e.g., behaviour of consumers or lock-in effects in the fuel
infrastructure. This gap between the least-cost solution provided by the
model and the real future evolution of the transport sector becomes
more evident from the discussion with the stakeholders, each one
having different perspectives and expert judgement on the way the
future of transport may unfold [62]. Hence, it is critical to adopt an
approach which is as inclusive and transparent as possible for the
identification of transport futures [16].

The greatest decoupling between the socio-economic optimal solu-
tion and the stakeholder's knowledge represented a valuable learning
opportunity for the scientific work performed within, but also outside,
the project: the inclusion of vehicle and fuel taxation allows to capture
the reality of individuals faced with purchase decisions more closely
than when running a pure socio-economic calculation (i.e. without tax
and subsidies). As a result, taxation is being currently integrated in the
scenario modelling work, as to portray current and future development
of technological options in the energy and transport system. In this

Fig. 6. CO2 emissions in the transport sector over time (kt).
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view, the combined approach has been proven beneficial for improving
the model capabilities in representing the real dynamics of the system,
by including more parameters and adjusting model structure [17]. Our
approach revealed additional insights on the communication between
the scientific project group and the involved stakeholders. Especially
during the phase of revision of the modelled scenarios (Section 4.6), we
recognize the importance of conveying the working philosophy, struc-
ture and limitations of the adopted modelling framework, as to align
stakeholders’ expectations on which part of reality can be sensibly
captured when translating and quantifying the narratives. For instance,
TIMES-DK holds the strength of representing the whole energy system
and the dynamics between the sectors, yet it does not capture details on
e.g. traffic flow and congestion, for which more disaggregated tools
should be deployed. Therefore, a suite of models should support and
complement the investigation of the more detailed research questions.

Moreover, the choice of modelling only the two scenarios developed
by the scenario panel represents a limitation of the current study, in
which a narrow set of futures was quantified and presented to the
stakeholders. In contrast, given a more generous time schedule, the
possibility of quantifying the full range of scenarios created during the
workshops could certainly generate additional discussions and valuable
feedback, enriching both the modelling capabilities and the scientific
knowledge in the field. Finally, the challenges faced by the scientific
team in the communication with stakeholders having different fields of
expertise could be supported in the future by means of meta-models
acting as interface between the academic, technical perspective and the
actual transport policy and practice.

6. Conclusion

This study investigated the iterative and participatory application of
driving forces in bridging qualitative and quantitative methods in the
development of transport scenarios, presenting the case of the Danish
transport sector. Stakeholders from the energy and transport field
generated key driving forces and narratives of transport futures as a
collective action. Subsequently, a structured prioritization, translation
and quantification of the driving forces and qualitative storylines
yielded the generation of quantitative scenarios in the energy system
model TIMES-DK.

The contribution from this paper is twofold. Firstly, the study re-
veals methodological insights on the iterative and participatory use of
driving forces in bridging qualitative and quantitative tools for scenario
creation and analysis. In particular, a shared and consolidated gen-
eration and evaluation of driving forces can support a more robust and
systematic translation, modelling and communication of scenarios with
stakeholders. A further improvement of the process could envision a
mid-way revision step, following the quantification of drivers per-
formed by the scenario team. This extra phase would allow receiving
feedback on the interpretation of the driving forces and narratives, as
generated by the scenario panel, thus ensuring a better alignment be-
tween qualitative and quantitative scenarios. Moreover, the adopted
foresight process including participatory and brainstorming elements
can reveal drivers’ interdependencies and critical aspects of the system.
Although the participatory approach through stakeholder involvement
increases the quality of scenario exercises [70], some limitations can be
found in our study. First, twelve stakeholders participated in the second
workshop (WS2), which sets a limit to the level of co-generated
knowledge achieved in the workshop. Furthermore, seven stakeholders
had the possibility of provide feedback on the modelling results in the
revision step. Therefore, the low attendance level might have hindered
the collection of valuable knowledge and feedback. Future work could
include the application of our approach by engaging a larger number of
stakeholders, thus requiring also a more generous timeframe.

Secondly, we contribute to learnings for the study of socio-technical
transitions in the contextual case of the Danish transport sector. The
adoption of driving forces allowed for an explicit and open discussion

on inconsistencies between modelling results and experts’ experience.
As already highlighted, part of the inconsistencies may arise from the
different perspectives: while TIMES-DK performs a long-term least-cost
technical optimization of the energy and transport system, it may fail at
capturing relevant behavioural changes and political/economic bar-
riers. The introduction of reality factors could soften these dis-
crepancies. Notably, the greatest decoupling between the socio-eco-
nomic optimal solution and the stakeholder's knowledge has been the
inclusion of vehicle and fuel taxation, which has since been considered
in the modelling exercises, as a result of this study. Nevertheless, as
some of the parameters and drivers lay outside the scope of the model,
they could not be (directly) incorporated in the quantitative scenarios,
thus possibly generating a narrower representation of the narratives
developed by stakeholders, as reported in the revision phase. To over-
come this limitation and provided a longer timeframe, a potential im-
provement could entail the utilization of support tools and analyses to
assess the aspects overlooked in TIMES-DK.

Finally, the methodology employed in our study features general
characteristics (e.g. creation of narratives in groups, evaluation and
prioritization of drivers), making it applicable to other geographical
contexts and knowledge fields.
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1 Introduction

The 21st meeting of the Conference of Parties (COP21) witnessed an agreement to
pursue efforts to limit temperature increase to 1.5 °C above pre-industrial levels
(UNFCCC 2016) through Intended National Determined Contributions (INDCs).
Limiting global temperature rise to 1.5 °C above pre-industrial levels relates to a
total carbon budget of between 400 and 850 GtCO2 eq (as of 2011) with the
respective probability of achievement varying between >66 and >33% (IPCC
2014). While each signatory of the COP21 agreement will play a varied role in
adhering to these carbon budgets, there has yet to be an agreement for the equitable
sharing of national carbon budgets. This chapter creates a range of provisional
carbon budgets for Denmark and focuses on the potential of policies aimed at the
inland transport sector compliance with these budgets. Denmark is chosen as a case
study following the ambitious target set by the Danish government to decarbonise
the entire energy system by 2050 (The Danish Government 2011). Furthermore, the
inland transport sector is given focus considering that its share amounted to 28% of
the total energy consumption in 2015 (Eurostat 2017). So far, attempts to encourage
renewables within the transport sector have been largely offset by an increase in
transport activity and a lack of alternatives available. Significant levels of policy
intervention are required to reduce the transport sector reliance on fossil fuels. The
study aims at determining the contribution of policies to decarbonise the inland
passenger transport sector and to calculate national cumulative greenhouse gas
(GHG) emissions, which are compared to a range of carbon budgets necessary to
contribute to limit global temperature rise. This chapter aims at answering the
following research questions:

1. How much GHG emissions reduction can be achieved in Denmark through
policies focusing on inland passenger transport?

2. Will the cumulative GHG emissions up to 2050 exceed the carbon budget
available for Denmark to maintain the average global temperature rise well
below 2 °C?

An innovative modelling framework is adopted, which links a techno-economic
energy systems optimisation model of Denmark—TIMES-DKMS—with a hybrid
techno-economic and socio-economic simulation of the Danish private car sector—
the Danish Car Stock Model (DCSM)—to provide realistic answers to the research
questions underlying this study. The transport sector within TIMES-DKMS features
endogenous modal shift. DCSM represents the heterogeneous nature of the private
car sector. A variety of policy packages aimed at reaching an ambitious decar-
bonisation of the inland transport sector are implemented iteratively in both
TIMES-DKMS and the supporting simulation models.
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2 Methodology

This study is carried out with an original modelling framework, which integrates
TIMES-DKMS—the national energy system model of Denmark equipped with
modal shift add-on (Tattini et al. 2018a)—with DCSM—a consumer choice model
of the private transport sector accompanied by a sectoral simulation model of the
private car sector.

2.1 TIMES-DKMS

TIMES-DKMS is built on the TIMES (The Integrated MARKAL EFOM System)
model generator, developed by the Energy Technology Systems Analysis Program
(ETSAP)—a technology collaboration programme of the International Energy
Agency (IEA). It is a partial equilibrium, linear optimisation model, which deter-
mines a least-cost solution for the energy system, subject to certain constraints.
TIMES performs a simultaneous optimisation of operation and investments across
the represented energy system over the modelling horizon. TIMES is based on the
bottom-up approach, as it requires a database of technologies characterised by a
high technical, economic and environmental detail. Loulou et al. (2016) provide a
detailed description of TIMES.

TIMES-DKMS is a multi-regional TIMES model, covering the entire Danish
energy system. It is geographically aggregated into two regions, with technological
and economic projections to 2050. TIMES-DKMS is composed of five sectors:
supply, power and heat, transport, industry and residential (Balyk et al. 2018).
Within the scope of this study, we focus on inland passenger transport, which
includes private car, bus, coach, rail (metro, train, S-train), 2-wheeler (motorcycle
and moped) and non-motorized modes (bike and walk). Within the inland passenger
transport sector, TIMES-DKMS determines modal shares endogenously. The
mode- and length-specific transport service demands are merged into length-only
specific transport service demands, thus enabling competition between modes.
Modal competition is based on both the levelised costs of the modes and on new
parameters in the TIMES framework: speed and infrastructure requirements. Modal
speeds are complemented by a constraint on the total travel time budget (TTB),
historically observed for the Danish transport sector (Transport DTU 2016).
The TTB ensures the competitiveness of faster yet more expensive modes in a
cost-optimisation modelling framework. Infrastructure accounts for the cost of
adapting the existing transport networks to demand increases and possible signif-
icant modal shift. Infrastructure requirements regulate modal shift, as this may end
up in infrastructure saturation, subsequently requiring additional infrastructure
capacity, which implies a cost (Tattini et al. 2018a). Moreover, constraints on the
maximal and minimal modal shares and on the rate of shift derived from the Danish
National Travel Survey are included in TIMES-DKMS to guarantee the realism of
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the shift. Tattini et al. (2018a) provide a detailed description of TIMES-DKMS.
Figure 1 provides a schematic description of the structure of TIMES-DKMS.

TIMES-DKMS outputs the least-cost decarbonisation pathway that meets all the
constraints included in the model. However, the description of the private car sector
in TIMES-DKMS is purely techno-economic, and does not account for hetero-
geneity within the private car market, thus suggesting a solution that may not be
technically feasible (Mulholland et al. 2017a; Daly et al. 2011).

2.2 Danish Car Stock Model—DCSM

DCSM is a simulation model composed of two core components; a socio-economic
consumer choice model and a techno-economic CarSTOCK model. DCSM checks
the feasibility of the vehicle portfolio deployment pattern identified by
TIMES-DKMS and introduces the necessary adjustments (as described in
Sect. 2.3).

Fig. 1 Structure of the inland passenger transport sector in TIMES-DKMS for incorporating
modal shift
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2.2.1 Consumer Choice Model

The consumer choice model estimates the influence of various policies on the
Danish private vehicle market via a simulation market share algorithm, which has
also been employed in the CIMS hybrid energy-economy model (Rivers and
Jaccard 2005). This algorithm uses the tangible costs (investment cost, maintenance
costs, fuel cost and vehicle-related taxes) along with a monetised representation of
the intangible costs (model availability, range anxiety, and refuelling infrastructure)
faced by the consumers to calculate the market share of a technology in a specific
year when competing against a set of technologies. Heterogeneity of private vehicle
preferences are accounted for through splitting transport users into 18 segments,
divided geographically (urban/rural), by driving profile (Modest Driver, Average
Driver, Frequent Driver) and by adoption propensity (Early Adopter, Early
Majority, Late Majority), inspired by McCollum et al. (2017). Five technologies
split into three categories are represented in the model—gasoline internal com-
bustion engine (ICE), diesel ICE, natural gas (NG) ICE, battery electric vehicle
(BEV) and plug-in hybrid electric vehicle (PHEV) disaggregated into the classes
small, medium, and large (for ICEs, based off engine size) and into short, medium,
and long range for BEVs (<125, 125–175, >175 km respectively). Mulholland et al.
(2017b) provide a further description of the market segmentation and of the tangible
and intangible costs for Denmark. The consumer choice model generates the market
shares of the vehicle stock and outputs this result to the CarSTOCK model to
determine the impact of policy measures on aggregate stock.

2.2.2 CarSTOCK Model

CarSTOCK is a bottom-up model that uses the outputs of the consumer choice
model to create stock projections and analyse the net effect of policy measures in
Denmark (Mulholland et al. 2017b). The CarSTOCK model draws upon detailed
Danish statistics (FDM 2017), relating to the composition of private car sales,
average mileage, efficiency, and life-time of vehicles with a disaggregation of
vintage, fuel type and engine size (vehicle range in the case of BEVs). Using these
inputs, it determines the long-term evolution of the private car stock, energy use and
related CO2 emissions to 2050 based off the ASIF methodology developed by
Schipper et al. (2000). Total vehicle stock resulting from TIMES-DKMS is fed to
CarSTOCK, which combines private car profiles and market shares (from the
consumer choice model) to calculate the market shares of each car type with respect
to total car stock. The CarSTOCK model has a detailed disaggregation of private
car technologies into technology type (in line with those described in the Consumer
Choice Model) and 30 vintage categories to represent the evolution of the car fleet.
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2.3 Multi-model Approach

Integrating models has become an increasingly common approach in the field of
energy system modelling (Mulholland et al. 2017a; Merven et al. 2012; Schäfer and
Jacoby 2005). In the modelling framework used here, the policy measures are run in
both the consumer choice model and in TIMES-DKMS in parallel. TIMES-DKMS
first determines the optimal technology investments to meet the exogenous end-use
demands at the least overall systems cost. Then, DCSM checks the technical fea-
sibility of the solution obtained with TIMES-DKMS for the private passenger
transport sector. If the solution is not feasible, capacity constraints bounding the
stock of specific car technologies are added in TIMES-DKMS to comply with the
realistic car shares projections calculated by the CarSTOCK model. A new solution
is obtained with TIMES-DKMS, which is again verified in DCSM. Data exchange
between the two models is iterated until there is convergence between the results
(Fig. 2).

To ensure consistency within the model framework, the private vehicle costs in
TIMES-DKMS and DCSM are harmonised for 2015 (Fig. 3). The road infras-
tructure cost is omitted from Fig. 3, as it is identical for all car types. Upon
including the intangible costs in DCSM, the merit order of the car technologies
changes compared to an analysis limited to tangible costs. This suggests that DCSM
offers a more comprehensive view on the characteristics of cars perceived by
consumers. Therefore, the multi-model approach employed in this study benefits
from the models’ respective strengths: the holistic representation of the integrated
Danish energy system and the behaviourally-detailed insight of the Danish car
consumer choice.

Fig. 2 Model integration between TIMES-DKMS and DCSM
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2.4 Carbon Budget for Denmark

This study allocates a carbon budget for Denmark based on population (‘equity’)
and emissions (‘inertia’), following the approach proposed by Raupach et al.
(2014). To establish the carbon budget for Denmark, the global carbon budgets
required to limit global temperature rise to varying levels with varying probabilities
of achievement are taken from the 5th Assessment Report by IPCC (2014), which
uses a base year of 2011. Denmark’s national share is calculated using emission
data from UN (2017a) and population data from UN (2017b). This national budget
is brought up to a base year of 2015 using emissions data from UN (2017a). Land
use and land use change and forestry (LULUCF) related emissions are subtracted
using data from CDIAC (2016), resulting in the range of carbon budgets for the
Danish energy system presented in Table 1.

2.5 Scenario Definition

In this study, we analyse the potential reduction of GHG emissions in Denmark
enabled by alternative developments of the vehicle registration tax (VRT), the fuel

Fig. 3 Comparison of tangible and intangible costs in 2015 in TIMES-DKMS and DCSM
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tax and from banning the sale of ICE vehicles in different years (Table 2). Denmark
taxes cars through a VRT based on the capital cost and fuel efficiency of the vehicle,
through a circulation tax based on the efficiency and weight of the vehicle and
through fuel taxes. The VRT scenario assesses the effect of the derogation of the
VRT for BEV and PHEV from 2020 onwards. In the Fuel Tax scenario, the tax on
electricity used in transport is lifted from 2020 onwards, while keeping all other fuel
taxes constant. In the Fuel Tax and VRT scenario, we examine the combined effect
of the VRT derogation with removing the fuel tax on electricity from 2020. Some
countries are currently discussing banning the sales of ICE vehicles in the near
future (International Energy Agency 2017), which justifies the interest in analysing
the effects of banning ICE cars sales.

All policy scenarios are consistent with Denmark’s target of becoming inde-
pendent from fossil fuels by 2050 (Danish Energy Agency 2015). This constraint is
set on all sectors represented in TIMES-DKMS, with the exception of inland
transport, for which the policies under assessment are the only option to reach the
decarbonisation. Moreover, short- and medium-term targets complying with the
European objective of minimum 10% renewable energy share in transport by 2020
and a 39% GHG emission reduction in 2030 with respect to 2005 levels (European
Commission 2016) are applied. The policy scenarios are compared against a

Table 1 Carbon budgets for the Danish energy system from 2015 corresponding to different
levels of global temperature rise and levels of confidence [MtCO2 eq]

Temperature rise/confidence level 66% 50% 33%

4 °C target 3438 4031 4562

3 °C target 2090 2499 2958

2.5 °C target 1375 1733 2065

2 °C target 660 967 1171

1.5 °C target 48 201 507

Table 2 Description of scenarios for the policy analysis

Scenario Description

Ref Reference scenario, only 2020 targets included

Fuel tax The tax paid on electricity used for transport, equal to 245.8 DKK/GJ in
2015, is derogated from 2020 onwards

VRT The Vehicle Registration Tax (VRT) is derogated for all electric, hybrid and
hydrogen vehicles from 2020 onwards

Fuel tax and
VRT

Combination of the scenarios Fuel Tax and VRT

ICE bans A ban on the purchase of new ICE cars is introduced from the year 2025,
2030, 2035 or 2040 (i.e. four scenario variants)
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reference scenario (Ref), which maintains only the short-term targets for 2020, i.e.
minimum 10% renewable energy share in transport and 50% electricity production
from wind power.

3 Results: Focus on Technologies

3.1 Evolution of the Car Stock

The Ref scenario is characterised by a minor penetration of EVs, which represent
2.5% of the total car stock in 2050 (Fig. 4). The policies modelled boost the
penetration of EVs with different degrees of effectiveness. The derogation of the tax
on electricity for transport does not foster a strong penetration of EVs, while a
derogation of the VRT on EVs enables a significant electrification of the car stock
by 2050 (24% of car stock). The combined effect of fuel tax and VRT derogation
accelerates the process of electrification of the car stock (32% in 2050). Setting a
ban on the sale/import of vehicles run solely by an ICE strongly promotes the total
electrification of the car stock. In the ICE_Ban_2040 scenario, 93% of the stock is
electric in 2050, while in ICE_Ban_2035 scenario the entire stock becomes electric
in 2050. The complete electrification of the car stock is anticipated by 2045 in the
ICE_Ban_2030 scenario and by 2040 for ICE_Ban_2025. Among EVs, PHEV

Fig. 4 Evolution of the car stock and car technologies in time across scenarios in TIMES-DKMS
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technology only reaches a significant share of the total stock in the VRT scenario
(6.5% in 2050), which demonstrates that the major barrier to the wide deployment
of this technology is its high investment cost.

3.2 Modal Shares for Inland Passenger Transport

In most policy scenarios, the car stock decreases over the period 2020–2030 due to
the increase in the average cost of ICE vehicles to fulfil the more stringent EU fuel
standards concurrent with stagnant alternative fueled vehicle (AFV) costs. These
have not decreased enough as to become a widely accepted technology, prompting
a modal shift to public buses, which is a cheaper option (Fig. 5). After 2035, BEVs
achieve a significant cost reduction due to the decrease in battery costs and cars gain
again a higher modal share at the expense of public buses. In 2050, across all policy
scenarios, bike, coach, metro, S-train and train modes increase their market share
with respect to 2010, at the expense of transport by bus, car, 2-wheeler and walk. In
particular, bike and metro transport witness the highest increment of use with
respect to 2010.

Fig. 5 Modal shares across scenarios in TIMES-DKMS
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3.3 Fuel Mix for Inland Passenger Transport

The combined consumption of diesel and bio-diesel increases until 2020 in the Ref
scenario, and then decreases by 2050 following improvements in fuel-economy and
fuel switching, predominantly to electricity (Fig. 6). The share of bio-diesel in the
blend gradually increases until reaching 72% in 2050. The combined consumption
of gasoline and bio-ethanol decreases over time, while the share of bio-ethanol in
the blend increases from 5.8% in 2015 to 45.4% in 2050. Moreover, electricity
acquires a higher importance as fuel, constituting 5.3% of the total inland passenger
transport fuel consumption in 2050. The drop in fuel consumption in 2030 is a
consequence of multiple factors: a shift away from cars towards buses (charac-
terised by a lower relative energy-intensity), an electrification of the car stock and
efficiency improvements.

The fuel consumption varies across scenarios, due to changes in modal shares
and technology shares within the car stock (Fig. 7).

In all the policy scenarios, with the exception of Fuel_Tax, the total fuel con-
sumption reduces in 2050 with respect to the Ref scenario. Placing a ban on ICE
vehicles causes reduction in fuel consumption due to the switch to electric vehicles
(EVs), which have a significantly higher fuel economy than their ICE counterpart. It
should also be noted that the private car sector has a major impact on total fuel
consumption from the perspective of the inland passenger transport sector, illus-
trated by the similarities between the variations in car stock (Fig. 4) and fuel
consumption (Fig. 7).

3.4 GHG Emissions

The annual GHG emissions from inland passenger transport sector undergo a
significant decrease over time across all scenarios (Fig. 8). GHG emissions in 2050
drop by 37.3% in the Ref scenario with respect to 2010, due to a penetration of
biofuels, EVs, and increases in the average efficiency of vehicles. These reductions
are achieved despite the overall increase of transport activity over the same period.

Fig. 6 Fuel consumption from inland passenger transport in Ref scenario
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The implementation of transport policies enables the achievement of more ambi-
tious decarbonisation targets. The inland passenger transport sector is completely
decarbonised by 2050 in the Fuel_Tax scenario and all scenarios that include an
ICE ban. The greatest cumulative reduction in GHG emissions is achieved through

Fig. 7 Difference in fuel consumption from inland passenger transport across policy scenarios
with respect to the Ref scenario

Fig. 8 Annual (left side) and cumulative (right side) GHG emissions from inland passenger
transport sector
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an early ban placed on ICE vehicles (in 2025 and in 2030), while taxation-focused
policy has a similar effect to that of later bans (in 2035 and 2040).

Figure 9 extends the focus of the analysis from inland passenger transport to the
entire Danish energy system, showing the cumulative GHG emissions of the energy
system over the modelled time horizon. In the Ref scenario, the cumulative GHG
emissions diverge from the policy scenarios from 2025, and in particular, the
steepness of cumulative GHG emissions increases after 2030 due to the adoption of
coal-fired plants for power generation. In the policy scenarios, GHG emissions
gradually decrease over time, to comply with the Danish environmental target of
becoming fossil-free by 2050. Granted a fossil-free energy system is achieved in all
sectors excluding inland passenger transport, the policy scenarios indicate that
cumulative GHG emissions from the entire Danish energy system in 2050 are in
line with a national contribution of an increase in global temperatures of 1.75–2 °C
(excluding the possibility of negative emissions in the second half of the century).
Figure 9 also shows the contribution of each energy sector towards national
cumulative GHG emissions for the ICE_Ban_2025 scenario, with the marginal
emissions for the inland passenger transport scenarios shown above these contri-
butions. The electricity sector is accountable for half of all emissions over the
time-frame 2015–2050, matching those from the residential, industry, and transport
sectors combined.

Fig. 9 Cumulative GHG emissions from the entire Danish energy system
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4 Discussion: Focus on Lessons Learned

4.1 Policy Insights

This study has analysed a range of regulatory measures focused on inland passenger
transport while simultaneously decarbonising the rest of the energy system at
least-cost. A central focus has been given to the potential of these measures to
minimise cumulative GHG emissions to adhere to national carbon budgets. While
evaluating the potential outcome of transport policies, it is important to consider not
only their effectiveness, but also their efficiency, which can be evaluated as dif-
ference in actualised tax revenue with respect to the Ref scenario. The effect of
policies on the tax revenue shows that Fuel Tax and VRT implies the highest loss of
revenue for the exchequer (Fig. 10). The 6.2% reduction for Fuel Tax and VRT is
explained by the uptake of BEV and PHEV from 2020, upon which no VRT and
tax on electricity consumption are imposed. On the other hand, the ICE_Ban sce-
narios enforced from 2035 onwards benefit the tax revenues, due to the penetration
of taxed AFV when their investment costs have not dropped yet.

Although from an environmental and tax revenue perspective, the
ICE_Ban_2025 is the most effective of all policies analysed, the different degrees of
feasibility of policy instigation should be considered, stemming from their different
timing, method of implementation, and public acceptability. Changes to taxation
schemes require several government consultations while the introduction of a ban
of ICEs presents a challenge in terms of negotiations (on timing and exceptions)
with the automotive industry, let alone the preferences of consumers. While iden-
tifying the early ban on the sale of ICE as a suitable policy to decarbonise the
Danish inland passenger transport sector, we recognise the lack of comprehen-
siveness of the policy measures analysed, e.g. measures affecting modal shift have
not been addressed (Tattini et al. 2018b).

Fig. 10 Actualised cumulative change in tax revenue with respect to the Ref scenario
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4.2 Methodology Insights

The adopted model framework improves the representation of the transport sector
compared to traditional bottom-up energy systems optimisation models. Modal shift
provides an additional option to explore decarbonisation pathways, and realistic
consumer preferences in the private car sector are accounted through to the inte-
gration of the DCSM. However, there are still some limitations that future research
may address. One limitation relates to the fact that TIMES-DKMS results do not
take into account that even with a ban on ICE vehicles in 2025, there would still be
some ICE vehicles circulating in 2050 according to DCSM (without any incentive
for early scrapping). Modal shares are determined only via a suitably constrained
socio-economic optimisation. A possible way to overcome this shortcoming con-
sists of integrating consumers’ heterogeneity into the model (differentiating their
travel habits, perceptions and thus preferences) and determining modal shares
resulting from a set of decisions taken by diverse consumers. Moreover, the
level-of-service attributes characterising the modes should go beyond speed, to
include also other relevant ones, e.g. waiting time and transfer time (Tattini et al.
2018b). Finally, while this study has calculated potential national carbon budgets
based on a combination of equity and inertia sharing, these budgets will not be fully
effective unless there is a global agreement on the method for allocating national
and regional carbon budgets.

5 Conclusion

This study developed an innovative multi-model approach for Denmark that inte-
grated an energy systems optimisation model (TIMES-DKMS) with a simulation
model of the private car sector (DCSM) to assess the influence of various policy
measures on the decarbonisation of the inland transport sector of Denmark. The
multi-model approach developed combines the strengths of both modelling meth-
ods and provides a greater degree of consumer realism to the analysis of the private
car sector. The analysis of potential contribution of seven policy measures towards
the decarbonisation of the Danish inland transport sector revealed that a ban on the
sale of ICE cars in 2025 enables the largest decrease in GHG emissions, i.e. 41%
reduction of cumulative GHG emissions from the inland passenger transport sector
with respect to the reference scenario. Moreover, the ICE ban in 2025 generates the
highest tax revenue for the exchequer among the scenarios analysed. Regulatory
measures focused on the derogation of tax have a lower relative effect on cumu-
lative GHG emissions reduction and have a net negative impact on tax revenue
when compared against the baseline. Nonetheless, all scenarios have a significant
level of decarbonisation by 2050, with a complete decarbonisation of inland pas-
senger transport in all scenarios where a ban on the sale of ICEs was imposed, and a
greater than 90% reduction relative to 2015 in policies focused on tax derogation.
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A broader analysis focusing on the entire energy system revealed that neither a total
derogation of VRT and fuel tax for EVs nor an early ban on the sale of ICE vehicles
would not contribute to maintaining the increase of global temperature limited to
1.5 °C.
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A B S T R A C T

The unsustainable growth in global transport activity is straining planet's resources and ecosystems. Hence, there
is a need to promote technological developments, regulatory instruments and social changes to reduce the
impact of mobility demand on energy use and environment. The current paper aims at assessing the impact and
effectiveness of transport policy measures in reaching emission reduction targets for the case of the integrated
energy and transport system of Denmark. Our analysis of policy scenarios is performed in collaboration with
experts, stakeholders and citizens, and facilitated by a newly developed Scenario Interface tool linked to the
energy system model TIMES-DK. Market signals, in the form of taxes on CO2 and fossil fuels, retain the highest
impact in lowering the carbon emissions from the transport sector, while the promotion of Mobility-as-a-Service
is the most cost-effective measure among those analysed. Finally, we discuss the implications of combining
instruments into policy packages and emphasise the urgency of addressing technology and policy solutions for
the maritime and aviation sectors.

1. Introduction

The continuous growth in global mobility demand, coupled with a
long-lived dependence on fossil energy resources, poses a significant
challenge in ensuring the future sustainability of the transport sector
(Eliasson and Proost, 2015). Transport activity accounts for 23% of the
energy-related greenhouse gas (GHG) emissions at global level
(International Energy Agency, 2015). While the increase in population,
income and trade contributes to the rise in energy demand for trans-
port, limited alternative fuels, especially in the heavy-duty segments,
along with lock-in effects in the fuel and transport infrastructure, have
determined a slower pace in the transition to renewable sources with
respect to other economic sectors (Cayla and Maizi, 2015; Jorgensen
et al., 2017).

Strategies aiming at reducing the impact of transportation on energy
consumption, GHG emissions and pollution cover technical, economic
and social measures, which can be grouped in three overarching ac-
tions: promote active and public transport modes (“shift”); reduce
commuting distances and the need to travel (“avoid”); increase effi-
ciency and switch to low-carbon alternatives (“improve”) (International
Energy Agency, 2012; Banister, 2008). Sustainable mobility can be
achieved by interventions within technology, regulation, information
and economy (Nakamura and Hayashi, 2013), further articulated into

physical, soft or knowledge policies (Santos et al., 2010). Moreover,
demand management measures targeting lifestyle and users’ behaviour
(Brand et al., 2019; Grischkat et al., 2014) should be assessed in com-
bination with supply side solutions, e.g. promoting technology and in-
frastructure development, through careful design of targeted policy
packages (Nakamura and Hayashi, 2013).

Evaluating the potential and implications of these actions in
achieving the mitigation targets can be informed from quantitative
assessment tools, such as integrated energy and transport system
models (Venturini et al., 1080; Gerboni et al., 2017). On the other hand,
the uncertainty around the future evolution of the energy and transport
system, coupled with the difficulty of sufficiently capturing all relevant
dimensions of reality in a quantitative model, can offset the usability of
the analyses. To secure coherence and impact on policy-making, these
limitations can be addressed by developing scenarios in a collaborative
framework, where stakeholders’ perspectives can be integrated to in-
form and support the quantitative modelling, through e.g. expert eli-
citation (Pye et al., 2018), multi-criteria analysis (Kowalski et al., 2009)
and interactive tools (Hickman et al., 2012). A close dialogue with
transport policy-making is indeed fundamental for identifying the sui-
table interventions to achieve sustainable mobility (Stephenson et al.,
2018; Hickman et al., 2012) and energy systems (Mathy et al., 2015;
Taylor et al., 2014). This process can clarify implementation barriers,
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potential synergies, expected acceptability and effectiveness of policy
instruments.

Within this framework, the present paper aims at offering a quan-
titative assessment of the impact and effectiveness of transport mea-
sures in reaching emission reduction targets for the case of the in-
tegrated energy and transport system of Denmark. A Scenario Interface
tool, linked to the energy system model TIMES-DK, facilitates the par-
ticipatory development and analysis of future scenarios, built as com-
bination of technology and policy assumptions. After introducing the
background for the case of the Danish energy and transport system in
Section 2, the modelling framework and main data assumptions are
described in Section 3. The development and definition of scenarios is
illustrated in Section 4, while the results for single and combined
measures are presented in Section 5. Section 6 discusses modelling re-
sults and policy implications, drawing the conclusions in Section 6.3.

2. Case study: the Danish energy and transport system

In Denmark, energy and climate goals have characterised the poli-
tical agenda since the 1970s, as to both ensure security of energy supply
and cost-effectively comply with GHG emissions targets (Danish Energy
Agency, 2016a). On the long run, Denmark aims at becoming com-
pletely independent of fossil fuels by 2050 (The Danish Government,
2011), contributing to European (European Commission, 2011) and
international commitments (UNFCCC, 2016) for a low-carbon society.
To ensure a robust pathway to these long-term goals, Danish energy
policy has traditionally been governed by energy policy agreements
(The Danish Government, 2018). Moreover, since 2014, a climate law
has been established to secure a continuous focus on climate policy,
with recommendations provided by the Climate Council (The Climate
Council, 2017).

As a result, the Danish energy system has witnessed in recent years
increasing investments in renewable energy, especially wind power,
solar photovoltaic and bioenergy, coupled with energy efficiency
measures both in industrial and residential sectors (Danish Energy
Agency, Denmark's Energy and Climate Outlook, 2018). Renewable
energy holds a total share of 35% in the primary energy consumption in
2017 (Danish Energy Agency, Denmark's Energy and Climate Outlook,
2018), with a target of 55% in 2030, as established in the latest energy
agreement (The Danish Government, 2018).

The transport sector, accounting for 34% of the final energy use and
38% of the energy-related CO2 emissions in 2016 (Danish Energy
Agency, 2016b), is primarily dominated by the use of fossil fuels, with
the largest segments being road and air transport. Battery electric and
plug-in hybrid vehicles represent only 0.5% of the total passenger fleet
in 2017, with an expected share of 7.4% in 2030 under business as
usual conditions (Danish Energy Agency, Denmark's Energy and
Climate Outlook, 2018). The private passenger sector is highly regu-
lated through a set of taxes (Tattini et al., 2018a): a vehicle registration
tax (VRT) proportional to the investment cost and depending on the
fuel efficiency, to be paid upon purchase; an ownership tax, based on
the fuel efficiency and weight of the vehicle, paid twice a year; and fuel
taxes, diversified per type of fuel (diesel, gasoline, electricity, LPG,
natural gas). Furthermore, the European legislation both on fuel
(European Parliament, 2009a; European Parliament, 2009b) and ve-
hicle efficiency standards (European Parliament, 2014) applies to the
Danish context. In particular, with respect to biofuels, the current
Danish legislation requires a 5.75% volume blending requirement
(Danish Energy Agency, 2015), with fuel standard E5 for gasoline and
B7 for diesel. By 2020, the minimum share of advanced biofuels is
raised to 0.5% and the maximum for food-based biofuels is set to 7%.

Incentives to promote a low-carbon transport system have been
mainly focusing on electro-mobility in the private sector (International
Energy Agency, Nordic EV Outlook, 2018; The Danish Government,
2011), as well as advanced biofuels and biomethane for the heavy
transport (Danish Energy Agency, 2015). Initiatives include pilot

projects for the introduction and test of electric vehicles, the estab-
lishment of funds for recharging infrastructure (The Danish
Government, 2011), and founding partnerships for promoting the use of
biomethane in freight and public transport (The Climate Council,
2017).

At planning and political level, more focus has been set on pro-
moting technology switch and energy efficiency measures, as means to
reduce the impact of the transport sector on fuel consumption, emis-
sions, congestion and local pollution. On the other hand, initiatives
such as car sharing, car pooling, promotion of non-motorised modes,
incentives to public transport through infrastructure investments and/
or subsidies could also contribute to a sustainable transport system
(Metroselskabet and Letbane, 2017; Grischkat et al., 2014).

Under the climate framework set by the European Commission for
the period 2020–2030 (European Commission, 2014), GHG emissions
from the sectors outside the European Emission Trading Scheme (ETS),
i.e. agriculture, residential and transport, should follow a reduction of
minimum 30% with respect to 2005 levels. In Denmark, the emission
reduction obligation in the non-ETS sectors has been set to 39%
(European Commission, 2018).

In light of these national and European targets for the transport
sector, the current study analyses the impact and effectiveness of a suite
of transport and energy policy measures in contributing to a more
sustainable transport sector for Denmark.

3. Methodology

The generation and analysis of transport policy scenarios is fa-
cilitated by a newly developed Scenario Interface tool coupled with the
energy system model TIMES-DK. A series of scenario workshops with
stakeholders, citizens and experts have been organised, with the pur-
pose of creating and discussing future visions of the transport sector in
Denmark, in the context of achieving a renewable-based energy system.
For further details on the specifics of the stakeholder engagement
process for this study, the reader can refer to (Venturini et al., 2019a).

3.1. Modelling framework

A variety of integrated energy and transport models exists, which
adopt a bottom-up or hybrid modelling approach, thus allowing for a
technology-rich representation of the transport sector (Venturini et al.,
1080). Such a disaggregated perspective strengthens the analysis and
definition of targeted policy measures, possibly diversified by vehicle
technology, fuel type, transport mode or consumer group. Moreover,
optimization models can determine least-cost pathways to meet a spe-
cific policy goal under a range of scenario assumptions. This strength
makes them useful decision support tools in assessing the long-term
effects of policies and measures in the integrated energy and transport
system.

Considering these model characteristics, the energy system model
TIMES-DK, belonging to the TIMES model family (Loulou et al., 2016),
was applied and further developed within this study. TIMES-DK is a
techno-economic, partial equilibrium model assuming full foresight and
perfectly competitive markets, with technological and economic pro-
jections until 2050. In particular, the model provides a system assess-
ment of the whole energy sector for Denmark, including the re-
presentation of energy technologies and their competition in supplying
the electricity, heat and transport demands, under the overall objective
of total cost minimisation (Balyk et al., 2019). The total system cost Obj
(Eq. (1)) discounted to the reference year YR at the discount rate d re-
presents the sum of annual investment costs Invr y, , fixed and variable
operation and maintenance costs O M& r y, , import costs Impr y, and export
revenues Expr y, for each model region r and year y. If included in the
analysis, i.e. private-economic assessment, taxes Taxr y, and subsidies
Subr y, are addends of the objective function.
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The inclusion of the most important end-use sectors of the economy,
i.e. industry, residential, and transport, allows examining the interplay
between supply and end-use sectors from a system perspective. In
particular, a whole system assessment can reveal synergy and compe-
tition dynamics, as the resources, such as fuels, heat and electricity, are
generated and shared across sectors.

For the purpose of this study, a Scenario Interface tool has been
developed in Microsoft Excel® 2016, gathering the main input as-
sumptions of TIMES-DK, with the aim of supporting the creation of

energy and transport scenarios by a non-modeller audience, typically
stakeholders and policy makers involved in foresight projects. The tool
allows the user to select a variety of parameters and constraints for the
energy system by using drop-down menus and tick boxes.

Background information and descriptions of choices in the form of
pop-up comments guide the user along the scenario creation in a self-
learning environment. Moreover, graphs illustrate the baseline projec-
tions for, e.g. transport demands and renewable energy production and
capacity, as to provide information on the reference scenario (see
Appendix A for further details).

The tool communicates the scenario choices directly with the model
TIMES-DK (Fig. 1), which compiles the run and executes the optimi-
zation algorithm in GAMS. Currently, the link with TIMES-DK is

Fig. 1. Modelling framework adopted for the creation of transport scenarios.
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achieved through the construction of input data tables, later read by
TIMES-DK's data management interface software (VEDA-FE 1). Further
development is undergoing for parsing the scenario data directly in
GAMS, thus allowing to bypass the data management software VEDA-
FE and speeding up the scenario creation.

In particular, the tool is organised around the sectors modelled in
TIMES-DK, i.e. supply, conversion, industry, residential and transport,
as well as on general policy targets. For each of these, a specific section
details a number of assumptions and constraints, which the user can
modify when creating a scenario. Choices are gathered around two
main types for each section: policy measures and technology assump-
tions (Fig. 1). For instance, in the transport sector, policy measures
include taxes adjustments, while technology assumptions comprise in-
frastructure development and penetration of electric bikes. During the
workshops herein reported, focus has been given to the sections related
to policy targets, supply and transport, as the main object of study was
discussing and creating visions for the future Danish transport system
(Venturini et al., 2019a).

3.2. Data

This section describes the main data inputs used to represent the
transport sector in TIMES-DK, as well as the measures analysed within
the integrated energy and transport system. For a complete overview of
the data and assumptions used in TIMES-DK, including data sources and
model calibration for all sectors, the reader can refer to the model
documentation (Balyk et al., 2019).

3.2.1. Representation of the transport sector
In TIMES-DK, the transport sector includes both passenger and

freight, with further disaggregation into several modes. Passenger
transport covers air, ferry, private car, bus, coach, rail (metro, train,
light rail), 2-wheeler (motorcycle and moped) and non-motorised
modes (bike and walk). Freight comprises aviation, shipping and the
inland modes van, truck and train (Tattini et al., 2018b).

The TIMES-DK model version used for this study contains an ad-
vanced representation of the inland transport sector (Tattini et al.,
2018b), in which modal shift can occur, based not only on the levelised
costs of the modes, but also on mode speed and transport infrastructure
requirements. This latter parameter ensures that the level of infra-
structure accommodates the mobility demand for each mode or group
of modes, with three main transport infrastructure types included, i.e.
road, bike lanes, and railways.

Yearly travel demands (Fig. 2) need to be satisfied at the minimum

cost, while complying with an assigned travel time budget (the latter
condition valid for the inland passenger demands). The set of technol-
ogies competing for satisfying the demands represent vehicles, each
characterised by techno-economic parameters, i.e. investment cost,
operation and maintenance cost, fuel efficiency, mileage, lifetime, tra-
velling time, and occupancy/load factor. As a convention, the annual
demands for international aviation and maritime transport are calcu-
lated by attributing, for each trip, half of the travelled kilometres to
Denmark and half to the other country.

Fuel supply chains, both fossil and biofuels, are modelled from
production to distribution, along with fuel imports and exports
(Venturini et al., 2019b). Fuel consumption in vehicles is associated
with CO2 emission factors (kg CO2/GJ fuel). Furthermore, the motor
vehicle taxes discussed in Section 2 are included in TIMES-DK, di-
versified by vehicle and fuel type, while assuming average vehicle sizes
for each technology included.

3.2.2. Transport measures analysed
The selection of measures to be analysed in the adopted modelling

framework follow from a literature review combined with inputs
gathered during scenario workshops (Venturini et al., 2019a). In these
workshops, stakeholders, interested citizens and experts in the energy
and transport fields were invited to outline and discuss the most un-
certain and impacting parameters affecting the transport sector in the
context of living up to Denmark's 2050 goals and achieving a 100%
renewable-based energy system. The purposive selection of the stake-
holders was performed with the aim of including representatives from a
variety of public and private organizations in the energy and transport
domain in Denmark. Another important objective was to include sta-
keholders with a wide range of perspectives on issues related to energy
and transport in Denmark, with varying expertise and knowledge. For a
complete overview of the stakeholder involvement process and scenario
development study, the reader is invited to refer to the complementary
article (Venturini et al., 2019a).

In a first stage, a combination of technology and policy measures
were elicited from the stakeholder engagement work and later included
in the Scenario Interface tool. In a second stage, the Scenario Interface
tool was adopted for the development of consistent energy and trans-
port scenarios, built as combinations of the different policy measures
and technology assumptions.

Table 1 lists the measures affecting the transport sector included in
this study, as a result of the performed scenario exercises. As explained
in Section 3.1, the parameters analysed include both transport policy
measures (e.g. vehicle registration tax), assumptions on technology
(e.g. share of e-bikes), travellers’ behaviour (e.g. car occupancy) and
infrastructure development (e.g. railways infrastructure). Each measure

Fig. 2. Projections of passenger (a) and freight (b) transport demands for Denmark.

1 http://support.kanors-emr.org/.
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is analysed on a range of values, bounded at the extremes by literature
values and choices of stakeholders. For instance, the parameter car
occupancy, at the one end, represents a case in which autonomous
mobility is widespread (average of 1 person/vehicle), while, at the
other end, it portrays a case where Mobility-as-a-Service (MaaS) is
largely adopted in the form of car sharing and car pooling (average of 2
person/vehicle). Additional behavioural measures comprise the choice
of no-travel embedded in the measure of teleworking, resulting in re-
duced commuting travel demand, and the level of adoption of electric
bikes. Infrastructure parameters include the further development of
bike lanes, investments in high-speed rail for long-distance passenger
transport, and the development of a more interconnected public
transport system resulting in reduced waiting times, thus travelling
times for users (Santos et al., 2010). On the other hand, transport
regulatory measures include a ban on Internal Combustion Engine (ICE)
vehicles, with a range of enforcement years (Tattini et al., 2018a);
adjustments of fuel taxes applied to transport vehicles, both fossil and
electricity; exemption of the vehicle registration tax for plug-in hybrid
electric vehicles (PHEV), battery electric vehicles (BEV), and both
PHEV and BEV.

3.3. Energy measures analysed

To analyse possible system synergies achieved through cross-sec-
toral policies, as well as to assess the feasibility of supplying the
transport sector with the domestic renewable energy resources, mea-
sures encompassing the whole energy system are included in the study,
as illustrated in Table 2. Restricting the access respectively to imported
biomass and biofuels, under a range of starting years, allows to evaluate
the level of resource-dependence from abroad. The imposition of a tax
on CO2 emissions from both ETS (i.e. power and heat, large industrial
plants) and non-ETS sectors (i.e. transport and residential) is considered
with three variants: the first case assumes a constant tax across years,
equal to the level in 2015 (International Energy Agency, 2016); the
second case applies the quota price valid within the ETS market also to
non-ETS sectors, using price projections from the Danish Energy Agency
(Danish Energy Agency, 2017a); the last case adopts the 2 °C scenario
from Nordic Energy Technology Perspectives (International Energy
Agency, Nordic Energy Technology Perspectives, 2016) for both ETS
and non-ETS emissions. To comply with Denmark's goal of becoming
independent of fossil fuels by 2050 (The Danish Government, 2011), we
implement a banning measure imposing a complete phase-out of fossil

fuels from the sectors power and heat, residential and industry, starting
from 2040.

4. Scenario definition

To compare the impact of the different transport and energy mea-
sures, these are firstly applied one-at-a-time onto a Business As Usual
(BAU) private-economic scenario, representing a frozen policy scenario
of the Danish energy system, including taxes and subsidies in all sectors.
The BAU case performs a long-term optimization of the Danish energy
system, with exogenous assumptions on price developments, technol-
ogies potentials and decommissioning. Exogenous future fuel prices are
aligned with Danish projections (Danish Energy Agency, 2017b), while
electricity prices regulating the trade with neighbouring countries, as
well as transmission lines capacities, are based on data from the Danish
Transmission System Operator (TSO) (Energinet., 2018) and European
TSO (ENTSO-E, 2018).

Furthermore, two other reference cases are presented: BAU_SE, a
socio-economic BAU, i.e. without taxes and subsidies applied in the
energy system, and CO2_SE, representing a carbon-constrained socio-
economic scenario. The latter case contains a cumulative bound on CO2

emissions from all sectors, in compliance with a maximum temperature
increase of 1.5∘C compared to pre-industrial levels, with 66%–50% level
of confidence (IPCC, 2014; UNFCCC, 2016). As a common agreement
on the attribution method for allocating the climate mitigation burden
among world nations does not yet exist, a variety of approaches could
be applied to attribute Denmark's share of the global carbon budget
CO w2 (IPCC, 2014), including effort-sharing criteria such as responsi-
bility, capability, equality, and cost-effectiveness (Hohne et al., 2014).
In this study, the concepts of inertia, i.e. emissions, and equity, i.e.
population, are equally distributed, as in the method proposed by
(Raupach et al., 2014) (Eq. (2)).

= +CO CO w
pop
pop

w emis
emisi w pop

i

w
emis

i

w
2 2

(2)

The carbon budget CO i2 for each country i is proportional to po-
pulation popi and emissions emisi ratios on the respective global values
popw and emisw (2011 levels used herein (World Bank Group, 2018)),
with weight factors respectively wpop and wemis, both assumed 0.5 in this
study. The resulting carbon budget for Denmark from 2015 lies within
the range of 400–860 million tonnes of CO2.

Table 1
Transport measures analysed. L: Literature review; S: Stakeholders input; E: Estimate.

Measure Category Value Range Unit Year Quantification

Bike infrastructure Level of investment +50% +100% million pass-km/year 2030 L
E-bikes Share on bikes total 1% 10% 25% 50% % 2030 E + S
Railways infrastructure Average speed 120 150 km/h 2030 L
Public transport Travelling time −1% −10% % 2025 L
Car occupancy Autonomous cars/MaaS 1 2 person/vehicle 2025 L + S
Teleworking Commuting demand −1% −5% % 2030 L
ICE cars ICE ban 2025 2030 2040 2050 Year enforced – L + S
Fossil fuel Fuel tax +10% +50% +100% % 2025 E + S
Electricity Fuel tax −10% −50% −100% % 2025 E + S
Vehicle registration tax Tax exemption PHEV BEV PHEV & BEV Vehicle class 2025 L + S

Table 2
Energy system measures analysed. L: Literature review; S: Stakeholders input; E: Estimate.

Measure Category Value Range Unit Year Quantification

Biomass No import 2025 2030 2040 2050 Year enforced – E + S
Biofuels No import 2025 2030 2040 2050 Year enforced – E + S
CO2 emissions CO2 tax ETS: 8 - NETS: 23 ETS: 23 - NETS: 23 ETS: 30 - NETS: 30 €/ton 2025 L + S

ETS: 8 - NETS: 23 ETS: 43 - NETS: 43 ETS: 130 - NETS: 130 €/ton 2050
Fossil fuels Phase-out Power&Heat Residential Industry Sector 2040 L + S
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The transport-focused scenarios are built as a combination of the
single transport and energy measures. In particular, we analyse three
theme-focused scenarios, New Mobility, Electrification and Market-driven
(Table 3), informed by the scenario choices made by workshop parti-
cipants, and further refined to contain the most impacting measures
(Section 5.2). Considering their impact on the total transport demand
and fuel consumption (Fig. 2), we analyse one additional scenario, Sea&
Air, focusing on the decarbonisation of the aviation and maritime
transport sectors. In this last case, the only analysed measure is the
imposition of a ban on the use of fossil fuels in these transport modes,
enforced from 2040.

5. Results

5.1. Reference scenarios

In the three reference scenarios, the future fuel consumption from
the Danish transport sector decreases from the current levels (Fig. 3),
primarily through an increased share of electricity in the fuel mix for
the inland transport segment. Furthermore, biofuels such as biodiesel,
bioethanol and biokerosene, progressively substitute their fossil coun-
terparts. For all the reference scenarios, while both biodiesel (36 PJ in

2050) and bioethanol (8 PJ in 2050) are domestically produced from
biomass resources, e.g. rapeseed oil, sugarbeet and agricultural re-
sidues, the biokerosene supplying the aviation segment is mainly im-
ported from abroad (37 PJ in BAU and 46 PJ in CO2_SE in 2050).

No major differences can be observed between the private-economic
and the socio-economic base cases, except for the phase-out of diesel
from 2040 in BAU_SE. In the carbon-constrained scenario CO2_SE, a
switch from kerosene to biokerosene in the aviation sector along with a
greater blending of biodiesel into diesel within the inland segment re-
sults in significantly lower fossil emissions, respectively reduced by
68% in 2040 and 73% in 2050, with respect to the BAU scenario.

Within the whole Danish energy system, the transport sector ac-
counts for 42% of the total CO2 emissions in 2015, maintaining the
same share in 2050 in the BAU scenario (Fig. 4). However, while the
inland transport segment is responsible for the largest part of transport-
related emissions in 2015 (74%), the aviation and maritime sectors are
the main emitters in 2050, respectively accounting for 73% and 19% of
the total transport emissions. Industry and waste incineration are the
other remaining sectors where decarbonisation options are more scarce
or too expensive. Therefore, increasing focus should be set on evalu-
ating and supporting solutions targeting technologies, policies, users'
and firms’ behaviour in these most challenging (and often less re-
garded) segments of the energy system.

Under the carbon-constrained socio-economic scenario, CO2_SE, the
industry sectors become progressively more renewable-based towards
2050, through a fuel switch from diesel, coal and natural gas to biomass
and electricity. The modal split across the inland transport modes
(Fig. 5) remains stable across the three reference scenarios, except for a
slight increase in the share of buses in the mid-years in the BAU_SE and
CO2_SE cases, at the expenses of private cars. The reason is to be found
in the parameters affecting modal choice, i.e. mode cost and travel
time, which are not changed nor affected in the reference scenarios. Car
holds the largest segment, covering 74% of the travel demand in 2050.
In the absence of policies targeting modal shift, most modes present
constant shares across time, while the bike share increases from 3% in
2015 to 7% in 2050, and the light rail slightly moves from 2% to 3% in
the period 2015–2050.

5.2. Transport and energy measures - single effects

The effect of the single transport and energy measures applied to the
BAU scenario is presented in Fig. 6, which illustrates their relative ef-
fectiveness, i.e. the total energy system cost including all sectors, and

Table 3
Scenario definition - combined transport and energy measures.

New
Mobility

Electrification Market-
driven

Sea&Air

Bike infrastructure – – – –
E-bikes 50% – – –
Railways

infrastructure
– – – –

Public transport – – – –
Car occupancy 2 – – –
Teleworking 5% – – –
ICE ban – – 2030 –
Fossil fuel tax – +100% – –
Electricity tax – −100% – –
Vehicle registration

tax
– PHEV & BEV – –

Biomass no-import – – – –
Biofuels no-import – – – –
CO2 tax – – 130 €/ton –
Fossil fuels phase-out – Power&Heat – Maritime&

Aviation

Fig. 3. Fuel consumption from the Danish transport sector. Deviations from the BAU are reported for the scenarios BAU_SE and CO2_SE.
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impact, i.e. the cumulative CO2 emissions from the transport sector. The
scatter plot displays with a coloured symbol the measures with the
highest impact on system cost and emissions, while the remaining
measures, having a minor effect on the assessment parameters, are all
positioned within the dotted circle in the centre of the graph. As a re-
ference, the cumulative CO2 emissions from the transport sector
(2020–2050) amount to 209Mt, for a total system cost of 413740
million € in the BAU case.

One of the most effective measures in reducing the emissions from
the transport sector are the fuel taxes, respectively an exemption of the
fuel tax for electricity and a doubling of the taxes applied to gasoline
and diesel consumption in vehicles. This taxation measure retains a
large influence on transport emissions, as it affects all inland vehicle
technologies. On the other hand, lifting the VRT for BEVs and PHEVs
does little in terms of reducing emissions from the private passenger
segment, as the car stock is composed by low-carbon vehicles already in
the BAU scenario. To this respect, the optimal car stock determined by
TIMES-DK might contain an optimistic introduction of BEVs and
PHEVs, due to the assumed average vehicle sizes and static vehicle
retirement profiles.

The imposition of a carbon tax on CO2 emissions from all sectors,
including transport, holds the largest effect on shifting the transport
sector towards renewable sources and transport modes: the lower
emissions from the transport sector are mainly explained by a fuel
switch to biofuels in the aviation sector, and to electricity in the bus and
coach segment.

The development of teleworking, embracing the options of working
from home and choosing not to travel, has an impact on the long-dis-
tance commuting demand, with resulting positive consequences for the
emission budget. As expected, transport emissions can be lowered also
through a higher car occupancy, as less vehicles are required to deliver
the same transport demand. On the other hand, when assuming an
occupancy factor equal to 1 for passenger cars as a proxy for a greater
adoption of autonomous vehicles, we observed that the emissions from
the transport sector are also significantly reduced. The reason for this
counter intuitive result derives from the trade-off between infra-
structure investments, i.e. in road and rail, and technology investments
in the inland transport segment. While car dominates the mode shares
in the BAU scenario, covering 72–77% of the inland transport demand
in the period 2020–2050, a modal shift occurs from cars towards buses

Fig. 4. CO2 emissions from the Danish energy system by sector. Deviations from the BAU are reported for the scenarios BAU_SE and CO2_SE.

Fig. 5. Modal split of the Danish inland transport sector. Deviations from the BAU are reported for the scenarios BAU_SE and CO2_SE.
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and trains when applying a lower car occupancy factor. As the reduced
occupancy would require expensive investments in road infrastructure
to accommodate the increased number of vehicles on the roads, in-
vestments in railways infrastructure are preferred in a least-cost solu-
tion.

With a 50% share of e-bikes, a larger part of the medium-distance
inland transport demand is covered by the bike mode (4% against 2% in
the BAU, as an average over the period 2030–2050), as electric bikes
allow longer distance trips, in the range of 25–50 km. As a result, the
transport sector witnesses a slight decrease in its CO2 emissions, i.e. by
2% with respect to the BAU case.

Higher car occupancy factors and adjustments in the fuel taxation
bring about a positive impact also on the total system cost.
Furthermore, a more interconnected public transport system resulting
in lower travelling times slightly reduces the total system cost, as lower
infrastructure investments are required to satisfy the same level of
mobility demand. Conversely, the most expensive measures include the
scenarios with increased investments in bike infrastructure and the
teleworking cases, where part of the long-distance inland demands
shifts to train, with consequent higher investments in railway infra-
structure. As previously observed for the case of low car occupancy,
infrastructure represents a significant cost component in the total
transport cost, partly explaining the slow pace of transition for this
sector (see also Section 5.3).

Limiting the imports of biofuels as early as in 2025 causes a rise in
transport-related emissions because biofuels are partly substituted with
fossil fuels, in particular for gasoline and kerosene. The reason is to be
found in the absence of constraints on import and use of fossil fuels in
transport. As a result, in the private passenger segment, the biofuel limit
scenario witnesses a slower uptake of battery electric vehicles in favour
of more plug-in hybrids, with respect to the BAU case. Reducing the
travelling time for public buses prompts, as expected, a modal shift
from bikes and cars towards buses. However, this results in a slight
increase in transport-related CO2 emissions (0.5% higher than BAU),
because of the increased diesel consumption in the years 2020–2025.

5.3. Transport and energy measures - combined effects

The combined effectiveness and impact of the single transport and
energy measures, aggregated in the three theme-focused scenarios, is

presented in Fig. 7. Among the three stakeholders’ cases, the Elec-
trification scenario realises the highest emission reduction, through the
implementation of a regulatory framework promoting simultaneously
low-carbon electricity production and electro-mobility, especially in the
private passenger segment. A stronger introduction of BEVs is moved up
to the year 2020 with respect to 2030 in the BAU scenario, at the ex-
penses of PHEVs, due to the higher fuel taxes on gasoline. As a result,
the car fleet is fully electrified in 2050.

The lower emissions in the Market-driven scenario are primarily
explained by the introduction of a high carbon tax (International
Energy Agency, Nordic Energy Technology Perspectives, 2016), applied
to fossil fuel consumption in all sectors. This results in an increased
share of biofuels in the aviation sector starting from 2030, reaching a
biokerosene blending of 60% in 2050. Moreover, a fuel switch occurs
from diesel to electricity in buses and coaches moving towards 2050.
While no relevant modal shift takes place in these two scenarios, in the
New Mobility case, the high car occupancy generates a shift from bikes
and coaches towards cars, which deliver 79% of the total travel demand
in 2050 (against 72% in 2020), yet at lower transport-related emissions.
Furthermore, the 5% lower commuting demand, due to the assumed
teleworking, contributes to reducing the total fuel consumption in the
inland transport sector.

The scenario Sea&Air highlights the importance of a fuel switch in
the aviation and maritime sectors for reaching the decarbonisation
targets, in the absence of reductions in travel demands or modal shift,
e.g. from air to train for domestic flights. Within air transport, a shift
occurs from kerosene to biokerosene, as this was the only low-carbon
option considered in the model. Other aviation propellants, e.g. elec-
tricity for short-distance flights, have not been included at this stage. In
the maritime sector, heavy fuel oil is progressively phased out and re-
placed by biodiesel. Although the analysis on future options for mar-
itime fuels should be broadened, this scenario underlines the con-
sequences of not addressing the transition to low-carbon options in
these energy-intensive transport segments. In fact, the Sea&Air case
lowers the cumulative transport-related fossil emissions by 25% com-
pared to the BAU.

The significance of transport infrastructure costs is highlighted in
Fig. 8, which summarises the breakdown of annual transport costs
across the analysed scenarios for three reference years. The transition to
a more sustainable transport sector requires investments in transport

Fig. 6. Relative effects of single transport and energy measures on total system cost and transport-related emissions compared to the BAU scenario (cumulative effects
for the period 2020–2050).
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technologies in all scenarios in the period 2015–2050, due to the up-
grade to new and more fuel-efficient transport vehicles. On the other
hand, this is accompanied by a general decrease in fuel costs and taxes,
owing to the higher penetration of electricity as a transport fuel.
Starting from 2025, the New Mobility case realises a lower total trans-
port cost with respect to the other scenarios, due to the more efficient
use of transport vehicles through the assumed high car occupancy
factor.

Fuel costs, including fuel infrastructure, hold an increasingly mar-
ginal share of the total transport cost, equivalent to 5% on average in
2050. On the other hand, transport infrastructure, mainly railways and
marginally cycling lanes, covers approximately 40% of the total annual
transport cost in 2050 for all scenarios, except for New Mobility. As
previously discussed, the New Mobility case does not require additional

investments in transport infrastructure, as the existing infrastructure
can sufficiently accommodate the whole inland transport demand.

6. Conclusion and policy implications

6.1. Policy implications

Considering the energy and transport measures in isolation, market
signals in the form of taxes or subsidies, i.e. fuel and CO2 taxes, re-
present the most effective measures for emissions reduction in the
transport sector. On the other hand, the imposition of a ban on ICE
vehicles has a minor impact on total emissions, as the car stock is al-
ready composed of mostly hybrids or electric vehicles from 2035 in the
BAU scenario, where a continuation of the current VRT reduction on

Fig. 7. Relative effects of combination scenarios on total system cost and transport-related emissions compared to the BAU scenario (cumulative effects for the period
2020–2050).

Fig. 8. Overview of total annual costs in the transport sector by scenario for three reference years.
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purchases of electric vehicles is assumed. Similarly, a ban on fossil fuels
in the industry or residential sector does not affect the transport sector
directly, since no cross-sectoral competition arises over resources, e.g.
biofuels. Moreover, the measures targeting fuel switch are far more
effective at reducing emissions than the instruments designed for modal
shift, e.g. decreasing travelling time or investing in rail infrastructure.
However, the aggregated geographical resolution and the simplified
representation of modal shift in TIMES-DK possibly hinder a deeper
analysis of the potential of specific parameters and policies targeting
modal shift, e.g. policies closely related to urban planning and land use
patterns, such as parking reforms, dedicated bus lanes, and road pri-
cing.

When combining the single measures into policy packages, a more
complete picture of the policy interaction within the energy and
transport system is obtained. The hollow circles in Fig. 7 locate the sum
of the effects of the single measures considered in each combination
scenario. The proximity between the model results of the combination
scenarios, i.e. the full circles, and the calculated combined effect of the
single measures, i.e. the hollow circles, can provide an indication on the
existence of synergies and complementarities across the single policy
instruments (May et al., 2006). The Electrification scenario, combining
regulation of the power sector, fuel taxes and vehicles registration
taxes, shows additivity of the single policy instruments from both an
economic and environmental perspective, i.e. the benefit from the use
of all the instruments in a policy package is similar to the benefit of
each instrument in isolation (May et al., 2006). In the Market-driven
case, no particular pattern can be observed, as the application of a
carbon tax retains the major impact on cost and emissions. On the other
hand, the carbon tax positively impacts the rest of the energy system,
reducing the emissions from the residential and industry sectors by
74Mt in the period 2020–2050.

The scenario New Mobility reveals a synergy among the implemented
measures when considering the impact on the system cost, as the si-
multaneous use of the three instruments provides a greater benefit than
the three measures taken in isolation. In particular, the combined effect
of a greater adoption of ride- and car-sharing, together with the in-
creased possibility of teleworking is explained by the reduced infra-
structure requirements for road and rail to accommodate the passenger
travel demand. The same synergy effect cannot be observed for the
impact on emissions, as e.g. the assumption on higher occupancy for
cars neutralises the introduction of more e-bikes in the system. When
designing policy packages, these dynamics should be considered to
obtain the desired system performance, here measured on system cost
and transport emissions. Policy integration has in fact proved effective
when applying a combination of push measures, e.g. discouraging car
use through higher taxes, and pull measures, e.g. improvement of the
level of service of public transport (Santos et al., 2010).

In terms of effectiveness, the macro-economic effects and implica-
tions of the actual policy implementation are not included in the total
system cost, as computed in the model TIMES-DK. However, in practice,
the feasibility of the analysed measures depends on several factors, such
as political negotiations, market barriers and public acceptability.
Market and regulatory measures, such as a CO2 tax on fossil fuel con-
sumption, can follow from national or international directives. The
European ETS is based on a cap-and-trade principle and it covers CO2,
N2O and PFC (Perfluorinated compound) emissions from power plants
and manufacturing installations, as well as airlines travelling between
European airports (Narassimhan et al., 2018; European Commission,
2017). In Denmark, the ETS partially overlaps with a national CO2 tax
applied to the consumption of fossil fuels, with large exemptions to, e.g.
large-scale heat and power plants, energy-intensive industries, inter-
national aviation and international shipping (Danish Ministry of
Taxation, 2017). The application of the CO2 tax to the whole transport
sector, as proposed in this present study, would require an explicit
extension of the current system. European standards also set a
minimum level for taxes on motor fuels in EU member states (Council of

the European Union, 2003). In this respect, literature studies have re-
ported a uniform country-independent negative elasticity for the price
of motor fuel in the range of −0.3 to −0.8 on travel demand (Elvik and
Ramjerdi, 2014), stressing on the effectiveness of this measure in ad-
dressing fuel (and possibly mode) shift in transport. Policies operating
on the vehicle registration tax, often in combination with scrapping
schemes, have proven successful in speeding-up the adoption of low-
carbon vehicles, especially in the private passenger segment, both in-
ternationally and in the Nordic context (International Energy Agency,
Nordic EV Outlook, 2018). Moreover, future studies could investigate
the impact of a strong power market, such as the Nordpool in the
Northern Europe, on laying down favourable conditions for the wide-
spread adoption of electro-mobility (e.g. by offering grid stability, de-
mand response and power storage solutions).

Investments in transport infrastructure display a local-dependent
success rate with high effectiveness in densely populated urban areas,
with notable examples in London, where large investments in bus ser-
vice infrastructure and safety, coupled with the enforcement of a road
toll ring, have shifted a large share of the commuting trips from private
car to public transport (Santos et al., 2010). Moreover, the improve-
ment of walking and cycling lanes, as well as the physical integration of
railway stations and walking and cycling facilities is associated to an
increase in the share of non-motorised modes in cities like Copenhagen
in Denmark (Santos et al., 2010). Finally, soft measures, such as the
promotion of MaaS and teleworking, require a critical user mass and the
identification of potential user groups through attitude-based segmen-
tation (Grischkat et al., 2014) to design targeted information, aware-
ness and marketing campaigns.

6.2. Methodological insights

The facilitated participatory definition of energy and transport
policy scenarios allowed analysing and pinpointing the set of relevant
measures, both taken in isolation and as part of policy packages, which
are effective at reducing transport emissions in the Danish context. The
inclusion of and interaction with stakeholders supported mutual
learning and shared understanding along the process (Venturini et al.,
2019a). From the modelling side, experts’ inputs contributed to the
validation of assumptions and in determining the feasible spectrum of
policy change, i.e. the range along which a specific parameter was
tested. From the policy-making side, the co-development of scenarios
raised awareness around the critical aspects of the energy system from a
technical and environmental perspective, e.g. the urgency of addressing
the most impacting segments of the transport sector. The ability of a
model to work as “boundary object”, thus performing a communicating
and binding role between the academic and institutional communities
has been already identified by (Van Daalen et al., 2002), within en-
vironmental policies, and by (Taylor et al., 2014), for the case of the
MARKAL model in the UK context. Moreover, an inclusive and com-
prehensive screening of policy measures allows for decision-making to
be based on a more robust and democratic process, which accounts for
future uncertainties and multiple perspectives (Kowalski et al., 2009).
On the other hand, the process requires several iteration steps, as to
integrate additional policy measures in the modelling framework, ac-
cordingly to the pace of the political decisions, or to re-calibrate model
parameters, e.g. a change to a tax scheme. Still, the mutual learning is
inevitably a lengthy and intricate journey, in that a constant reciprocal
communication needs to inform on the model capabilities and limita-
tions in capturing measures and trends, as well as on the relevance of
addressing the components not covered in the model with alternative
assessment methods.

6.3. Conclusions

This study analysed the impact and effectiveness of measures pro-
moting technological development, regulatory instruments and social
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changes for the case of the integrated energy and transport system of
Denmark. We addressed a variety of measures, both in isolation and in
combination within policy packages, in cost-effectively reducing
transport-related CO2 emissions. Market signals, in the form of taxes on
CO2 and fossil fuels, retain the highest impact in lowering the carbon
emissions from the transport sector. On the other hand, the promotion
of MaaS with associated higher utilisation rates of passenger vehicles is
the most cost-effective measure among those analysed. Furthermore,
the New Mobility scenario, targeting behavioural changes through the
promotion of MaaS, teleworking and increased adoption of e-bikes, il-
lustrates cost synergies from the combination of the different measures.

The application of a Scenario Interface tool allowed integrating
stakeholders, citizens and experts in the field, thus benefiting both the
validation of model assumptions and the creation of consistent and
policy-relevant scenarios. Moreover, the participatory scenario devel-
opment and analysis supported a shared understanding of pathways
and system implications, as the workshop participants could observe
the effects of their scenario choices on the modelling results.

The employed modelling framework harnesses the strength of en-
ergy system models like TIMES-DK in portraying policy interactions
across the whole system, thus highlighting the need to address the
transition to sustainable transport through the design of coherent policy
packages. On the other hand, local-specific measures, e.g. parking re-
forms or road pricing, could be analysed with more geographically
detailed tools. Similarly, qualitative methods exploring transport users’
behaviour and preferences might better assess the effects and implica-
tions of soft policies, e.g. information campaigns on eco-driving.
Finally, considering the impact of the maritime and aviation sectors on
fuel consumption and GHG emissions, future research could expand
their technological representation in integrated energy and transport
system models, and investigate demand drivers and policy measures for
these transport segments.
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Transition to Sustainable Transport Systems: Perspectives on alternative fuels, col-
laborative development of coherent scenarios and policy analysis for the case of 
the Danish energy system. 
 
As the urgency of tackling climate change becomes apparent, the transition to low-
carbon energy systems requires unparalleled and concerted efforts. The continuous 
growth in global mobility demand, coupled with a long-lived dependence on fossil 
energy resources, poses a significant challenge in ensuring the future sustainabi-
lity of the transport sector. This calls for actions advancing technological develop-
ments, establishing regulatory frameworks and promoting social changes to reduce 
the impact of mobility demand on energy use and environment. At the same time, 
uncertainty around the evolution of this interdependent socio-technical system im-
plies that its future configuration cannot be forecasted, but rather shaped, by initia-
ting and supporting scenario discussions among stakeholders and policy-makers. 
This process in turn can clarify suitable interventions, implementation barriers, po-
tential synergies, expected acceptability and effectiveness of policy instruments.  
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