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Abstract: Experiencing the highest growth in emissions since 1990 and relying mainly on oil, transport
is considered the most complicated sector to decarbonize. Lately, the Nordic countries have shown
remarkable success in reducing greenhouse gas (GHG) emissions, especially in the power and heat
sector. However, when it comes to transportation, the greatest source of Nordic GHG emissions,
stronger measures are needed. Relying on a rich and diversified portfolio of renewable sources and
expertise, the Nordic countries could benefit from a common mitigation strategy by encompassing a
larger variety of solutions and potential synergies. This article reviews studies addressing integrated
energy and transport scenario analysis for the Nordic region as a whole. The studies targeted are
those applying energy system models, given their extensive adoption in supporting scenario analysis.
Most notable of these studies is the “Nordic Energy Technology Perspectives 2016” to which a special
focus is dedicated. The article reviews the methodological choices and the research content of the
selected literature. Challenges/limitations are identified in light of recent transport research, and
categorized as: “transport behavior”, “breakthrough technologies”, “domestic energy resources”
and “geographical aggregation and system boundaries”. Lastly, a list of suggestions to tackle the
identified gaps is provided based on the existing literature.

Keywords: alternative fuels; decarbonization; energy system modelling; low-carbon transition; NETP
2016; sustainable mobility; transport behavior

1. Introduction

The transport sector is responsible for 23% of global greenhouse gas (GHG) emissions (2015
data), and it has the least diversified energy demand among all sectors, relying almost entirely
on oil products [1]. In its baseline scenario outlined in the Energy Technology Perspectives (ETP),
the International Energy Agency (IEA) estimates a 75% increase of global energy consumption in
transportation by 2050 and a consequent doubling of associated CO2 emissions [2]. Countries worldwide
have already declared long-term mitigation measures in their National Determined Contributions.
However, their commitments are still not in line with the Paris Agreement [3], which calls for more
ambitious actions. In order to facilitate a transition to a low-carbon transportation sector, IEA suggests
the adoption of a combination of three technological and behavioral measures: avoiding travel demand,
modal shift and improvements in vehicle efficiency [4].

In the Nordic region, the transport sector represents the greatest source of GHGs. It accounts for
almost 40% of total CO2 emissions, which is higher than the global average. However, the Nordic
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countries are pioneers in deploying sustainable energy technologies, each with its peculiarities: e.g.
wind power in Denmark, hydropower in Norway, biomass in Finland and Sweden and geothermal
energy in Iceland. Moreover, the well-integrated Nordic regional electricity market is enabling a high
penetration of renewables, for instance connecting Norwegian hydro reservoirs to Danish wind farms
in periods with a lack of demand. Besides the power and heat sector, the Nordic transport sector has
also started a slow sustainable transition. For instance, the aggressive policy support for electric cars
(especially in Norway) has recently made the Nordic region the third largest electric car market by
volume of sales in the world, just after China and the United States [5]. However, the Nordic transport
sector is still far from decarbonization.

Relying on a rich portfolio of diversified renewable energy sources and expertise, Nordic countries
could benefit by outlining a common Nordic mitigation strategy by encompassing a larger variety
of sustainable solutions and possible synergies [6]. Moreover, the Nordic region is already today
in a favorable position in creating first-mover advantages regarding the low-carbon technological
transition [7]. Therefore, besides benefitting from reducing their own emissions, the Nordics could
eventually help other European countries in achieving their environmental goals by exporting the
developed solutions and expertise.

Energy system models have been supporting long-term decision making for the energy sector
for long time and for different countries [8], representing valuable and powerful tools for identifying
specific technology deployment pathways under alternative policy scenarios. Energy system analysis
has been extensively applied also to investigate dedicated decarbonization strategies for specific sectors
such as heat [9], residential [10] and transport [11,12]. However, despite the potential benefits in
outlining a common Nordic strategy, most of the available literature focuses on single countries, e.g.
Denmark [11,13], Iceland [14], Norway [15] and Sweden [12], while the Nordic region as a whole is
addressed only by few studies, calling for further analyses.

The aim of this article is to review the state of the art of studies applying energy system analysis
for integrated energy and transport scenarios for the Nordic region, and to provide recommendations
for future research. Specifically, the studies targeted are those addressing the Nordic region as a whole,
enabling the identification of possible synergies across countries, thus studies focusing on single Nordic
countries are not reviewed. The identified literature is analyzed in terms of methodological choices
adopted and research content targeted. Among all the studies reviewed, a special focus is given to the
“Nordic Energy Technology Perspectives 2016” (NETP 2016) [16], which, despite being published three
years ago, still represents the most complete study assessing future energy scenarios for the Nordic
region. Based on the critical review of the selected literature, research gaps are identified and discussed
in light of recent findings in transport research. In particular, the gaps are organized in four main
categories: 1) transport behavior, 2) breakthrough technologies, 3) domestic energy resources and 4)
geographical aggregation and system boundaries. A list of solutions to tackle the identified gaps is
provided based on additional literature including also single Nordic country analyses.

In Section 2, the criteria adopted for the review are provided. In Section 3, the results of the review
are presented. Section 4 identifies the research gaps and discusses the motivation to fill them. Moreover,
a set of best practice examples is provided based on additional relevant literature, and insights on the
implications of adopting such practices are discussed within an energy system modelling rationale.
Finally, Section 5 articulates the conclusions.

2. Review Methodology

The Nordic countries are in a favorable position in deploying a common long-term strategy for
a sustainable future transport sector. Indeed, the synergic exploitation of national energy sources,
technology expertise and infrastructure could facilitate such low-carbon transition. In light of the
above, the focus of this review is on studies addressing long-term energy scenario analysis for a
low-carbon Nordic transport sector, applying energy system modelling. In particular, energy system
analysis represents a well-established scientific discipline that has been extensively used for decades to
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support future scenario analyses. Moreover, the geographical scope of the review is the Nordic region
as a whole; therefore, studies focusing on a single Nordic country are omitted. However, some of
them are discussed together with additional relevant literature in Section 4. The aim of the article is to
provide an up-to-date overview of existing literature on the topic, identify limitations and research
gaps and propose suggestions for future studies targeting the same research area.

The review was carried out during March 2019 through three main steps. First, an automatic
literature search of journal articles was performed through online academic databases, namely, Web
of Science [17], DTU Findit [18] and Scopus [19]. Then a manual screening was executed to filter out
irrelevant studies. Lastly, the assembled literature was integrated with additional relevant reports and
book chapters selected manually based on the authors’ knowledge.

Concerning the automatic database screening, the string adopted for the search was formulated
as follows: (transport* OR "transport system" OR "transport sector") AND (scenario*) AND (energy
system* OR "energy system analysis") AND (Nordic* OR Scandinavia* OR “Northern Europe”).
The search was performed for the topic field in Web of Science, All fields in DTU Findit and Title, abstract
and key words in Scopus. The search led to a total of 95 hits, which has been progressively reduced
to 8 after including only works in English, removing duplicates and excluding irrelevant research
areas and journals. In addition, studies with a focus on only a single Nordic country were omitted.
The manual screening was carried out first by title and then by reading the abstract and, eventually, if
necessary, the full article.

In Section 3.1, the identified studies are commented based on their specific research questions and
the methodology applied. A special focus is given to the NETP 2016 [16], which stands as the most
complete study assessing future energy scenarios for the Nordic region. The NETP 2016 results are
analyzed with a particular focus on the transport sector analysis, and in terms of methodological tools
and modelling choices (Section 3.2). The NETP 2016 review is based on publicly available reports and
data (accessible at [20]), as well as on more detailed model results provided by IEA and Nordic Energy
Research (NER), and on personal communications with scientists involved.

3. Results

Section 3.1 presents the results of the literature review, while Section 3.2 describes in details the
NETP 2016 methodological approach and results.

3.1. Nordic Transport Energy Scenarios

There are several studies investigating long-term energy scenarios for a low-carbon Nordic
transport sector, which address specific research questions from different perspectives. In this study,
the focus is on works applying energy system analysis as methodological tool, and addressing the
Nordic region as a whole. Usually, the research questions targeted, in the identified articles, involve
the investigation of the potential role of a specific transport technology in the decarbonization of the
Nordic transport sector. The adoption of specific technologies is analyzed in terms of effect on the
overall energy system or part of it. Broadly speaking, the most common technologies investigated
are electric vehicles (EVs), and the adoption of first- and second-generation biofuels and hydrogen as
alternative transport fuels.

The effect of a high penetration of EVs in the Nordic energy system is the most investigated
topic, which is usually addressed via optimization and linear programming. In particular, the effect of
different charging scenarios on the day-ahead energy planning and on the yearly electricity demand
and transmission requirements up to 2050 are analyzed in [21] and [22], respectively. Other studies
focus on the role of EVs for a future low-carbon road transportation in the Northern European area
(Scandinavia and Germany). Reference [23] applies the Balmorel energy system model up to 2030 to
investigate the effect EVs on the power system, while [24] studies the impact of EVs on the electricity
generation capacity and dispatch, including the use of electrified roads for trucks and buses. Additional
information on Balmorel can be found in [25].
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Concerning biofuels, the deployment of forest-based (second generation) biofuels as a long-term
mitigation strategy to decarbonize the Fenno-Scandinavian (Norway, Finland and Sweden) road
transport sector is addressed in [26] applying an input-output model. The analysis investigates the
production of biofuels and their consumption in the transport sector under different assumptions
including future technology deployments and demand projections up to 2050. However, most of the
studies dealing with energy scenarios for biofuels are country specific, e.g. [27] and [12]. Since the
scope of this review is the Nordic region, national studies are omitted.

The role of hydrogen in the transition towards a 100% renewable Northern European energy
system is investigated by [28]. In particular, Balmorel is applied to study the effect of hydrogen
penetration in the power, heat and transport sector up to 2060. A similar study [29] estimates, via
simulation, the effect of hydrogen and biofuels penetration in the transport sector on the Northern
European power sector for the year 2060. Reference [30] analyzes the technical and economic potential
of different hydrogen technologies (production and consumption) in the Nordic region. Namely, a
linear-programing, technology-based hydrogen energy model is applied under different assumptions
regarding fossil fuel prices, technology costs and hydrogen demands to investigate the role of hydrogen
in the Nordics until 2030.

Lastly, besides the energy system modelling approach, some studies analyze the long-term
decarbonization of the Nordic transport sector from other perspectives. For instance, ref. [31] analyzes
three technology platform value chains for a sustainable Nordic road transport, namely e-mobility,
hydrogen fuel cell vehicles and advanced liquid and gaseous biofuels. However, such works are out of
the scope of this review.

Only few of the identified studies address the research question of how to achieve a low-carbon
transport sector taking into account the entire Nordic energy system. These studies go beyond the
sole interaction between, e.g. the power and transport sectors, but they explicitly account for all
the other sectors (from the supply to, e.g. industry and households). Such studies provide a more
comprehensive analysis of how to achieve a low-carbon Nordic energy system while providing
sector specific insights including dedicated transport analysis. For instance, [32] applies a TIMES
(The Integrated MARKAL-EFOM System) model of the Scandinavian energy system to investigate
pathways towards carbon neutrality by 2050. The transport sector is analyzed under a “no import of
biofuels” assumption and a low electrification of heavy duty vehicles, resulting in hydrogen as the
dominant fuel. Furthermore, [33] analyzes how to achieve a 100% renewable share of primary energy
supply in the Nordics by 2050 applying TIMES-VTT, a full energy system model of Denmark, Finland,
Norway and Sweden. The study investigates the role of power-to-gas technologies under different
assumptions involving the availability of forest biomass for energy use and the penetration of biofuels
and hydrogen in the transport sector. More information on TIMES models are provided by [34].

To summarize, all the mentioned studies analyze long-term low-carbon energy scenarios for the
Nordic transport sector. They address specific research questions, which are usually centered around a
single or limited set of technologies. The integration of the studied technologies is usually investigated
with respect to only a part of the energy system, for instance, the power sector. Only a few studies
include the whole energy system [32,33]. The inclusion of the whole energy system in the analysis
allows the identification of synergies between technologies and of resource competition across sectors
while fulfilling common environmental targets. Lastly, most of the identified studies focus only on
road transportation, while either neglecting the rest of the transport sector or including it partially.

To the authors’ best knowledge, despite the fact a few years have elapsed since its original
publication, the most comprehensive study addressing long-term energy scenarios for a low-carbon
Nordic transport sector is the NETP 2016 [16], the second of this series. In this series of studies, the
modelling framework includes the whole Nordic energy system. This enables the investigation of
cross-sectorial and cross-country solutions and resource allocation, while providing insights on the
possible role of specific transport technologies in the decarbonization of the Nordic transport sector
(including rail, navigation and aviation). The NETP 2016 strives for ambitious goals while adopting a
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quantitative approach. It relies on a solid modelling framework from the ETP studies, which results in
a well-documented and integrated analysis. NETP studies represent a benchmark within the energy
arena, as witnessed by the numerous articles referring to the NETP 2016 results. Few examples are
given by [35], which comments upon the NETP 2016 results from a social and political point of view,
while [32] refers to the NETP 2016 findings for comparisons. For this reason, Section 3.2 thoroughly
reviews the NETP 2016, focusing on the findings for the sole transport sector. Moreover, the NETP
2013 study is not reviewed, since the findings of NETP 2016 are directly built upon it.

Lastly, the Nordic region is also addressed by studies targeting integrated energy and transport
scenario analysis for larger geographical areas, such as the European [36] or even the global one [37].
However, given the relative size of Nordic countries on the European and global scale, these studies
usually pose little focus on the Nordic region compared to dedicated Nordic studies; hence, they are
not part of this review.

3.2. NETP 2016

NETP 2016 follows the principles of the ETP series of studies by IEA [16], whose aim is to identify
sustainable energy technology transition pathways, globally and for specific regions. The ETP-TIMES
model represents the backbone of the approach. It is a cost driven bottom-up optimization model
including the five Nordic countries (Denmark, Finland, Iceland, Norway and Sweden) as separate
model regions. ETP-TIMES represents the Nordic energy conversion sectors (electricity generation,
refineries, etc.) and is soft-linked to three end-use sector models (namely industry, buildings and
transport), utilized to derive projections of final energy demands. ETP-TIMES identifies the least-cost
technology mix to meet the final energy demands for the whole time horizon under several constraints
mirroring the different scenario assumptions ([16], p. 221). These constraints range from feasible
renewable energy potentials and CO2 prices to policy instruments [38]. Two additional tools support
ETP-TIMES. A linear dispatch model analyzes the operation of the electricity sector and assesses the
need for flexible generation and storage in the energy system obtained from the ETP-TIMES model.
Besides, the Balmorel model investigates the electricity trades and transmission expansions within the
Nordic region and towards Europe ([16], p. 222).

Among the end-use sector models, the transport sector is represented by the Mobility Model
(MoMo) developed by IEA [39]. MoMo is a techno-economic spreadsheet and simulation model
capable of making detailed projections of transport and vehicle activity, energy demand, direct and
well-to-wheel (WTW) GHG and pollutant emissions ([16], p. 224). Population and gross domestic
product (GDP) projections together with private vehicle ownership rates are key drivers to calculate the
service demand, or alternatively, the vehicle demand, depending on the mode [40]. Modal shares and
average efficiency improvements for different technologies are exogenously estimated by experts [41].
Energy consumption and emissions are calculated based on the ASIF identity [42].

The whole NETP 2016 analytical framework refers to an urban and a non-urban dimension. Due
to the lack of a common definition of urban areas, the respective national definitions were adopted for
each country. The urban/non-urban disaggregation in NETP 2016 is achieved as in ETP 2016. This
process involves a number of assumptions and regression analysis to fill the data gaps ([1], p. 144)
(Appendix A.1).

NETP 2016 focuses on a central scenario, the Carbon Neutral Scenario (CNS), where Nordic energy
related CO2 emissions drop by 85% by 2050 compared to 2013 levels. The less ambitious Nordic 4
Degree Scenario (4DS) is also included. It reflects the Nordic contribution to the IEA’s global 4DS ([16],
p. 35), where the global increase in GHG emissions is limited to 20% relative to 2013 levels ([1], p. 32).
The CNS and 4DS are the results of a mix of scenario types, back-casting and forecasting ([16], p. 219).
This scenario approach is applied in different ways. ETP-TIMES uses an optimization algorithm, while
MoMo outlines a solution through simulation, which is guided by manual iterated adjustments to
mirror what experts believe to happen given a specific set of assumptions. The procedure consists of
supplying the projected transport demands, given a set of technological options and a specific carbon
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budget. The priority is given to energy efficiency improvements and to the deployment of cheaper
sustainable solutions (given the different technology cost curves). Finally, the penetration of expensive
technologies are allowed if part of the demand is still uncovered [43]. For instance, in aviation, due to
the future demand growth, efficiency maximization and fuel shift towards biofuels were insufficient to
keep the emissions below the carbon budget. Therefore, a shift towards high-speed rail (expensive
technology) was necessary to be included in the CNS [43]. For more information regarding the NETP
2016 scenario building process, refer to Appendix A.2.
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Figure 1. Nordic transport final energy demand (EJ) in urban and non-urban areas. Including
international aviation and shipping, excluding pipeline transport. Results from MoMo, provided
by [44], are interpolated with a five-year step resolution. “Biofuels” includes ethanol, biodiesel, bio oil,
and bio jet fuel, while “Other” includes gas- and coal-to-liquid fuels.

Concerning the NETP 2016 results, from 2015 to 2030, the CNS and 4DS have similar final energy
demands (Figure 1). In the following period, the CNS is more ambitious, requiring considerable
improvements in vehicles fuel economy ([16], p. 66), and a higher penetration of renewable fuels.
In the CNS, by 2050, transport final energy demand drops by 20% compared to 2000 levels, reaching
0.87 EJ despite a 70% increase in total transport activity. This happens due to energy savings (especially
among cars), but also to modal shift towards more efficient modes and slightly to non-motorized
modes in urban areas ([16], p. 123). For instance, high-speed rail covers 13% of the growing aviation
transport demand ([16], p. 70). In 2050, fossil fuels account only for 25% of final energy use, biofuels
represent the highest consumption category with 60% (around 0.48 EJ), while electricity represents
slightly more than 10%. Biofuel vehicles cover mainly long distance, heavy duty road and marine
freight and aviation transport demands. On the other hand, electric vehicles cover light and mid
duty freight and short distance passenger trips, especially in urban areas. Powertrains have higher
efficiencies than internal combustion engines (ICEs), resulting in lower energy consumption. Indeed,
electric vehicles, including battery electric (BE), plug-in hybrids and hybrids, represent 78% of the
stock in 2050, followed by fossil fuel ICE vehicles (21%) and fuel cell (FC) electric vehicles (1.4%).
In particular, hybrids dominate among trucks operating in non-urban areas with 62% of the stock,
followed by diesel ICE vehicles (22%). Lowering emissions in the transport sector would require a
tight cooperation among Nordic countries. The broad electrification of urban transport in the CNS
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is based on a synergistic coordination to integrate and decarbonize the Nordic electricity market.
The high penetration of wind power relies on more active use of Norwegian and Swedish hydropower
through a highly interconnected power system. The deployment of high-speed rail would require the
development of an infrastructure network linking Nordic capitals. Lastly, the large import of biofuels
calls for a joint Nordic collaboration to research and develop advanced biofuels and a strategy to
efficiently utilize the Nordic biomass across regions and sectors.

Within the 4DS, in 2050 transport final energy demand stabilizes at 1.10 EJ (Figure 1), thanks
to efficiency improvements in passenger light duty vehicles (LDVs) and a moderate deployment of
hybrids, though, 88% of final energy demand in 2050 is still supplied by fossil fuels, followed by
biofuels (8%) and electricity (4%). Fossil ICE vehicles represent 60% of the stock followed by hybrids
(27%), while the rest is shared among BE and FC electric vehicles.

In the CNS, WTW GHG emissions face a 70–80% reduction compared to 2015 levels (Figure 2).
Tank-to-wheel (TTW) GHG emissions drop by 40% within the same period. This is also possible thanks
to the almost fully decarbonized Nordic electricity system in 2050. In the 4DS, transport activities in
2050 account for 10% lower WTW GHG emissions than 2015 levels ([16], pp. 71).
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4. Discussion—Identified Challenges and Recommendations

In light of the literature review, some recommendations are drawn for future long-term energy
scenario analysis for a low-carbon Nordic transport sector. In particular, challenges and gaps
are identified in the reviewed literature based on recent findings in transport research tackling
sustainable mobility. The identified gaps are categorized as: “Transport behavior”, “Breakthrough
technologies”, “Domestic energy resources” and “Geographical aggregation and system boundaries”.
Recommendations to overcome the identified gaps are based on forefront studies targeting long-term
energy scenario analysis for the transport sector but including other geographical scopes than the
reviewed one. Table 1 summarizes the studies identified by the authors, which tackle the identified gaps
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in their methodological framework. Each of the examples is commented in terms of effects/repercussions
on the scenario analysis within an energy system modelling rationale.

Table 1. Examples of studies tackling the identified challenges in their works.

Challenges Solution Examples

Transport behavior
Modal competition [11,45–49]
Autonomous vehicles and MaaS -

Breakthrough technologies
Electrified roads [50]
Fuel cell and battery electric trucks [51–54]
Electric ferries -
Carbon capture and storage [55–58]

Domestic energy resources
Biofuels—2nd generation [12]
Electrofuels [59]

Geographical aggregation and system boundaries
Urban dimension [47]

The following sub-sections discuss separately the identified gaps by introducing motivation,
discussion and recommendations.

4.1. Transport Behavior

As pointed by [60], the behavioral dimension is crucial when investigating mitigation solutions
for transport energy-related CO2 emissions. However, energy-economy-environmental-engineering
(E4) models are still weak at simulating behavioral changes. There have been some attempts to fill this
gap by incorporating behavioral features in integrated energy and transport models [61]. However,
these attempts do not appear in most of the reviewed Nordic studies. The NETP 2016 represents
an exception; behavioral aspects are included in MoMo. In particular, vehicle ownership rates are
mapped with respect to income and GDP per capita applying Gompertz type curves, while mileage
is mapped with respect to income and fuel prices. In ambitious scenarios, where policies promoting
modal shift are put in practice in a specific country, the reduction in car ownership is obtained by
moving to a lower Gompertz curve based on what observed in other countries in the past. However,
emerging phenomena deeply dependent on the behavioral dimension, such as autonomous vehicles,
car-sharing, car-pooling and in general mobility as a service (MaaS) are only indirectly considered
when estimating car ownership reduction and efficiency increase potentials (due to more efficient
driving patterns) ([16], p. 120). The direct inclusion of the behavioral dimension in E4 models could
enable the investigation of behavioral change policies. This is particularly relevant when new mobility
trends are integrated in the analysis as it gives the possibility to assess effective policies promoting the
adoptions of such measures. Moreover, non-motorized modes are not directly modelled in MoMo,
though they are considered when estimating passenger transport activity in urban areas. The explicit
modelling of such modes could allow analyses of interactions between them and public transport or,
potentially, MaaS in terms of complementarity or synergies as underlined by [62].

As presented in [61], the inclusion of behavior into integrated energy and transport models
recognize two main approaches. The first involves linking the E4 model with an external transport
model incorporating the behavioral dimension. The second approach consists of broadening the E4
classical framework to integrate some transport specific variables/dimensions to emulate transport
behavior in order to estimate endogenously, for example, modal choice or shift. NETP 2016 can be
roughly categorized in the first group. The remaining studies reviewed include E4 models with an
aggregated/partial representation of the transport sector, where behavior is not endogenously modelled.
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Concerning the second approach, there are several methods to include behavior in E4 models.
For instance, [11,45,46] emulate modal shift by integrating the concept of travel time budget and
transport infrastructure, [47,48] introduce endogenous modal choice through modelling modal level
of service and consumers’ decisions, while [49] adopts substitution elasticities to enable modal shift.
These approaches include different levels of transport behavior in E4 models and thus offer different
capabilities, and require different data sources. Therefore, such methodological adoption is dependent
on the specific research question addressed by practitioners. However, enhancing the capability of E4
models to capture behavior dynamics when investigating policies, represents a desirable improvement
when tackling transport energy scenarios. For instance, the mentioned methodologies are capable of
enabling endogenous modal shift, one of the pivotal measures identified by the IEA and the European
Commission [4,63,64] for a low-carbon passenger and freight transport sector. In addition, emerging
phenomena largely affected by behavior such MaaS (including car-sharing and car-pooling) and
autonomous vehicles could be investigated in a more direct way. Indeed, autonomous vehicles could
reduce congestion and car ownership and increase mileage (more efficient use of the fleet), especially
if coming along with car sharing and pooling, and provide electricity storage in the case of electric
vehicles [65]. Nevertheless, if wrong policies are in place, they could instead increase congestion and
transport activity. However, no studies including explicitly these emerging mobility phenomena in
energy system models were found by the authors.

4.2. Breakthrough Technologies

Lately, innovation in transport technologies has gained strong momentum. Therefore, the inclusion
of up-to-date breakthrough technologies in the modelling framework is challenged by the continuous
innovation pace. However, some emerging technologies particularly interesting for the Nordic case
can be identified.

In the NETP 2016, electrified roads and fuel cell trucks are identified to have the potential of
suppling part of the long distance road freight transportation ([16], p. 21). Despite this, electrified roads
are excluded from the analysis, while fuel cell trucks are only partially included due to their technical
and economic uncertainty. The authors recognize the benefit in outlining a scenario demonstrating
that policy targets can be achieved with well-known and available technologies. However, the NETP
2016 could have employed less probable and innovation rich scenarios (also known as “wild cards” or
“black swans”) to test the response of the system under circumstances “beyond the expectations”, as
recognized by [35]. The inclusion of electrified roads in the analysis represents a desirable improvement,
especially considering that electric and hybrid vehicles are highly deployed within the NETP 2016
scenarios, for both LDVs and trucks (Section 3.2). In addition, pilot projects assessing their technical and
economic feasibility are ongoing in Sweden, Germany and USA [66], which can provide preliminary
figures. Moreover, a high deployment of hydrogen long haul trucks and battery powered regional
trucks could be interesting, especially when considering limited bioenergy resources [32].

Electric ferries represent another interesting technology that can support a low-carbon transport
sector in the Nordics. In MoMo, shipping includes only freight transportation while maritime passenger
transport is not directly included. The reason behind such modelling architecture is that the biggest
shipping energy demand worldwide resides in the freight sector. However, maritime passenger
transportation causes roughly a quarter of total shipping emissions taking place in the Nordic waters,
namely 6.5 Mtonnes of annual CO2 emissions [67]. In particular, electric ferries are under development
by different companies in the Nordics [68]. Moreover, “green” coastal shipping is compliant with one
of the main barrier to expand coastal shipping, which is coastal air quality, therefore, it represents also
an attractive alternative for the growing freight road transportation.

Summarizing, electrified roads, FC and BE trucks and electric ferries represent potential
breakthrough technologies for the Nordic region. The inclusion of these technologies in the scenario
analysis would enable the assessment of the impacts of hydrogen and electricity demands on the whole
energy system. This is particularly important in the Nordics, where the electricity system is already
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accommodating large amounts of intermittent sources (e.g. wind power), and thus hydrogen production
and electricity smart charging could represent additional flexibility sources [28]. Considering the
available literature, some studies analyze the effect of electrified roads on the power system through
the representation of their electricity demand as done by [24]. To the authors’ knowledge, the only
study including explicitly such technology in an E4 model is represented by [50]. This study evaluates
the economic viability of electrified roads in the decarbonization of the Danish transport sector. An
explicit inclusion of hydrogen long haul trucks and battery powered trucks appear in more studies,
addressing, for instance, energy scenarios for South Africa [51], Japan [53,54] and even globally [52].
Lastly, no studies including electric ferries in energy system models are available.

Another interesting emerging technology is carbon capture and storage (CCS). In the Nordics,
the adoption of CCS is particularly interesting for emissions reduction in the heavy industries [69].
This is reflected in the NETP 2016 CNS, where a wide adoption of CCS accounts cumulatively for
almost 30% of total direct industrial CO2 emissions reduction over the period 2020–2050 [16] (p. 24).
Even though CCS cannot be directly applied in the transport sector, its inclusion in the analysis is
interesting when looking at dedicated scenarios for the sole transport sector. In particular, when the
full energy system is described in the modelling platform, and a common environmental goal is set
up (such as a carbon budget), CCS technologies can provide flexibility in reducing emissions across
the sectors. For instance, CCS can free biomass feedstocks for biofuels production in sectors where
alternative solutions are limited (such as aviation or heavy industries [27]). Moreover, the development
of bio-energy with carbon capture storage (BECCS) technologies has recently grown in interest in the
Nordic countries [70], given their tradition in heat and power generation from biomass and the large
potential for feedstocks. BECCS technologies could be employed to obtain negative emission “credits”
from the combustion of biomass to be spent in other sectors.

The inclusion of CCS technologies as a mitigation option in E4 models is nowadays nearly a
common practice, e.g., [55–58]. Including an up-to-date CCS technology portfolio in the analysis of
low-carbon energy scenarios for the transportation sector, could provide additional cross-sectorial
solutions for transport modes whose emissions are harder to reduce (e.g. aviation). This is particularly
relevant in a region with large CO2 storage potential, such as the Nordic one [71].

4.3. Domestic Energy Resources

The use of bioenergy as a mitigation measure represents a controversial topic. In the CNS, the
Nordic region becomes a net importer of bioenergy, by increasing net biofuel imports four times to
meet the growing demand in transport, which in 2050 represents two thirds of total final energy use
(0.48 EJ, Figure 1). This vision is contextualized within a carbon constrained global context where,
most likely, the demand for bioenergy will increase as well. Decarbonizing the Nordic transport sector
relying heavily on biofuels imports could be questionable in terms of sustainability; therefore, [32]
includes a scenario where bioenergy imports to the Scandinavian region are excluded. The authors
recommend following a similar approach when investigating sustainable pathways for the Nordic
region, to challenge the studied scenarios with net zero bioenergy imports and to investigate an efficient
strategy to allocate domestic biomass feedstocks across the sectors. Furthermore, there are several
promising emerging biofuel conversion pathways (mostly forest-based or second-generation) [72],
whose inclusion in energy system models is growing in interest, as shown by [73]. Concerning
the independence from alternative fuels imports, electrofuels represent also a promising option for
transportation to include in the scenarios [74]. Besides providing an alternative to fossil fuels, also
in those cases where solutions are limited (such as aviation) [75], electrofuels offer energy storage
capability for intermittent renewables, as wind and photovoltaics.

Given the high potential for domestic biofuel production in the Nordics [76], an up-to-date
bio-refinery technology portfolio is recommended to be included in the analysis, as done, for example,
by [12] in the MARKAL_Sweden model. The same applies for electrofuels, whose role in decarbonizing
the Nordic transport sector could be investigated quantitatively by including them in the modelling
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framework, as done by [59] in the JRC-EU-TIMES model. Lastly, hydrogen, besides being used in
the electrofuel production, represents a potential alternative transport fuel itself, whose production
technologies should also be included, as often done, in E4 models, such as by [77]. Implementing an
exhaustive representation of alternative fuel production chains in energy system models provides two
main benefits. First, it sheds lights on the optimal use of domestic energy resources. Secondly, in the
case of hydrogen and electrofuels, it provides insights on energy storage capabilities in a system with
high penetration of variable renewables, such as the Nordic.

4.4. Geographical Aggregation and System Boundaries

Due to the increasing urbanization and its potential for deploying specific sustainable mobility
solutions, the urban area is often mentioned as an increasingly important dimension when analyzing
the future of mobility [16] (see Appendix A.1). In particular, Nordic capitals are already global leaders
in sustainable transportation (Copenhagen’s bike lanes, Oslo’s electromobility, Stockholm’s public
transport) ([16], p. 108) and thus represent cutting-edge case studies. Moreover, urban planning
influences considerably transport behavior, not just driving patterns but also modal choice [78].
Therefore, urban planning represents itself a long-term policy instrument for energy demand reduction,
which should be integrated in the scenario discussion [79]. However, the urban dimension is neglected
in the modelling framework for most of the reviewed studies. The NETP 2016 represents an exception,
where, for the first time within the ETPs, the urban dimension is analyzed with special focus and
dedicated tools.

The authors encourage practitioners to capture the urban dimension in their integrated energy
and transport analyses to depict the great potentials of cities in deploying effective mitigation measures,
particularly for the Nordic case. This is especially true for long-term scenario analysis, where the slow
changes in the urban structure, which usually involve a long time span, become feasible and open for
policy discussion. Several energy system models have been developed for specific cities to support
integrated energy and transport analysis such as for Malmø [80], Oslo [81] and the Helsinki region ([16],
p. 232). Other studies differentiate between urban and non-urban transportation in national E4 models.
One example is given by [47], which provides a modelling design characterizing transportation across
the urban, suburban and rural areas for Denmark.

In addition, when investigating energy pathways for a low-carbon transportation sector in the
Nordic countries, addressing these countries as parts of a unique system can shed lights on additional
solutions by encompassing more options and synergies. However, it is crucial to keep a detailed
description of the individual countries, given their differences in, e.g. the geography, resources
availability and travel habits, which result in heterogeneous transport challenges [82]. This is done
for example by [32,33]. Instead, in the NETP 2016, Nordic countries in MoMo are aggregated into
two regions: “EU Nordic” (Denmark, Finland and Sweden) and “Non EU Nordic” (Iceland and
Norway). The split of results at a country level is achieved with approximate methods mainly based
on population [43]. The lack of a Nordic country subdivision in MoMo, is due to its application in the
wider focus of the ETP studies. Thus, efforts enhancing the level of details have been directed towards
those regions where emissions and energy demands are dominant in a global context. The authors
suggest depicting single country description in the modelling framework even when addressing the
Nordic region as a whole. This enables to identify synergies across countries when pursuing a common
goal while suggesting country specific strategies and policies in light of national resources and major
differences in the energy and transport systems.

A similar suggestion can be drafted for the energy system depicted by the modelling platform.
Indeed, including all sectors of the energy system in the analysis, as done by [16,32,33], can shed
lights on resource competition and technological synergies across sectors when fulfilling common
environmental targets, such as the exploitation of waste heat from bio refineries as heating source.

In addition, in ETP-TIMES, each Nordic country is modelled as a single region since the ETP 2013
study. In the NETP 2016, the electricity trade across the different power regions is assessed with the
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support of the Balmorel model. An interesting improvement could be to model the power regions
inside the main modelling framework, as done by [32], allowing interregional trade of electricity and,
potentially, of other commodities (e.g. domestic biomass or hydrogen), resulting in a fully integrated
tool. This is especially relevant considering all the above suggestions, involving the inclusion of
different energy carriers and their production chains. Moreover, with the exception of the NETP
2016, in most of the reviewed studies, international shipping and aviation are not part of the analysis.
However, effective strategies for reducing emissions in such sub-sectors will also be needed; therefore,
their inclusion in the analysis is necessary for a more exhaustive outlook.

Lastly, in the CNS, WTW emissions were claimed to drop by 70–80% in 2050 compared to 2015
levels (Figure 2). In particular, well-to-tank (WTT) emissions contribute largely to the overall reduction
(Section 3.2). The GHG balance of fuel pathways production assumed for the WTT emissions calculations
are retrieved from the Joint Research Centre (JRC) life-cycle assessment (LCA) study [83,84]. Such
study adopts a system expansion approach to account for co-products obtained in the fuel production
pathways (incremental approach). Emissions avoided due to co-products substitution are considered
in the GHG balance as emission credits. The identification of such co-products depends strongly on the
system boundaries and methodological assumptions defined within the LCA goal and scope, which,
in this case, has a European focus. This assumption implies that transport fuel production chains
are assumed located in a generic European context. This has specific repercussions on the emissions
calculations. For example, in the case of electricity substitution, emissions savings are higher in a
European context compared to the Nordic one, due to a higher carbon content. Even though the CNS
relies heavily on biofuels imports, their future provenience is uncertain. A remarkable portion of
the claimed reduction in the transport GHG emissions is based on figures valid within the goal and
scope of the LCA study, which are different from the NETP 2016, undermining the solidity of the
obtained results. Moreover, the avoided emissions for fuel production pathways are not accounted
for other sectors. A more solid and consistent approach for GHG emissions accounting across the
whole analytical framework is desired. The authors encourage the accounting of WTT emissions as
long as they are consistently integrated in the analysis framework. For instance, they could be directly
calculated by including fuel production chains in the modelling platform as suggested above.

Moreover, the inclusion of non-CO2 emissions in the modelling framework is a good practice.
In fact, the use of alternative fuels in the transport sector could bring some surprises if other GHGs
besides CO2 are left unchecked. For instance, incomplete methane combustion in ICEs or leakages
from pipelines could represent a possible issue, given its larger global warming potential compared to
carbon dioxide [85].

Lastly, except for the urban dimension, the authors do not provide examples to tackle the rest of
the suggestions since they represent only modelling choices and do not involve any novelty.

5. Conclusions

This article reviews the state of the art of studies applying energy system analysis for integrated
energy and transport scenarios for the Nordic region. The identified studies are reviewed in terms of
methodological choices and research content. A special focus is posed on the NETP 2016, which stands
as one of the most complete analysis of future energy scenarios for the Nordic region. Based on the
systematic and critical review, challenges and solutions are identified for the following categories: 1)
transport behavior, 2) breakthrough technologies, 3) domestic energy resources and 4) geographical
aggregation and system boundaries.

The inclusion of transport behavior into the modelling framework, enabling, for example,
endogenous modal shift, is a desirable improvement. In addition, capturing transport behavioral
change could allow detailed analysis of emerging mobility trends such as autonomous vehicles and
MaaS, whose direct inclusion is also identified as a potential improvement.

The inclusion of breakthrough technologies, such as electrified roads, FC and BE trucks, and electric
ferries in energy system models is particularly interesting for the Nordic case. These technologies
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could rely on an almost decarbonized power sector and potentially provide demand side flexibility to
a system with a large amount of intermittent renewables. Besides, the inclusion of CCS technologies
could provide additional (cross-sectorial) solutions for those transport modes whose emissions are
harder to reduce (e.g. aviation). However, the inclusion of CCS in energy system models is almost a
common practice.

A sustainable use of biomass represents another important challenge, particularly relevant in
a future carbon constrained world. Therefore, the authors recommend the inclusion of up-to-date
second-generation biofuel conversion and electrofuel production technologies to investigate domestic
alternatives to large biofuels import.

Due to the growing urbanization and the great potential that cities have in deploying green
mobility solutions, we recommend depicting the urban dimension in the modelling platform. At the
same time, we suggest to keep a distinctive representation of single countries to capture national
resources and peculiarities, such as travel habits and geographic features. In addition, an explicit
representation of the power regions (bidding areas) is particularly relevant considering the potential
role of electricity in the future Nordic transportation, while including the full energy system could
provide insights on cross-sectorial solutions. Besides, the full transport sector, including international
shipping and aviation, should be addressed when analyzing the Nordic emission reduction strategies.
Lastly, modelling other GHGs besides CO2 is recommended, together with consistently integrated
WTT calculations.

For each of the identified challenges, we have provided recommendations to tackle them based
on the existing literature. However, in some specific cases, such as electric ferries, MaaS (including
car-sharing and car-pooling) and autonomous vehicles, no previous studies were found. These
challenges represent opportunities for further research. Finally, some of the improvements suggested
(such those relative to alternative energy carriers and CCS) are also valid outside the narrow paradigm
of integrated energy and transport analysis.
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BE Battery Electric
BECCS Bio-Energy with Carbon Capture Storage
CCS Carbon Capture Storage
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ETP Energy Technology Perspectives
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FC Fuel Cell
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GIS Geographical Information System
IEA International Energy Agency
ICE Internal Combustion Engine
JRC Joint Research Centre
LCA Life-Cycle Assessment
LDVs Light Duty Vehicles
MaaS Mobility as a Service
MoMo Mobility Model
NER Nordic Energy Research
NETP Nordic Energy Technology Perspectives
TIMES The Integrated MARKAL-EFOM System
TTW Tank-To-Wheels
WTT Well-To-Tank
WTW Well-To-Wheels

Appendix A

The Appendix A provide additional insights on the methodological framework applied within the
NETP 2016 study. In particular, Appendix A.1 deepens into the reasoning of the urban and non-urban
dimension characterization and how is achieved quantitatively. Appendix A.2 provides additional
insights on the scenarios conceptualization and on how foresight theory is applied.

Appendix A.1 Urban Dimension towards Sustainable Development

For the first time within the ETPs, ETP 2016 and NETP 2016 analyze the urban dimension with a
special focus and dedicated tools. When looking at sustainable development, the urban dimension
is identified as central for different reasons. Within the Nordic region, 85% (2013) of the population
lives in cities, and the urbanization rate is expected to triplicate within the next 35 years [16] (p. 42).
Therefore, the urban areas will increasingly play a major role in terms of energy demand, in particular
with respect to transport and buildings. In addition, cities have a unique potential for deploying
specific sustainable technologies, which are benefiting from high population density (economy of scale)
and relatively short distances, such as district heating and EVs. Lastly, Nordic capitals are already
innovation hubs and global leaders in supporting high quality public transport and non-motorized
modes, besides setting more ambitious strategies than their national governments, as Copenhagen’s
2025 carbon neutrality ([16], pp. 108, 117).

Concerning the transport sector characterization, geographical information system (GIS) analyses
are used to identify high-density urban areas suitable of high capacity public transport (e.g. railways).
Passenger two and three wheelers are assumed exclusively urban, passenger air transport is entirely
allocated to non-urban areas together with heavy freight trucks, rail and sea transport ([1], p. 219). Vehicle
stocks allocation is based on the United Nations database provided by [86]. Mileages characterization
are based on average travel time and speed in urban areas, and fuel economies are assumed 10% worse
in urban areas than the original values ([16], pp. 61, 112). Lastly, two additional models, TIMES-Helsinki-
Metro and TIMES-Oslo, are used to analyze two “real city cases”, the Helsinki region and the city of
Oslo respectively. However, such studies are not linked to the main analytical framework [87,88]. Thus,
due to their freestanding nature, such analyses are not included in this review.

Appendix A.2 Scenario Types in the NETP 2016

NETP 2016 involves a mix of scenario types from a reference year (2013) to 2050. Based on the
nomenclature of Börjeson et al. [89] for foresight theory conceptualization, those scenarios represent
a predictive approach (forecast and what if types) able to identify the most likely development to
happen given specific conditions, and a normative approach addressing the question: “How can a
specific target be reached?” [89]. The first scenario type usually provides an insight on how far the
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development will go compared to the desirable future if no actions would be taken or under specific
choices (bifurcation point), the second aims at identifying changes needed to reach the end goal vision.

Different types of argumentations are articulated within the NETP 2016 in order to justify a
specific picture of the future, in both approaches (predictive and normative). For the predictive
case, such argumentations serve to justify the solidity of the selected future, convincing the audience
that all the other possibilities are less likely to happen given certain conditions. For the normative
case, argumentations are used to filter in or out possibilities considered incoherent or infeasible with
the aimed target (desirable future), as for example, a deployment of a specific technology. These
argumentations usually have their roots in the observation of the present situation (historical data).

An example of how the normative approach is applied within the NETP 2016 is represented by
the case of FC electric vehicles, which, in the CNS and 4DS, do not cover a main role compared to other
technologies, for different reasons. Firstly, hydrogen production is limited by the competition with
other forms of electricity storage, such as pumped hydro, and by the limited availability of low cost
excess electricity in the portrayed future, where the development of a better integrated market for
electricity is considered pivotal across scenarios. The second argumentation is related to the investment
in infrastructures (as e.g. centralized production and adequate local distribution) that is, nowadays,
considered risky for the hydrogen case ([16], p. 69). Thus, FC electric vehicles are almost excluded
from being a possible solution to Nordic mobility, through argumentations regarding their possible
deployment in the chosen future. Such argumentations, based on present scientific knowledge, serve
to assess the feasibility (or coherence) of such technology choice in relation to the future vision that
practitioners wish to achieve. Since some specific features of the desired future are clearly defined
(e.g., better integrated electricity market), the context where technologies will act is already in part
decided, and such argumentations act in order to filter in or out specific possibilities to be taken into
account in the final solution.

This process is applied in different cases to mold the backbone of the targeted vision of the
future. One example is the recent case of the so called “diesel gate”, which is assumed to represent a
discouraging event for the diesel vehicle market that will eventually lead to a stabilization of sales in
the next future within the 4DS scenario ([16], p. 66). Another example is the pioneering experience of
Norway in employing winning policies supporting EVs diffusion that is brought as an encouraging
motivation to believe that the Nordics can reach world record figures in terms of BE electric vehicles
deployment within 2050 based on the Norwegian experience, as outlined by the CNS results ([16],
p. 64). On the other hand, the already wide spread of policies limiting car ownership and car operation
among the Nordics, such as fuel and vehicle taxes or road pricing, are considered a possible reason for
inefficacy of further future measures encouraging transport avoidance or modal shift from cars to, for
example, public transport (due to limited potential). For this reason, vehicle ownership per capita is
assumed to grow, with the same slow trend as today within both the 4DS and the CNS ([16], p. 68).
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