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Abstract 

Transportation is embedded in the fabric of society and a key enabler of socio-

economic development, but it is also a major source of carbon dioxide (CO2) and 

local air pollutant (AP) emissions. Cities collectively account for around three quarters 

of total energy-related CO2 emissions, and the negative health impacts from local AP 

emissions are felt most in dense urban environments. Thus, transitioning away from 

the current fossil-fuel regime in transportation is necessary if both global and local 

challenges are to be addressed. To explore contrasting energy futures and to obtain 

insights into how an energy system (or specific energy subsectors) may evolve under 

different conditions, mathematical models as energy system optimisation models (ESOMs) 

are commonly applied. However, ‘typical’ national-level models are not fully adapted 

to capture the characteristics of local (city) transportation, while previous city-level 

ESOM-based analyses have focused on the decarbonisation of local energy systems, 

thus omitting other local policy considerations such as air quality. Moreover, several 

studies have excluded transportation altogether. 

In this thesis, a generic city-level ESOM framework (TIMES-City) was adapted and 

applied to provide policy-relevant insights into the local transport sector’s anticipated 

transition to low-carbon energy sources and less polluting end-use applications. The 

underlying work rests on a systems analysis approach, building on careful consideration 

of the system’s overall performance and boundaries, understanding specific 

characteristics of the system involved, and identifying the challenges and opportunities 

facing local ‘system managers’, which have implications for model representation and 

for quantitative and qualitative modelling assumptions. Furthermore, the availability 

and quality of local transport, energy and emission statistics that are needed to calibrate 

models pose a significant challenge. Considerable effort was also taken to produce 

projections for future transport demand (a key model input) for the local level, 

building on lessons learnt and input data from traditional transport demand models. 

All of the above considerations are addressed in Paper I. 

The model was then applied to two different cases in Sweden to explore potential 

conflicts and co-benefits between ambitious climate-change mitigation targets and 

deep cuts in AP emissions (Paper II), and to assess the roles of local and regional 

governments in CO2 mitigation while considering ambitious national-scale policies 

(Paper III). The results of Paper II indicate that substituting fossil fuels with biofuels 

in conventional vehicles is the least-cost decarbonisation pathway; however, this 

produces only minor or even negative benefits to air quality. While zero-emission 

vehicles cut all local tailpipe emissions, their total impact on climate-change mitigation 
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is determined by upstream impacts from the conversion and distribution of energy 

carriers. Thus, ensuring low levels of total CO2 and AP emissions from transportation 

calls for the recoupling of local and global responsibilities and motivations into 

comprehensive mitigation strategies. The results of Paper III indicate that current 

national mitigation measures in Sweden will drive down CO2 emissions in 

transportation considerably. In this regard, biofuel availability and battery electric 

vehicle (BEV) costs are critical for the rate and extent of this transition, while locally 

and regionally determined measures to enable shifts (from car) to active travelling 

(walking, cycling), public transport and home-based work have a limited direct 

impact. Nonetheless, these measures – along with city investments in BEVs and their 

charging infrastructure to pave the way for residents and local businesses alike – can 

help to reduce the overall energy intensity of the transport sector, thus slowing down 

growth in fuel demand and contributing towards the attainment of ambitious climate-

change mitigation targets considering limited renewable resources to produce e.g. 

biofuels. The two studies (Papers II and III) illustrate the challenges in applying and 

calibrating comprehensive ESOMs to subnational level transport-energy systems, but 

they also highlight the usefulness of these models to support local level analyses. 

Moreover, the studies offer insights into both global and local sustainability 

implications and deepen our understanding of the impacts of locally and regionally 

determined strategies and measures in enabling and supporting the transition to low-

emission transports. 
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1. Introduction 

This chapter gives a general introduction to transportation and energy, the main environmental 

challenges posed by the current system, and the underlying rationale for long-term modelling of 

the anticipated energy transition. The aim and objectives of the research are then presented, 

followed by a discussion of some of the limitations of this work. 

1.1 Background and perspectives 

Transportation of people and goods is embedded in the fabric of society as it provides 

access to activities, services, goods and resources. Growth in overall transport demand 

over the past half-century, accelerated by rapid ‘internationalisation’ of the global 

economy in the 2000s (Organisation for Economic Cooperation and Development, 

2010), has been supported by – and dependent on – supplies of cheap fossil fuels 

(Rodrigue, 2020). Globally, almost 96% of the total final energy use in transports is 

covered by petroleum products, natural gas and coal, and final energy use grew by 

84% in 1990–2018 (IEA, 2020a). In Sweden, which is the overall setting for this thesis, 

fossil-fuel dependence in transportation is uniquely low (in international comparison) 

at 77% (Energimyndigheten, 2019), mainly due to the introduction of biofuels in 

conventional road vehicles, while final energy use has grown only 10% since 1990 

(Energimyndigheten, 2020). The use of fossil fuels in transportation have two main 

environmental implications: it produces greenhouse gases (GHG), particularly carbon 

dioxide (CO2), and several air pollutant (AP) emissions. All fossil-based CO2 emission 

contribute to a net increase in global greenhouse gas (GHG) levels, which accelerate 

climate change. Transportation generates one quarter of total global energy-related 

CO2, the bulk (>70%) of which is generated by road vehicles (Sims et al., 2014), and 

it is currently the fastest-growing source of anthropogenic CO2 emissions (World 

Resources Institute, 2019). In Sweden, due to reduced fossil-fuel dependence, CO2 

emissions have begun declining; nonetheless, the country’s transport sector still makes 

up one third of total domestic emissions (Naturvårdsverket, 2020) which is not in line 

with Sweden’s climate policy ambitions (see e.g. Kungliga Ingengörsvetenskaps-

akademien, 2019). AP emissions from transportation have potentially severely harmful 

impacts on human and environmental health, particularly in dense urban 

environments; globally, more than 80% of people in urban areas (at least those which 

actively monitor pollution) are exposed to substandard ambient air quality (World 

Health Organization., no date). The trend is apparent in Sweden too, where 

transportation contributes significantly to poor air quality in several cities 

(Naturvårdsverket, 2019). 
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Hence, transitioning away from the current fossil-fuel-based regime is key to 

mitigating climate change and improving air quality. Cities, which constitute the main 

scope of the work underlying this thesis, collectively account for almost three quarters 

of global energy-related GHG emissions (Seto et al., 2014), and this share is expected 

to increase from the 34% in 1960 and the 56% of today (World Bank, 2021) to a 

projected 68% by 2050 (Our World in Data, 2019) as the proportion of people residing 

in urban centres continues to grow. Consequently, much of the groundwork needed 

to honour the Paris Agreement will have to take place in cities. However, from the 

perspective of local decision-makers, the more direct short-term concerns associated 

with transportation and energy use, for example, are air pollution, noise, and 

congestion. Thus, depending on the context, the underlying rationale for the 

anticipated energy transition may differ. 

In the face of considerable uncertainties over how the energy future (and its underlying 

drivers) may unfold, and the need for long-term perspectives to account for the ‘lock-

in effect’ of long-lived energy infrastructure and technology regimes, simple 

predictions based on past trends will not suffice. Instead, mathematical models can be 

used to structure the representation of the system, and contrasting long-term futures 

can be methodically and comprehensively explored and analysed. Energy system 

optimisation models (ESOMs), which build on detailed bottom-up representations of 

energy systems, are widely applied for these types of analyses. This family of models 

allows for quick and efficient goal-seeking within complex systems (DeCarolis et al., 

2017), and modellers typically employ contrasting scenarios (as opposed to predictions 

or projections) based on sets of coherent assumptions about how critical parameters 

will develop. Previous ESOM-based analyses that have bearing on this thesis include 

a variety of approaches and scopes, such as biofuels (Forsell et al., 2013; Börjesson et 

al., 2014; Zhang and Chen, 2015; Hugues, Assoumou and Maizi, 2016), electrification 

(Bahn et al., 2013), hydrogen (Contreras, Guervós and Posso, 2009; Dodds and 

McDowall, 2014), the role of demand reduction (Pye, Usher and Strachan, 2014), 

comparing electrification to hydrogen-based pathways (Rösler et al., 2014), exploring 

the role of transport policies, i.e. policies not directly targeting energy use and 

emissions (Venturini, Karlsson and Münster, 2019), and comparison of nation-specific 

strategies and their implications (Zhang, Chen and Huang, 2016). Special effort has 

also been devoted to exploring options for the improved ‘behavioural realism’ of 

ESOMs, e.g. by attempting to endogenously determine the choice of mode for 

passenger travel (Daly et al., 2014; Salvucci et al., 2018; Tattini et al., 2018; Venturini 

et al., 2019) and by including consumer preferences in private vehicle choices 

(McCollum et al., 2017; Ramea et al., 2018). Most of the studies cited are concerned 

with national levels or higher; thus, there are relatively few subnational-level analyses 
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(e.g. the one adopted in this thesis). Local low-carbon transitions have been modelled 

(e.g. Comodi, Cioccolanti and Gargiulo, 2012; Lind and Espegren, 2017); sustainable 

urban travelling, excluding freight transportation, has been explored (Pye and Daly, 

2015); and the role of local policymaking in relation to national policy agendas overall 

– but excluding transportation – has been studied (e.g. Comodi et al., 2012; Yazdanie, 

Densing and Wokaun, 2017). However, none of the city-level studies explicitly 

included air pollution in their analyses. Hence, the representation of local transport-

energy systems in comprehensive ESOMs requires further attention, as do analyses of 

low-emission energy futures in transportation which take the motivations and 

responsibilities of local decision-makers into account, since such studies are still scarce. 

This thesis attempts to fill some of these gaps by discussing the considerations and 

challenges associated with adapting ESOMs based on the TIMES model framework 

(The Integrated MARKAL-EFOM System) for subnational levels, and by applying 

the model to provide policy-relevant analyses based on two Swedish cases. 

1.2 Aim and objectives 

The overall aim of this thesis is to investigate how comprehensive TIMES-based 

ESOMs can support policy-relevant analyses for transport-energy transitions at 

subnational (municipal and regional) levels. The aim is addressed through the 

following research objectives (ROs): 

1. Improve and adapt the representation of local transport-energy systems 

in a comprehensive ESOM framework, based on a fundamental 

understanding of system characteristics, the challenges facing local 

policymakers, and the availability and quality of model calibration and 

input data (Papers I–III). 

2. Explore the potential conflicts and benefits of addressing energy-

related CO2 and AP emissions from transportation, respectively and in 

parallel, to support comprehensive low-emission strategies in the 

transport sector (Paper II). 

3. Investigate the impact of locally and regionally determined CO2 

mitigation measures in the transport sector under current ambitious 

national policy portfolios, and to discuss the usefulness of 

comprehensive ESOMs to inform local-level analyses (Paper III). 
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1.3 Limitations of the current work 

One of the advantages of using a comprehensive energy-system model is its ability to 

capture cross-sectoral implications from different policies, the technology and fuel 

choices in different subsectors, etc. In this thesis, only the transport sector has been 

explicitly modelled. All fuels powering vehicles and vessels were assumed to have been 

imported from beyond the city limits, i.e. electricity and fuel production was not 

modelled. Furthermore, all other subsectors of the local energy system were excluded. 

Thus, system-wide impacts from future technology and fuel preferences in 

transportation are not analysed here. 

Most transport sector-related emissions are associated with the provision, delivery and 

use of energy. These emissions are mostly from tailpipes, i.e. from combusting fossil 

fuels in vehicles or vessels. In certain settings, non-tailpipe emissions of particulate 

matter (PM) from, for example, break and road wear or suspended dust particles, can 

detract from air quality significantly. However, no non-tailpipe sources were 

considered in the modelling efforts underlying this thesis. 

The construction of vehicles, of transport-related energy supply and refuelling 

infrastructures, and of transport-related infrastructure (roads, bridges, railroads, ports, 

etc.) requires material and energy inputs which cause upstream emissions. In some 

circumstances, such emissions represent a significant share of, for example, a vehicle’s 

total impact on the environment (over its entire lifecycle). These emissions have not 

been included in the modelling efforts or subsequent analyses of the current thesis. 
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2. General approach and research context 

This chapter lays out the general context of the research in terms of key research traditions and 

general approaches as well as the policy context underpinning much of current work within the 

wider research field. 

2.1 Systems analysis 

The general systems analysis approach employed in this thesis belongs in the tradition 

popularised by C. West Churchman in The Systems Approach (1968). Much of the 

thinking underpinning this approach can be traced back to military applications, 

initiated during the Second World War (1939-1945) when researchers were called in 

to apply scientific methods and approaches (from operations research in particular) to 

aid with military strategic decision-making; later, these methods also began seeping 

into the management and planning practices of private businesses and industry 

(Ingelstam, 2012, pp. 142-146). 

 

Figure 1. Illustration of the fundamental concepts of systems thinking. A system is defined as a set of 

interconnected components which are distinguished from its surroundings – the system environment – by 

a system boundary. In other words, a system is influenced by its environment: it is not completely closed. 

Based on Figure 1:1 in Ingelstam (2012). 

System environment System boundary 

System components and  
their interconnections 
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Building on a basic understanding of a system as illustrated in Figure 1, Churchman 

outlined five basic considerations for the systems analyst to keep in mind (Churchman, 

1968, Chapter 3): 

i. The total system objectives and associated performance measures 

ii. The system environment, i.e. the fixed constraints within which the 

system operates 

iii. The system resources, or the “general reservoir out of which the specific 

actions of the system can be shaped” (p. 39) 

iv. The individual system components and their performance measures, and 

v. The management of the system, i.e. strategic planning and decision-

making for the overall development of the system. 

Building on these principles, and by applying linear programming methods (with 

improved computational capabilities) to new systemic challenges, a wider field of 

systems analysis evolved and later extended into policy-oriented prospective future 

studies (in Sweden, this occurred in the late 1960s) by using contrasting scenarios. 

Much of this thinking has been fruitfully employed and developed further within the 

energy sector, which has long been subject to planning efforts based on outlooks and 

projections on future energy demand, particularly for electricity (see e.g. Ingelstam, 

2012, Chapters 4 and 7). Today, these approaches and methods are applied to a variety 

of energy-related topics and challenges, and typically belong in the field of energy 

transition research. 

2.2 Energy transition research 

Energy is a critically important resource in society. Throughout history, resource 

scarcity, convenience, innovation, energy quality, costs and storage capacity, for 

example, have necessitated shifts from one energy source to another; the first global-

scale transition was from biomass to fossil fuels, which occurred over almost two 

centuries (Solomon and Krishna, 2011). Understanding the past and informing any 

anticipated sustainable energy transition lies within the scope of the broad field of 

energy transition research, to which the work underlying this thesis belongs. In the 1900s, 

much attention was focused on the security of energy supply and price vulnerability, 

which intensified after the oil price shocks of the 1970s and 1980s (Fouquet and 

Pearson, 2012). More recently, the environmental sustainability of current energy 

systems as regards ecosystem degradation, natural resource depletion, and local and 

global pollutant emissions, for example, have emerged as additional key considerations. 

In particular, the main underpinning of current energy transition research is the need 

for effective and rapid climate action to combat the negative impact from rapidly 
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growing anthropogenic GHG emissions (see e.g. Lu and Nemet, 2020). Transitioning 

into a low-carbon energy system calls for game-changing advances in the sourcing, 

delivery and utilisation of energy, involving political, environmental, economic, 

security and other societal factors, and considering current megatrends as population 

growth, rapid urbanisation and globalisation (Araújo, 2014). This complexity and 

width of implications have attracted attention from scholars in diverse disciplines, 

including the natural sciences, engineering, economics, political science and 

psychology, to inform different areas surrounding the pending transition (Lu and 

Nemet, 2020). 

2.3 Modelling the energy transition 

Given all the complexities and uncertainties of energy systems, the elongated time 

horizons of energy infrastructure and investments, and the fact that real-life 

experiments cannot be performed in real-world systems, policymakers, researchers and 

other experts are turning to mathematical models to improve the evidence base 

informing energy transitions. In this context, models should mainly be regarded as 

powerful instruments for thought experiments [43] that can help widen our perception 

of complex systems, help us form common ‘mental  pictures’ of challenges and 

opportunities, and highlight previously unimagined transition pathways. Thus, the key 

model outcome is insights, not precise numbers [44]. Widely employed models for studying 

long-term developments include technology-rich, bottom-up energy system models 

(as ESOMs); computational general equilibrium (CGE) models covering the entire 

economy using a less detailed, top-down approach; and integrated assessment models 

(IAMs) representing key processes in both human and earth systems and the 

interactions between these systems [45]. These different model types should be seen 

as complementary rather than competing tools for exploring various aspects, and 

layers, of demographic, economic, social and technological change, and its 

implications for critical ecological systems. 

2.4 Modelling philosophy 

Various energy-system modelling tools are gaining increasing attention for their role 

in informing policymakers of strategic pathways for the anticipated low-carbon energy 

transition. Although energy-system modelling may seem static and readily available, it 

is in fact an ongoing iterative process of incremental improvements in terms of how 

the system and its components are represented, and how results are interpreted and 

“brought back to reality” (Krook-Riekkola, 2015, p. 17). Of course, as the individual 

modeller (and the modelling community) acquires new knowledge and more 

experience, and since the world around us is a moving target, constantly evolving 
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models and modelling practices is inevitable and imperative. However, this constancy 

of change also requires a deep understanding of the system under study as well as 

significant modeller judgement, and “it is for this reason that we consider such 

modelling a craft and not a science or an art” (Häfele and Rogner, 1986, p. 344). 

Nonetheless, because models constantly evolve, comparing them – and their outputs 

– can unfortunately be exhausting. 

2.5 Policies that accelerate the transport-energy transition 

Economics and market forces will undoubtedly assume a significant role in mobilising 

capital to realise the necessary shifts of the energy system. However, policymakers play 

the key role in defining the long-term targets and overall direction of the transition, 

and these then shape market expectations and speed up investments into low-carbon 

solutions (IEA, 2020b). With the close connection between current energy systems 

and GHG emissions, climate change mitigation and energy policies are inevitably 

intertwined. Moreover, besides GHGs, current fossil-based energy systems also 

generate AP. The negative implications of poor air quality for human and 

environmental health were already acknowledged and addressed by policymakers in 

the United States (US) in 1955 and the European Union (EU) in 1980 (Kuklinska, 

Wolska and Namiesnik, 2015), i.e. well before accelerating climate change became a 

common global concern. Nonetheless, despite their close connection, AP and GHG 

control strategies are typically decoupled: not only is air quality seen as a short-term, 

local consideration, while climate change is a long-term, global distress, air quality 

implications have also so far had little influence on energy-related mitigation strategies 

or policies (Workman et al., 2019). 

Understanding and accounting for a variety of existing and proposed policy measures 

and mechanisms are key to energy-transition studies as well as to associated modelling 

efforts, since comprehensive ESOMs can be used to assess a variety of mitigation 

strategies and measures. This thesis primarily concerns itself with energy-related 

emissions from transportation at subnational levels, although the overall principles and 

policy ‘umbrellas’ are determined at supranational (EU) and national (Swedish) levels. 

Thus, current EU targets include a 40% cut in GHGs by 2030 compared with 1990 

levels. EU legislators recently agreed to raise these ambitions by way of the new 

European Climate Law, a commitment to cut GHGs by 55% by 2030, and for the EU 

to become climate-neutral by 2050 (European Commission, 2021). In Sweden, a new 

climate policy framework that exceeds EU targets was adopted in 2017 (effective 

2018). It includes a net zero GHG-emission target for 2045 and a specific target for 

the transport sector to reduce its emissions by 70% by 2030 in comparison with 2010 

levels (Government Offices of Sweden, 2017). To meet these targets, both the EU 
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and Sweden have implemented several measures to curb CO2 emissions in the 

transport sector. The current EU and Swedish national policy landscape is summarised 

in Tables 1 and 2, which categorises existing actions according to (i) CO2 mitigation 

strategy and (ii) type of policy mechanism. The mitigation strategies are in turn 

classified as either avoid, shift, or improve. Avoid refers to actions to reduce the need for 

physical transportation by substituting trips with home-based work or land-use 

measures to reduce average distances, for example. Shift refers to actions to increase 

(or maintain) shares of less polluting modes of transport, such as public transport and 

active travelling (walking, cycling), or rail instead of road freight. Improve refers to 

actions to improve the energy efficiency of vehicle technologies and/or reduce the 

carbon-intensity of energy carriers, to reduce energy use and emissions per distance 

driven (see e.g. Banister, 2008; Nakamura and Hayashi, 2013). In respect of policy 

mechanisms, they are categorised as either administrative, economic or information-based. 

Administrative policies are based on direct regulations and control measures such as laws 

and standards, defining an upper limit for emissions from a specific site or technology, 

for example, or limits on total aggregate emissions or maximum concentrations of 

pollutants. Such policies have a high level of target fulfilment, but they may be very 

expensive as they do not explicitly consider the cost of meeting set target levels 

(Konjunkturinstitutet, 2012). Economic policies cover issues such as taxes, subsidies, 

fees, and trading schemes, which are considered as indirect mechanisms because they 

work through price signals (e.g. ‘the polluter pays’ principle) to alter the behaviour of 

individuals and businesses (Konjunkturinstitutet, 2017). Information-based policies are 

also indirect, because they aim to alter preferences and behaviours through information 

campaigns, education, ‘eco-labelling’, etc., and typically accompany other 

administrative or economic policies (Konjunkturinstitutet, 2012). 
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Table 1. Current key EU policies to mitigate energy-related CO2 emissions in the transport sector (some 

measures applies also to other sectors), categorised by type of mitigation strategy and policy mechanism 

(year of introduction) 

Policy 

mechanism 
Avoid Shift Improve 

Administrative - - CO2 Emission Performance Standards 

 Cars (2009) 

 Light Commercial Vehicles (2011) 

 Trucks (2019) 

Fuel Quality Directive (2009) 

Renewable Energy Directive (2009) 

Clean Vehicles Directive (2009) 

Alternative Fuels Infrastructure Directive (2014) 

Indirect Land Use Change (ILUC) Directive (2015) 

Economic - - EU Emissions Trading Scheme (ETS) (2005, aviation 

included 2012) 

Information-based - - Car Labelling Directive (1999) 

European Clean Bus Deployment Initiative (2016) 
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Table 2. Current key Swedish national policies to mitigate energy-related CO2 emissions in the transport 

sector (some measures applies also to other sectors), categorised by type of mitigation strategy and policy 

mechanism (year of introduction) 

Policy 

mechanism 
Avoid Shift Improve 

Administrative - - Sustainability Act 

(Hållbarhetslagen) (2010) 

Reduction Obligation (road 

transports) (2018) 

Exceptions for longer/heavier 

trucks (74 tons) (2018) 

Reduction obligation (aviation) 

(2021) 

Economic - Sustainable City contracts 

(Stadsmiljöavtal) (2015) 

Environmental compensation for 

rail freight (2018) 

Eco bonus for shipping (2018) 

Fuel taxes (energy, CO2) (1991) 

Aviation tax (2017) 

Electric Bus Premium (2016-

2020) 

Climate Premium for Heavy-

duty Vehicles (incl. buses) (2020) 

The Bonus-Malus Scheme 

incentivising low-carbon vehicle 

adoption (2018) 

Production premium for biogas 

(2018) 

Investment support for public 

and non-public charging 

infrastructure  

 The Climate Leap 

(Klimatklivet) (2015) 

 Swedish Transport 

Administration, support to 

specific locations (2020) 

Information-

based 

- - - 

Other policies The Climate Leap (Klimatklivet), enabling investment support to any measure 

that can contribute to reduce domestic GHG emissions (2015) 
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3. Methodology 

This chapter offers a description of the modelling framework used in this thesis, outlines the basic 

building blocks of contrasting long-term scenarios, and distinguishes between different scenario 

types to underpin the overall thought process. 

This thesis relies on the modelling of contrasting long-term scenarios in a 

comprehensive ESOM framework to explore options for reducing energy-related 

emissions from transportation at subnational levels. The overall process involves 

characterising and conceptualising the system studied, representing that system in the 

framework of a mathematical model (applied to specific cases), and analysing, 

interpreting, and presenting the model outputs. The entire modelling process is 

instructively illustrated in Krook-Riekkola (2015, e.g. Figure 5). 

3.1 Energy system optimisation models 

Comprehensive ESOMs are typically used to provide policy-relevant insights based 

on modelling long-term energy futures that cover entire energy systems or single 

subsectors, where analyses consider all steps from primary resource extraction to end-

use demand for energy-intensive goods and services. Generally, the analytical strengths 

of ESOMs entail, firstly, a consistent framework for specifying the techno-economic 

characteristics of all the processes and commodities involved; secondly, a linear 

programming model formulation that allows for efficient goal-seeking within highly 

complex systems; thirdly, a range of model outputs, which can suggest a broad 

portfolio of energy futures under various policy objectives; and fourthly, their ability 

to capture cross-sectoral interactions and provide system-level insights (DeCarolis et 

al., 2017). 

Some examples of well-known ESOMs and their application in various settings and 

for different purposes include the Energy System Modelling Environment (ESME) 

tool (see e.g. Pye, Usher and Strachan, 2014; Pye and Daly, 2015; Li, Pye and 

Strachan, 2016), the Model of Energy Supply Systems and their General 

Environmental Impact (MESSAGE; see e.g. Messner and Schrattenholzer, 2000; 

Hainoun, Seif Aldin and Almoustafa, 2010; Sullivan, Krey and Riahi, 2013), the Open 

Source Energy Modelling System (OSeMOSYS; see e.g. Pinto de Moura et al., 2017; 

Emodi, Chaiechi and Alam Beg, 2019), and TIMES (and its predecessor, the Market 

Allocation model, MARKAL; see e.g. Krook-Riekkola, Ahlgren and Söderholm, 

2011; Comodi, Cioccolanti and Gargiulo, 2012; Gracceva and Zeniewski, 2013; 

Börjesson et al., 2014). TIMES, which is applied in this thesis, was originally developed 

under the auspices of the International Energy Agency’s Energy Technology Systems 
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Analysis Program (IEA-ETSAP, 2016). TIMES is typically characterised as a 

comprehensive bottom-up, techno-economic, linear programming model framework 

(but in the literature, it is typically referred to as a model), which seeks to satisfy user-

defined demand for energy-intensive goods and services at minimum cost under given 

constraints. The objective function to be minimised is formulated as – 

NPV = ∑  ∑  (1 + 𝑑𝑟,𝑦)𝑅𝐸𝐹𝑌𝑅−𝑦
𝑦∈𝑌𝐸𝐴𝑅𝑆  · 𝐴𝑁𝑁𝐶𝑂𝑆𝑇(𝑟, 𝑦)𝑅

𝑟=1  (1) 

where NPV is the net present value of the total cost for all regions; ANNCOST(r,y) 

is the annual cost in region r and year y; dr,y is the general discount rate (a social discount 

rate of 3.5% was used for the modelling exercises in this thesis); REFYR is the 

reference year for discounting; YEARS is the set of years for which there are costs; 

and R is the set of regions in the area of study (Loulou et al., 2016; for  comprehensive 

documentation of the entire TIMES model framework, see IEA-ETSAP, no date). 

The modelling work underlying this thesis builds on the generic TIMES-City model 

framework (TIMES applied at city level) developed within the Sustainable and 

Resource-efficient Cities Project (SURECITY, 2017; for a comprehensive overview of 

the city modelling framework see Krook-Riekkola et al., 2018). 

3.2 Contrasting long-term scenarios 

How future energy use and emissions from transport unfold is determined by the 

combined effect of several uncertain factors and their underlying drivers, including 

transport demand, modal preferences, cost of technologies and fuels, advancement and 

penetration of clean energy technologies, policy interventions, etc. Projecting the 

long-term (20–50-year) outcome for any of these factors, or the combined effect of 

several of them, is simply impossible. Instead, contrasting scenarios, which build on a 

consistent set of assumptions about the key relationships and underlying drivers for 

change, sometimes accompanied by a qualitative ‘storyline’, are constructed and 

implemented in models (Nakicenovic et al., 2000). With the characteristics and 

strengths of ESOMs, these models are especially suited to exploring contrasting long-

term energy scenarios (DeCarolis et al., 2017). Note that scenarios often rely on 

estimates of, for example, future economic development and population growth as 

input, and thus cannot be completely separated from traditional projections (Ingelstam, 

2012). 

3.2.1 The building blocks of a TIMES model scenario 

A TIMES-model scenario requires four types of input: energy-service demand curves, 

primary-resource supply curves, a complete set of technologies, and a policy setting. 
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These fundamentals are described in some more detail below (Loulou et al., 2016, 

Chapter 1):  

 The demand component: TIMES models are driven by user-defined 

demand for energy-intensive goods and services over the entire 

modelling horizon. Input demands, in turn, are typically drawn from 

other models or well-established exogenous sources, which take 

underlying socio-economic demand drivers into account. 

 The supply component: This component constitutes a set of supply 

curves for primary energy and material resources, each representing a 

certain resource available at a particular cost. The supply component 

also includes identifying trading possibilities (import/export) and their 

related costs. 

 The techno-economic component: All the components of an energy 

system are represented as commodities (fuels, material, energy services, 

emissions, etc.) and processes (technologies) that transform one 

commodity into another. All processes are described by a set of techno-

economic parameters such as investment costs, operation and 

maintenance costs, efficiency, lifetime and environmental emission 

factors. 

 The policy component: Various policy measures affect the future 

development of a certain energy system; thus, policies are an integral 

part of the scenario’s definition. The model framework allows for a 

wide range of elements to be explored, from micro- (e.g. targeted 

subsidies to specific technologies) to macro-scale measures (e.g. general 

energy and carbon taxes, and emission trading systems). 

The demand component is a key modelling input. The challenge of retrieving 

relevant transport demand curves at the local level is discussed in more detail in section 

4.3 below, while other specific considerations are described in the Papers concerned. 
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3.2.2 A typology for categorising scenarios 

There is a growing body of (scientific and other) literature which relies on a wide 

range of scenario approaches to study the anticipated energy transition. Categorising 

different scenarios can be useful for structuring and illustrating the thought processes 

involved, and for communicating the scenario outputs. One useful way of thinking 

about scenarios is introduced by Börjeson et al. (2006), who define a typology based 

on the type of underlying question and the basic mode of thinking about the future, 

namely as probable, possible, or preferable. The scenarios employed in this thesis involve 

two of these modes of thinking: possible futures (or explorative scenarios) and preferable 

futures (or normative scenarios), as illustrated in Figure 2. It should also be stressed that, 

in practice, the distinction between different scenario types is not necessarily as clear-

cut; for example, a single scenario may contain both explorative and normative 

elements (see e.g. Nakicenovic et al., 2000). 

 

Figure 2. Layout of different scenario categories and subcategories used in this thesis (Figure adapted 

from Börjeson et al., 2006) 

Explorative scenarios are used to answer questions such as What can happen under 

different circumstances? These scenarios are open-ended, i.e. they do not presuppose a 

certain future state, but rather explore the potential consequences of different 

alternative developments. Explorative scenarios can be further disaggregated into 

strategic and external subcategories. The former are mainly used to describe a range of 

potential outcomes from strategic decisions at the hands of the (intended) scenario 

Scenario category 

Scenario 
subcategory 

Type of question  
posed 

Explorative Normative 

Transforming 

What can 

happen if we 

act in a certain 
way? 

What can 

happen, given 

the development 

of external 
factors? 

How can a target 

be met by 

‘adjusting’ the 

current structure? 

 

How can a target 

be met when 

current structures 

block necessary 
change? 

Mode of thinking Possible Preferable 

Strategic External Preserving 
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user, while the latter focus on factors beyond the control of the scenario user to inform 

strategic choices that can survive the pressure of various external conditions (Börjeson 

et al., 2006). In the work underlying this thesis, explorative scenarios (including both 

strategic and explorative elements) were employed in Paper III, where a set of 

scenarios was used to explore, systematically, the impact of various individual measures 

or combinations of them on CO2 emissions in the context of overall mitigation targets 

for the Swedish domestic transport sector. 

Normative scenarios, on the other hand, are used to answer questions such as How 

can a specific target be reached? These scenarios focus on specific (desirable) future 

situations or states, or on how to meet specific set objectives. Normative scenarios can 

be further disaggregated into preserving and transforming subcategories. Preserving 

scenarios focus on how a certain target can be met in the least costly way within a 

prevailing system structure (typically by use of optimisation models), while transforming 

scenarios focus on long-term future states that seem unreachable within the current 

development ‘path’, i.e. where a significant shift in direction is necessary (Börjeson et 

al., 2006). In the work underlying this thesis, normative scenarios were employed in 

Paper II, where scenarios based on predetermined target trajectories for CO2 and AP 

emissions were used to analyse the least costly technology and fuel preference, given 

different policy objectives. 
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4. Capturing local transport-energy systems in 

ESOMs 

This chapter outlines key considerations and challenges for characterising, representing and 

modelling local transport-energy systems by using contrasting long-term scenarios in a 

comprehensive ESOM framework (addressed in RO1). 

The transport sector is an energy end-use sector. Thus, capturing this sector in an 

ESOM framework may seem relatively straightforward compared with the industry 

sector, for example, which is simultaneously a user and a producer of both energy 

commodities and materials (for greater detail, see Sandberg, 2020). However, 

capturing transport-energy systems in an ESOM is not limited to the representation 

of individual processes (vehicles) and commodities (energy carriers): the scope of the 

analysis must also be considered, and the modelling process inevitably includes a 

variety of qualitative and quantitative considerations which require not only a 

comprehensive understanding of the system to be studied, but also the modeller’s 

judgement. This thesis builds on the transport sector ‘module’ (primarily developed 

by the Licentiate candidate) of the generic TIMES-City model framework. 

4.1 Key considerations in the TIMES-City framework 

4.1.1 The transport sector 

The urban transport-energy system is not fundamentally different and cannot be 

completely separated from the regional or national context; all cities are inevitably 

connected to and dependent on their surroundings. Yet, for the sake of representing 

the system in a mathematical model, some system boundary needed to be determined. 

The following general categorisation of local energy systems has been proposed 

(Keirstead, Jennings and Sivakumar, 2012): 

 Pure geographic: All energy-related activities and emissions within 

administrative geographic boundaries 

 Geographic plus: All energy-related activities and emissions within 

administrative boundaries and easily traceable upstream flows, and 

 Pure consumption: All energy-related activities and emissions relating to 

a city’s (municipality’s) residents, businesses, public administration, etc. 

wherever such activities and emissions occur. 

The very nature of the transport sector is to move people, manufactured goods, and 

natural resources within, into, and out from a specific city. Thus, in TIMES-City, the 
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basic approach includes all transport activities induced by the residents, businesses, 

public authorities, etc. of said city, i.e. essentially a consumption-based approach. To 

capture the heterogeneity of local transport needs, covering both the short-distance 

daily trips by city residents, less frequent long-distance leisure and vacation trips, and 

international goods flows attributed to a specific city, all transport demand is 

disaggregated into either short-distance (intra-city) or long-distance (into and out from 

the city). Note, it is possible to run the model to only analyse intra-city (or long-

distance) transports. Some modes of transport can only meet short-distance transport 

demand (e.g. walking, cycling, and urban buses), while others can supply both short- 

and long-distance options (e.g. cars, motorcycles, and trucks), and some are exclusively 

long-distance modes (e.g. airplanes, high-speed rail, and maritime freight). Note that 

traffic passing through a city, which may be a significant contributor to local air 

pollution in certain settings, for example, is not captured, and neither are transport 

activities that originate or end within the specific city but are ascribed to residents or 

businesses elsewhere. Of course, this approach may have different implications for 

different cities. 

Cities and urban agglomerations typically share some specific physical and socio-

economic characteristics. While these features shape intra-city transport activity and 

consequent energy use, they may also provide both opportunities and roadblocks for 

change. Firstly, the high density in social and economic activity in cities induces a high 

demand for movement as well as a large share of short trips within a limited geographic 

area, which typically results in higher-than-average proportions of active travelling, 

public transport, and car-sharing services (taxi, car-pooling, mobility as a service, etc.) 

(Grubler et al., 2012). Other consequences of high density are freight consolidation 

centres for distributing intra-city goods more efficiently, the use of smaller freight 

vehicles and non-conventional modes of transport (e.g. non-motorised or light electric 

freight vehicles), and the introduction of low-emission zones to restrict the use of 

polluting vehicles (see e.g. Dablanc et al., 2013). In a ‘typical’ national TIMES model, 

the level of detail is not fully adapted to these characteristics, which impede the 

model’s ability to support local-level analyses. The TIMES-City framework, on the 

other hand, offers additional mode and technology choices, such as walking and 

cycling (including electric bicycles); light electric passenger and freight vehicles; sea-

borne public transport; taxis and car-pooling; and medium goods vehicles (3.5–18.0 

t), typically used in intra-city freight delivery and waste management (but generally 

aggregated into the heavy road-freight segment). In addition, quantitative assumptions 

on vehicle energy efficiencies and AP emission factors were adjusted to better capture 

typical intra-city driving behaviour (low average speeds, and plenty of 

starting/stopping and idling). Secondly, built-up structures have long lifetimes and can 
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shape behaviours (including patterns of energy use) for decades (Creutzig et al., 2015). 

In addition, the compactness of, and competition for space in, cities complicate the 

transformation of built environments; this has a preserving effect, which may delay 

and/or add to the costs of local energy transitions. Thirdly, and a potential 

counterbalance to the previous point, the ‘buzz’ of a city generates significant know-

how, wealth and intrinsic willingness-to-act among local governments and other 

stakeholders (Eicker, 2019). These characteristics are manifested, for example, in 

locally progressive policy agendas and pledges that exceed current EU or national 

commitments to climate-change-mitigation actions (see e.g. Johnson, 2020) and a 

propensity for ‘experimentation’ and early adoption of new ideas and innovations 

(Bulkeley, Castán Broto and Maassen, 2012). The second and third points influence 

how quickly and in what direction a specific local transport-energy system might 

evolve, but such influence varies between cities. The preserving impact of current 

built-up structures and spatial scarcity, and the progressive ‘buzz’ of cities, are not 

easily assessed and quantified for inclusion in mathematical models, however. 

Therefore, their impacts are captured through qualitative scenario assumptions on 

what prospective future technology and fuel options to include, for example, and 

when different options can be assumed to become available over time. 

The primary intended audience of the model-based analyses and insights produced in 

this thesis are local governments; they are the system managers who hold the key to 

local strategic decision-making and resource allocation. To better capture the powers 

and responsibilities held by local decision-makers, all energy end-use demand in the 

model is disaggregated into city and other subcategories, respectively. The former 

typically include the city’s own (or leased) cars, business trips by city officials, or 

publicly procured transport services such as waste collection, i.e. vehicles and transport 

activities over which the local government has direct control. The latter include all 

other transport demands associated with a specific city’s residents and businesses, i.e. 

vehicles and transport activities which the local government can only impact indirectly, 

e.g. by fostering and promoting more sustainable options and habits or by taking on a 

‘lead by example’ role (Hoppe, van den Berg and Coenen, 2014). This city/other 

distinction comes with two main benefits: (i) energy use and associated emissions from 

city transport activities can be quantified, analysed and displayed separately for local 

government officials; and (ii) the impact of applying different targets and strategies for 

city and other transport activities can be explored, since many local governments set 

more ambitious targets for their own activities and vehicle fleets. Of course, the 

distinction also significantly increase the need for detailed data to be supplied by the 

city administrative organisation. In addition, the model structure enables dividing a 

specific city into a maximum of 15 different zones that can, for example, be used to 
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represent differences in transport behaviours between intra-city districts, to include 

different assumptions about future development in the respective zones, or to explore 

the impact of new developments such as extending a subway network into a new city 

zone. In Paper III of this thesis, the zone structure was instead used to capture the 15 

different municipalities of the Västerbotten region in Sweden; thus, the entire 

modelling scope then translates to the regional level. 

4.1.2 Fuel supply sector 

At city level, the bulk of transportation fuels are typically imported from outside city 

limits. In the general TIMES-City model framework, the fuel supply (SUP) sector 

includes a variety of existing and prospective fuel and electricity production options 

to be explicitly modelled, as well as the option of importing fuels and electricity to the 

system being studied. In this thesis, all transportation fuels were assumed to have been 

produced elsewhere and then imported. However, to capture (some of) the diversity 

in feedstock options and production pathways, the SUP sector included a large pool 

of different import commodities for each fuel option. These commodities can be 

assigned different upstream CO2 footprints, different import prices, etc. Despite not 

explicitly modelling different fuel production options, this representation enables the 

capture, for example, of upstream implications associated with zero tailpipe-emission 

vehicles (battery electric vehicles/BEVs and hydrogen fuel cell vehicles/HFCVs) as 

well as policies which take the entire life-cycle climate impact of fuels into account, 

as the Swedish reduction obligation quotas do (Reduktionsplikten). 

4.2 Challenges in model calibration 

Setting up a TIMES model requires it to be thoroughly calibrated to a base year. This 

is accomplished by iteratively matching currently installed capacity retrieved from 

statistics or other trusted sources with, for example, final energy use and emission data. 

For the stationary sectors of the local energy system, it is relatively straightforward 

(albeit potentially time-consuming) to determine what facilities lie inside or outside 

system boundaries, while the very nature of the transport sector (to move people and 

goods irrespective of local administrative boundaries), combined with the common 

approach in official vehicle-registration statistics and local energy and CO2 emission 

data, presents the modeller with two main challenges. In the first instance, inputting 

the base-year vehicle stock registered for a certain municipality in the model does not 

provide an accurate account of current capacity. This is because some (an unknown 

portion) of those vehicles do not actually operate out of the municipality in which 

they are registered. Secondly, matching municipality-level statistics on final energy use 
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and CO2 emissions with vehicle statistics or model-derived data (described in more 

detail below) is a puzzling task. 

To address the first challenge, a partly new approach was used in the model calibration 

in Papers II and III. For cars, all units registered in a specific municipality (in the 

statistics) were assigned to that municipality. For commercial vehicles such as buses 

and trucks, the statistical data revealed improbable inter-municipality variations and 

some significant deviations from the national average. This was because entire fleets 

could be registered to the head-office premises of a particular bus operator or freight 

distribution provider. Unfortunately, there was no simple way of sorting out the 

statistical discrepancies in specific cases. Instead, the base-year fleets were derived by 

dividing the respective transport demand in each municipality (given in passenger 

kilometres, pkm, and ton kilometres, tkm) with annual average distance travelled for each 

vehicle type and the load factors (i.e. the number of passengers or tons of goods) for 

each vehicle type. Average distance travelled and load factors were obtained from 

statistics. However, the main uncertainty of this approach lies in determining the 

transport demand, from which the number of vehicles in turn is drawn. A comparison 

of statistical and derived data, based on the model calibration of 15 Swedish 

municipalities for Paper III, is presented in Figure 3. The derived data show more 

consistency between municipalities and come closer to the national average compared 

with the statistics. Thus, the alternative approach was considered a more appropriate 

representation in this case. For buses, inter-municipality variations in derived data 

reflect differences in travel demand due to demographic factors (e.g. younger people 

used public transport more) and geographic location (which affected commuting 

patterns and average trip distances), while for trucks, the differences between 

municipalities reflect the socio-economic situation (measured by gross regional 

product/GRP per capita), which determine overall purchasing power and, thus, the 

total ‘material footprint’ for each municipality. Nonetheless, it is still advisable to 

compare – and perhaps even combine – different approaches and statistical data sets (if 

available) to find the best possible representation of the base year. 
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Figure 3. Comparison of official vehicle registration statistics (buses and trucks) with model-derived data 

(from Paper III), expressed as vehicles per 1,000 inhabitants 

The resulting final energy use and consequent CO2 emissions from the specific base-

year vehicle stock (per the model-derived output data) were then matched with official 

energy use and emission statistics. Figure 4 displays the final energy use (left) and CO2 

emissions (right) from the model calibration for Paper III. The municipal energy 

statistics comprise all energy commodities delivered and sold for final use within a 

specific municipality (Statistiska Centralbyrån, 2019), regardless of who used the fuel 

or for what purpose it is used, i.e. local transport needs or long-haul transport simply 

passing through. This approach produced some significant (and seemingly arbitrary) 

inter-municipality differences. Furthermore, local CO2 emission data obtained from 

(RUS, no date) are derived from national data via a top-down approach; i.e. national 

data is disaggregated to subnational levels using statistical data on population, transport 

infrastructure, woodland and farmland, for example. However, uncertainty increases 

as data is disaggregated into smaller geographic scale (Brodl et al., 2020). Thus, 

variations in per-capita CO2 emissions do not follow the same pattern as per-capita 

final energy use. The model outputs are not only better aligned with national average 

statistics, they also capture some inter-municipality variations due to differences in 

vehicle stock composition, average annual distance travelled, and share of trips by 

public transport and non-motorised modes. Model-generated CO2 emissions follow 

the same pattern as energy use. However, model outputs are generally above the 
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national average per-capita CO2 emissions because the model includes upstream 

emissions from fuel production and assign such emissions to each respective 

municipality, whereas these emissions are captured elsewhere in national emission 

data. 

 

Figure 4. Comparison of official data on energy use and CO2 emissions with model-generated base-year 

(2015) outputs based on the model calibration for Paper III, expressed in per capita terms 

Hence, the statistical data sets do not sufficiently support a straightforward model 

calibration at the subnational level. Comparing statistics with model outputs using the 

approach laid out above provides an alternative image of the current situation, and it 

may present local policymakers with a better view of energy use and emissions under 

their direct and indirect control. 

4.3 Challenges in determining local transport demand 

Modelling transport-energy futures in TIMES requires some exogenously determined 

projection of transport demand as a key input. These projections can be retrieved from 

traditional transport demand models, for instance, which are usually used to support 

strategic transport policymaking, infrastructure planning, cost-benefit analyses, etc. 
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Understandably, relying on such model projections requires a transport demand model 

consistent with the scope of the energy system model, as highlighted in Tattini et al. 

(2018), for example, while for the subnational level (including the cases in this thesis) 

such projections – or modelling tools to generate such projections – are generally not 

available. Instead, by drawing on insights from decades of transport demand modelling, 

and by using similar calibration data, a simple spreadsheet model was developed to 

generate a portfolio of demand projections for specific cases. 

4.3.1 Insights from transport demand modelling 

In the 1950s US, where transport systems began to be systematically investigated, the 

initial focus was on establishing empirical relationships between transport demand and 

its key determining factors; these were then formalised into models that could forecast 

future transport demand and traffic flows (Boyce and Williams, 2015). These 

statistically-oriented, so-called four-step1 models, which typically treat passenger and 

freight transport separately, are still the most common operational forecasting tools 

used for various transport policy and planning purposes (McNally, 2007). These 

models reflect the fact that passenger travel demand and its associated modal 

preferences are determined by demographic and socio-economic characteristics such 

as age, gender, geographic location, driving licence, car ownership, level of education, 

participation in the labour market, income, etc. (Jong and Riet, 2008). Setting up and 

calibrating a travel demand model therefore requires extensive sets of data, which are 

traditionally retrieved from comprehensive travel surveys2 that collect information on 

how (mode), why (trip purpose), when (timing) and where (distance) people travel, 

disaggregated by key demographic and socio-economic characteristics (see e.g. Ahern 

et al., 2013, Tables 4.12-4.13). In freight transport, on the other hand, the underlying 

demand for goods is determined partly by macro-economic conditions and 

development (measured by GDP per capita, for example), and partly by the structure 

of the economy in terms of resources, goods and services. In addition, the spatial 

structure of a country or region and specific industrial locations (and the position of 

specific industries in international value-chains) affect transport distances and, thus, 

total tkm and mode choices (Rodrigue and Notteboom, 2020). Like travel surveys, 

commodity flow surveys are an important source of data for understanding and modelling 

                                                
1 A four-step transport demand model, for passengers or freight, breaks down the forecasting problem 

into four separate computational stages: 1) total daily demand for transport; 2) distribution (of trip 

purposes or different commodity types); 3) mode choice; and 4) route choice. 

2 In recent years, response rates with respect to traditional travel surveys have dropped to well below 50% 

in several Western countries (including Sweden). This has raised questions on the relevance of survey 

outputs with regard to calibrating and validating transport models, and on the need for new methods for 

gathering data (see e.g. Trafikanalys, 2016). 
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freight flows within and between countries and regions. The latter surveys typically 

break down data by geographic region (within countries), sending/receiving industry 

branch, type of goods, shipment size, and mode choice (see e.g. Trafikanalys, 2017). 

4.3.2 Constructing local-transport demand curves 

Building on the insights laid out above, and using the same type of statistical data, a 

simple (yet detailed) ‘model’ was developed to construct passenger and freight 

transport demand curves for the cases in Paper II (Malmö) and III (the Västerbotten 

Region, which comprises 15 municipalities). With this ‘model’, a broad spectrum of 

demand curves can be constructed consistently and transparently to reflect the impact 

of potential future behavioural shifts with regard to preferred mode, demand for 

certain goods, etc. Table 2 summarises the key determinants of demand for local 

transport and the various data sources used for the respective cases in this thesis, while 

Figure 5 illustrates the general framework linking the transport demand model with 

the TIMES-City ESOM. 

Table 2. Summary of demand drivers and input data to determine future demand for local transport 

Case Subsector Demand drivers Input data 

Malmö 

(Paper II) 

Passenger Population growth Projected population growth 

Local travel survey 

Freight Growth in 

population and  

GRP/capita  

Projected population growth 

Projected growth in GRP per capita 

Material intensity (kg per Euro) 

Average distance and proportion of transport 

modes 

Västerbotten 

(Paper III) 

Passenger Population growth 

by age group 

Projected population growth 

Swedish national travel survey 

Data on local commuting patterns 

Data on public transport demand from 

regional transit authority 

Employment statistics, by municipality and 

branch 

Local optic-fibre broadband availability (%) 

Freight Growth in 

population and  

GRP/capita 

Projected population growth 

Projected growth in GRP per capita 

Material intensity (kg per Euro) 

Average distance and proportion of transport 

modes 
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Figure 5. General model representation of TIMES-City (illustrated by a simplified reference energy 

system, RES) with an exogenously linked transport-demand-projection ‘model’, building on insights 

and input data from traditional four-step transport models 
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For Malmö, the base-year data for passenger travel demand, including trip purpose, 

distance and mode share, were available from the city’s recurring travel surveys, while 

only one of the municipalities in the Västerbotten Region – namely for the city of 

Umeå – had access to local data for model calibration. Instead, therefore, Paper III 

relies on data from the latest Swedish national travel survey (Trafikanalys, 2017b), 

which disaggregates travel habits by municipality-type3 to capture regional differences, 

as well as data on regional commuting patterns and public transport demand. In both 

Papers II and III, population growth (or decline) was assumed to be the sole driver of 

future travel demand, i.e. no connection was made between improved socio-

economic status and increased travel, especially considering that daily travel demand 

in developed countries has largely been saturated (see e.g. Metz, 2012). While, 

economic factors play a decisive role in reshaping habits and choices in long-distance 

vacation trips (which were not included here). 

In Paper III, detailed population growth projections by age group were made available 

for the Västerbotten Region. Thus, travel demand was also disaggregated by age group 

to capture the fact that travel habits and mode preferences typically change with age 

(as reflected in national travel survey data as well). For the base projections, current 

trip frequencies, average distances and mode shares were also assumed for future 

periods. Building on this, and with the level of detail employed, alternative futures 

could then be constructed systematically to reflect mode shifts to public transport and 

active travelling, and/or shifts to home-based work, for example, to reduce total travel 

demand. 

However, no local data on current freight flows were available to calibrate the model. 

Moreover, data from the Swedish national commodity flow survey do not provide the 

necessary amount of detail for specific municipality-level analyses. Instead, by-mode 

tkm demand was obtained by combining a material footprint approach with national 

average transport distances for different commodity groups. First, material intensity 

data (kg per Euro; drawn from Giljum et al., 2016), population statistics and per-capita 

gross regional products (GRP), was used to determine annual material demand (in 

tons) for different commodity groups in each municipality. This demand was then 

combined with data on average distances (km) and mode shares for various commodity 

groups found in Swedish national freight-transport statistics (retrieved from 

(Trafikanalys, no date) to generate the total tkm demand for each respective mode. 

                                                
3 The Swedish national travel survey include the following municipality-types (based on a 2011 

classification that was updated again in 2017): Metropolitan; Suburban (to metropolitan); Large cities; 

Suburban (to large cities); Commuter; Tourism and travel industry; Manufacturing; Sparsely populated; 

Municipalities in densely populated regions; Municipalities in sparsely populated regions.   
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This approach was used in Papers II and III. In both cases, future demand was assumed 

to be driven by a combination of population growth (or decline) and socio-economic 

development measured as GRP per capita. For the base projections of future freight-

transport demand, current material intensity assumptions, average distances and mode 

shares were used in all time periods, i.e. no shifts in overall consumption patterns or 

supply chains were assumed. Building on this, alternative futures could then be 

constructed to reflect mode shifting, for example, or changes in the consumption of 

certain manufactured commodities. 
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5. Scenario analysis 

This chapter presents the main outcomes of modelling and analysis, which offer insight not only 

into potential conflicts between mitigating CO2 emissions and improving air quality (RO2), but 

also into the impacts of locally and regionally determined CO2 mitigation measures in the 

transport sector (RO3). 

5.1 Recoupling CO2 and AP mitigation 

Paper II addresses potentially conflicting local and global interests and motivations 

associated with mitigating energy-related emissions from transport (RO2). The 

TIMES-City model was applied to the city of Malmö in Sweden to explore how 

ambitious CO2 and AP mitigation targets impacted on technology, fuel choices, or 

both, to assess (i) any trade-offs or ancillary benefits for air quality from imposing an 

ambitious CO2 mitigation target, and (ii) any trade-offs or ancillary benefits for climate 

change mitigation from deep cuts in APs, and (iii) any additional co-benefits from 

combining CO2 and AP targets in parallel. The modelling scope included tailpipe and 

upstream CO2 emissions as well as tailpipe nitrogen oxide (NOX), PM and non-

methane volatile organic compound (NMVOC) emissions. The model horizon 

stretched to 2050. The main outcomes are summarised in Figure 6. The results 

indicate that substituting fossil fuels with biofuels (biodiesel in particular) in 

conventional road vehicles is the least-cost pathway to meet ambitious climate-

change-mitigation targets. However, this produces only minor or even negative 

benefits to air quality. In contrast, deep cuts in APs require more costly transitional 

shifts to zero-emission vehicles (BEVs and/or HFCVs), but this may result in 

significant upstream CO2 emissions – depending on the feedstock for electricity and 

hydrogen production (e.g. using ‘grey’ hydrogen drawn from natural gas without 

carbon capture and storage resulted in very limited benefits for total CO2). This also 

highlights the benefit of distinguishing between tailpipe and upstream CO2 emissions 

to capture their potential implications for climate change with respect to different 

options. When imposing CO2 and AP mitigation targets in parallel, BEVs powered 

with ‘green’ electricity proved the least costly option in terms of producing deep cuts 

in both CO2 and AP emissions. Mode shifting to less energy intensive modes produced 

additional ancillary benefits in all scenarios, especially due to reduced fuel demand 

which reduces both tailpipe and upstream emissions of CO2 and tailpipe AP. In 

summary, the ancillary benefits from single-handed mitigation strategies are very 

limited, and while there are options capable of reaching very low levels of total CO2 

and AP emissions, policymakers need to account explicitly for both local and global 

motivations and interests to minimise the negative impacts from all energy-related 

emissions in the transport sector. 
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Figure 6. Additional (relative) change in CO2, NOX, PM and NMVOC emissions compared with the 

no-policy reference scenario under different mitigation targets. Key: Solid blue bars = Direct benefit for 

CO2 from climate target; Dashed blue bars = Ancillary benefits for APs from climate target; Solid red 

bars = Direct benefits for APs from AP targets; Dashed red bars = Ancillary benefits for CO2 from AP 

targets; Green bars = Impact of combining all mitigation targets; Arrows = Co-benefits from combined 

targets 
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5.2 The impact of local and regional CO2 mitigation measures 

Paper III addresses the impact of locally and regionally determined CO2 mitigation 

measures in the transport sector, considering current ambitious higher-level (national 

and EU) policy portfolios (RO3). The TIMES-City model was applied to the 

Västerbotten Region in norther Sweden, which comprises 15 municipalities, using a 

set of scenarios to assess how existing and prospective mitigation actions are likely to 

contribute towards reaching the national climate-change-mitigation target for 

domestic transports. The scope only involved land-based (road and rail) transports. 

The municipalities were grouped into three different categories based on their current 

demographic trends and basic geographic and transport conditions (public transport 

availability, commuting patterns, etc.). Resulting emissions and fuel preferences in 

selected scenarios (which are explained in some more detail below) for the entire 

Västerbotten Region are displayed in Figures 7 and 8. 

 

Figure 7. Indirect and mode-related CO2 emissions in selected scenarios in the Västerbotten Region, 

2015–2050 
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Figure 8. Final energy demand by fuel type in selected scenarios in the Västerbotten Region, 2015–

2050. Key: DME = dimethyl ether (a gaseous diesel-substitute fuel); E85 = high-blend bioethanol used 

in dedicated flex-fuel vehicles; ELC = electricity 

The dotted black line (Status quo) in Figure 7 represents a case which conserves the 

2015 situation and is used as a reference point for gauging the impact of different 

measures. As the graphs show, CO2 emissions decrease in the Status quo case due to 

very modest growth in future transport demand, combined with assumed gains in 

energy efficiency for road vehicles. The results indicate that current key national-

policy instruments (fuel taxes, reduction obligation quotas,4 and purchase premiums 

in respect of light-duty vehicles5 – named BefStyr*) will contribute significantly to 

reducing CO2 emissions by scaling up the use of biofuels (especially biodiesel in heavy-

duty vehicles) and by accelerating the introduction of BEVs powered by low-carbon 

electricity. Assuming a limit on domestic biofuel supplies (denoted Bio) further 

accelerates BEV deployment so that fuel demand can be met in the case of long-haul 

heavy-duty vehicles (which was not assumed able to electrify in this study). 

                                                
4 Reduktionsplikten (“Reduction Obligation”) is an administrative policy which aims to reduce the climate 

impact of gasoline and diesel fuel (in road transports) by obliging all fuel suppliers to blend in biofuels. 

5 Bonus-Malus is an economic policy which offers a purchase premium (bonus) – of up to SEK 60,000 at 

the time of this study but adjusted to SEK 70,000 from 1 April 2021 – for new light-duty BEVs, plug-in 

hybrid electric vehicles (PHEVs) and vehicles running on compressed natural gas (a generic name for 

compressed natural gas and compressed biomethane used as vehicle fuel), and an additional fee (malus) for 

conventional and non-plug-in hybrid gasoline and diesel vehicles based on their energy and CO2-

emissions performance. 
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Furthermore, locally determined measures are needed to enable and foster shifts from 

private cars to active travelling, public transport, or home-based work. Although these 

shifts do not produce any significant short-term CO2  cuts (see BefStyr*+ 

MinskaT+ÖverF), they contribute to reducing the overall energy intensity of the 

transport sector – which is vital for reaching the net-zero climate-change-mitigation 

target with respect to scarce renewable resources. Combining all the given measures 

and considerations (i.e. the BefStyr*+MinskaT+ÖverF+EV+Bio scenario) illustrates 

that very low levels of CO2 are technically feasible, but biofuel availability and cost 

development of BEVs (EV denote a relatively quicker and more significant decline in 

BEV costs) are critical to achieving such levels. Finally, it should be stressed that the 

results illustrate a situation where all decisions are based on economic rationality and 

where policy measures produce the intended effect, i.e. the model may overestimate 

the rate and extent of the anticipated transition. 
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6. Conclusions and future work 

This chapter presents the main conclusions for each of the research objectives (ROs) addressed in 

this thesis and lays out the overall direction for future work. 

RO1: Improve and adapt the representation of local transport-energy systems in a comprehensive 

ESOM framework, based on a fundamental understanding of system characteristics, the 

challenges facing local policymakers, and the availability and quality of model calibration and 

input data (Papers I–III). 

The most appropriate representation of any real-world ‘system’ in a mathematical 

model depends on the overall scope and aim of the study concerned. Capturing a 

local-(city-)level transport-energy system in an ESOM framework poses significant 

challenges not typically faced at the national level. Here, a systems analysis approach 

was employed to help structure the understanding of local transport-energy systems so 

that the implications for model representation and specific modelling assumptions 

could be outlined. Firstly, determining the system boundaries required careful 

consideration with regard to the purpose of the modelling efforts and the availability 

and quality of statistical data in support of a consumption-based modelling approach. 

Secondly, and also considering the overall scope, availability of technology and fuel 

choices (qualitative assumptions) and their techno-economic representation 

(quantitative assumptions) should be adapted to the specific conditions being 

modelled, which also help in bringing model outputs ‘back to reality’ in the 

subsequent analysis. Thirdly, to aid local strategic decision-making, the model 

structure should acknowledge the responsibilities and powers held by local 

governments, for example, by distinguishing between activities under their direct and 

indirect control. Fourthly, the structure and approach of local vehicle, energy and 

emissions statistics did not provide a clear and definite account of current energy use 

and emissions from transport associated with a specific city, which significantly 

complicated model calibration. Here, an alternative approach was tested and 

considered more appropriate for the overall modelling approach. Finally, passenger 

and freight transport demand curves were not readily available at the local level. To 

overcome this, own projections were constructed by drawing on insights and 

calibration data from traditional transport demand projection models. 
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RO2: Explore the potential conflicts and benefits of addressing energy-related CO2 and AP 

emissions from transportation, respectively and in parallel, to support comprehensive low-emission 

strategies in the transport sector (Paper II). 

The results of Paper II showed that shifting from fossil fuels to biofuels in conventional 

vehicles is the least-cost pathway to reach an ambitious CO2 mitigation target, but this 

produced very limited, or even negative, ancillary benefits for local APs. While, deep 

cuts in air pollution require shifts to zero-emissions vehicles as BEVs and HFCVs, 

which also reduce tailpipe CO2 emissions but may result in significant upstream CO2 

emissions depending on the source for electricity or hydrogen production. Thus, 

meeting ambitious climate change mitigation and air quality targets require significant 

investments in zero-emission vehicles and associated energy supply infrastructures, as 

well as mechanisms to ensure that the supplied energy is drawn from low-carbon 

sources to minimise upstream implications. This is an important consideration for local 

policy-makers as more and more cities are adopting local low-emission zones to 

improve air quality, without explicit regard for potential upstream CO2 implications 

from different options. Mode shifting help to reduce the overall energy-intensity of 

the transportation system, which can mitigate growth in fuel demand and associated 

emissions. The density of cities generally allow for high shares of public transportation 

and active travelling, and for re-loading and consolidation of goods for more efficient 

last-mile deliveries. Thus, enabling and supporting shifts in passenger and freight 

transportation are important elements of local mitigation strategies. Finally, the 

urgency of ongoing climate change and significant air quality issues facing many cities 

call for recoupling of CO2 and AP mitigation strategies, grounded in comprehensive 

analyses of trade-offs and co-benefits from different options. A technology-rich ESOM 

provide a useful framework for such analyses, but it is critical that the modelling of 

local transport-energy systems include both tailpipe and upstream CO2 to capture the 

global implications of different pathways. 

RO3: Investigate the impact of locally and regionally determined CO2 mitigation measures in 

the transport sector under current ambitious national policy portfolios, and to discuss the usefulness 

of comprehensive ESOMs to inform local-level analyses (Paper III). 

Current Swedish national policies which obliges progressively higher shares of low-

carbon biofuels (Reduktionsplikt) and grant purchase premiums to speed up 

electrification (Bonus-Malus) will contribute significantly to reducing CO2 emissions 

in the coming decades, although the cost and availability of biofuels and the global 

cost development of BEVs are critical for the extent and rate of this transition. 

Meanwhile, locally and regionally determined measures that enable and foster more 

transport-efficient cities and communities, and support shifts away from private 
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motoring, do not produce any further substantial cuts in CO2 emissions. Yet, these 

measures contribute towards retarding the growth in final energy use (and associated 

emissions), which is critical – considering the need for doing more with less to reach net 

zero before mid-century – given scarce renewable resources. The modelling efforts in 

Paper III, therefore, illustrated the benefits of comprehensive ESOMs in capturing a 

variety of mitigation strategies and actions, determined by different levels of 

government. This can offer local policymakers and public servants a deeper 

understanding of current energy use and emissions in different sub-sectors of 

transportation, and of the potential impact from local strategic measures, thus 

providing additional ground for local policy-priorities. The subsequent analysis also 

highlighted the need to align local strategies with current national and higher level 

priorities to maximise their impact. 

Next, the work will shift from local- and regional- into national-scale modelling and 

scenario analysis by use of the TIMES-Sweden model framework. The overall aim of 

future work is, firstly, to add to the development of TIMES-Sweden to enhance its 

power of insight; and secondly, to use the model to analyse the implications for the 

entire energy system in terms of meeting ambitious climate-change-mitigation targets 

in the country’s transport sector. TIMES-Sweden is currently being updated and 

developed for the industry and fuel-supply sectors, while further developments 

envisaged for the transport sector include the following: 

 Disaggregation of – 

 travel demand according to location (e.g. in-city, suburban, rural, 

and long-distance) and household socio-economic status, to 

capture differences in travel habits more effectively 

 private car owners into different user groups to enhance the 

capture of heterogeneity in preferences and the variety in options 

(and their costs) in different car-market segments 

 freight transport demand by key commodity group to improve 

the capture of heterogeneity in freight flows that affect not only 

energy use and emissions, but also the probability of shifts in 

transport mode and technology, and 

 the light commercial vehicle segment into freight and services (i.e. 

where the vehicle is a means for providing a service other than 

moving goods) to capture the underlying drivers of the growth 

in light commercial vehicle fleets more effectively 
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 Improvement of model representation of plug-in hybrid electric 

vehicles (PHEVs) to better capture the conventional/electric drive 

ratio (reflecting different driving patterns) and thus also the PHEV’s 

contribution to the decarbonisation of domestic transports, and 

 Addition of new and prospective technology and fuel choices, such as 

electric road systems for the conductive on-road charging of vehicles. 
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