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A B S T R A C T   

By soft-linking models for transport demand, vehicle turnover and energy generation and use, we 
show how such models can complement each other and become more relevant and reliable policy 
support tools. A freight demand model is used to project commodity flows onto the 2050 horizon. 
An energy system model is used to map the relationships between energy prices, fiscal incentives, 
and optimal vehicle technologies. A stock-flow vehicle fleet model is used to calculate the time lag 
between innovation affecting new vehicles and the penetration of novel technology into the fleet. 
By running the latter two models in an iterative loop, we predict the flow of new vehicles with 
more or less decarbonized powertrains, contingent upon energy prices and fiscal incentives, while 
also obtaining a well-founded and more realistic assessment of the time needed for radical CO2 
mitigation. The methodology is illustrated through a scenario developed for Norway.   

1. Introduction 

A large potential for greenhouse gas abatement in transport lies in battery electrification and phasing in of hydrogen as an energy 
carrier for long-haul freight. In this study we focus on how linking transport and vehicle demand models to energy systems models can 
increase our understanding of the transition to zero and low carbon road freight transport. The models complement each other, since 
energy systems modelling may describe a cost optimal method of decarbonization, while stock simulation models provide more re-
alism when it comes to the transition pace. 

In this work Norway is used as an example for linking national transport demand and vehicle stock-flow models to an energy system 
model. The country has adopted national climate targets with emissions cuts of 80 to 95 percent by 2050 compared to 1990, which is 
almost in line with the European Union (EU) climate neutrality vision (European Council, 2021a, Lovdata, 2018). To comply with the 
international Paris agreement, Norway, together with EU, has recently adjusted a common goal of greenhouse gas cut of 50 percent by 
2030 compared to 1990 (Norwegian Environment Agency, 2021). At the EU level there is an ongoing process to lay down even more 
ambitious targets for the sectors not encompassed by the European Union’s Emissions Trading System (EU ETS), aiming at 55 percent 
greenhouse gas cut compared to the 2005 level within the “Fit for 55” package (European Council, 2021b). For the transport sector to 
reach or, at best, overshoot these targets, a transition to zero and low emission technologies is needed. Obviously, the shift of energy 
carrier from fossil fuel to electricity will also affect the energy market. 
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Since the late 1990s, the Norwegian government has developed and pursued an increasingly forceful policy in support of zero and 
low emission vehicles. The purchase of battery electric passenger cars has been strongly incentivized, through exemptions from almost 
all the taxes and charges applicable to cars with an internal combustion engine (ICE) (Fridstrøm, 2021). As a result, the battery and 
plug-in hybrid electric vehicle market shares reached 64.5 percent and 21.7 percent, respectively, of all new passenger cars in 2021, 
bringing the average type approval emission rate of all new passenger cars down to 27 gCO2/km (OFV, 2021). While the electrification 
of passenger cars has really taken root in Norway, vans lag about five years behind, 17.1 percent of new vans being battery electric in 
2021. Battery electric trucks, however, accounted for only 1.4 percent of new registrations in 2021 (Statens vegvesen, 2022). 

This paper focuses on electrification of the Norwegian light and heavy duty commercial vehicles (vans and trucks). In these vehicle 
segments, the current fiscal incentives are much weaker, especially for trucks, which are subject to no important fiscal charges other 
than fuel tax and road toll. 

Light commercial vehicles (LCVs, or vans) with an ICE are subject to a one-off purchase tax set at 25–30 percent of the rate defined 
for passenger cars (Fridstrøm et al., 2022). Zero emission vans are exempt of registration tax. Also, since 2019, a subsidy scheme is in 
place for battery and fuel cell electric vans, amounting to at most NOK 50 000 (=ca. € 5 000) per vehicle. 

To facilitate the phasing in of low and zero emission heavy trucks, the Norwegian government offers a subsidy that covers up to 40 
percent of the additional costs of investing in biogas, battery, or hydrogen powered trucks, while also supporting infrastructure for 
charging and hydrogen refuelling provided that these are publicly available (Enova, 2021). 

To force the manufacturers to bring low carbon vehicles to the market, the EU-regulation 2019/1242 sets a CO2 emission goal as 
reckoned per payload tonne kilometre (TKM) in new heavy-duty vehicles. It applies for the most common truck types in EU and aims 
for 15 percent reduction by 2025 and 30 percent reduction by 2030 (compared to 2019/2020). The regulation also enables increased 
vehicle weight up to 2 tonnes for zero emission trucks to compensate for heavier powertrain compared to ICE trucks (European Union, 
2019). Norwegian legislators are in the process of making this regulation apply in Norway in the same way as in the EU (Norwegian 
Ministry of Transport and Comunications, 2022). 

In general, electricity is the major energy carrier in Norway. In 2020, electricity consumption in all end-use sectors was 113 TWh, or 
54 percent of total final energy use, and 130 TWh electricity was produced by hydro and wind power, leading to net export of 
electricity. It makes the country well positioned for electrification of the transport sector, which represented more than 25 percent of 
the Norwegian energy consumption in 2020 (52 TWh) (Statistics Norway, 2020a). 

A review of various national forecasts indicates an electricity demand in the transport sector of 15 TWh by 2040 (NVE, 2021, 
Statnett, 2020) and a total energy demand within road transport of approx. 14 TWh in 2050 (DNV, 2021), if 90 percent of it would be 
electric. Hydrogen as a possible energy carrier for transport in general is mentioned in all three reports, while only the NVE (2021) 
specifies its possible use in heavy-duty road freight. 

Earlier studies of combining transport with energy system models have focused mainly on passenger transport, with very sparse 
coverage of the freight transport sector. The present analysis is combining established sector models for energy and transport, 
respectively, highlighting the interaction between the two sectors, so as to provide improved policy support. Our contribution to the 
literature is a demonstration of how a combination of transport projections, a vehicle stock-flow model and an energy system model 
will provide more relevant and reliable results. The focus of the study has been on light commercial vehicles (LCVs, or ‘vans’, for short) 
and heavy-duty rigid trucks and tractor-trailers (‘trucks’, for short). Technically, vans and trucks are defined as freight vehicles with a 
maximally allowed gross vehicle weight (GVW) below or above 3.5 metric tonnes, respectively. 

The research questions addressed in this article are twofold. First, what are the advantages a multi-model approach in the analysis 
of road freight decarbonization? Second, what does the multi-model approach tell us about the impacts of zero emission commercial 
vehicles (vans and trucks) on the energy system and on future CO2 emissions? Our main contribution is methodological. As a 
demonstration, we present a scenario developed for Norway onto the 2050 horizon. 

Nomenclature 

BEV Battery Electric Vehicle 
FCEV Hydrogen Fuel Cell Electric Vehicle 
GVW Gross Vehicle Weight 
HEV non-plug-in hybrid vehicle 
ICE Internal Combustion Engine 
LCV Light Commercial Vehicle / Vans 
OEM Original Equipment Manufacturer 
PEM proton exchange membrane (electrolyser) 
PHEV Plug-in Hybrid Electric Vehicle 
TKM tonne-kilometres 
VKM vehicle-kilometres 
ZEV Zero Emission Vehicle  
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2. Literature review 

2.1. Technology development 

Fossil fuel has a superior volumetric and gravimetric density of energy storage, and the ICE vehicles offers a reliable and economic 
powertrain. The energy efficiency of ICE powered vehicles can be improved upon, but these enhancements are necessarily marginal as 
compared to the transition to battery electric powertrains. Biofuel has a somewhat lower energy content than fossil fuel, but has the 
advantage that it can be used in the ICE. However, the option of using biofuel in ICEs is limited by its cost and by the access to 
sustainably sourced fuel (Panoutsou et al., 2021). Biofuels can be an alternative to battery and fuel cell electric vehicles when driving 
range or storage density is essential (Gray et al., 2021). For BETs the cost, gravimetric energy density and lifetime of batteries have 
been the main constraints (Cano et al., 2018, Mareev et al., 2017). Also, the lack of infrastructure for charging and hydrogen refuelling 
has impeded progress towards zero-emission trucks. For fuel cell electric trucks (FCEV), the costs of hydrogen, fuel cells and hydrogen 
tanks will be important barriers in the competition with ICEs (Zhao et al., 2018, Kast et al., 2018). By using hydrogen as an energy 
carrier, a higher gravimetric density of energy storage and faster refuelling can be achieved in comparison to electric charging (Cano 
et al., 2018, Cunanan et al., 2021). 

The development of hydrogen-powered FCEV was initiated by start-up companies, such as Nikola, and rebuilds, such as Emoss 
(2021), and Esoro (2022). During the last years, fuel cell trucks have gained momentum, as an original equipment manufacturer (OEM) 
like Hyundai already delivers hydrogen powered trucks to Switzerland (Hyundai, 2020), and the joint venture Cellcentric by Daimler 
and Volvo aims to accelerate hydrogen powertrain development (Volvo, 2021). 

Battery electric powertrain as an option for decarbonisation of the road freight has attracted increased attention the recent years. 
The controversial launch of the battery electric concept truck Tesla Semi in 2017 sparked a discussion of its potential role (Tesla, 2017, 
Sripad and Viswanathan, 2017). Recent studies have demonstrated the important role that such trucks could fill in the transition 
towards decarbonizing the sector (Martín et al., 2019, Moll et al., 2020, Basma et al., 2021). 

As of 2022 most of the established OEMs have begun serial production of battery-electric trucks (Volvo, 2020, Scania, 2020, 
Daimler, 2021, BYD, 2021), while for Tesla’s Semi truck serial production is still pending. 

As several of the OEMs established in Norway now offer series produced BETs, an increase in their deployment has been observed, 
and more than 100 electric trucks were on the Norwegian roads by the end of 2021 (Statens vegvesen, 2022, Pinchasik et al., 2021). 
The accelerated commercialization of BETs has given rise to discussion and scepticism concerning the role of hydrogen in the 
decarbonisation of trucks (Plötz, 2022). 

The rapid technology development has resulted in technology pull of zero emission trucks in Norway through national and regional 
initiatives like the “Green Land Transport Initiative” (Grønt Landtransportprogram, 2021) and “H2Truck” (H2 Truck, 2021). 

2.2. Energy and transport modelling 

Until now, most studies that combine transport with energy system models have been focused on light-duty vehicles in general and 
on passenger cars in particular. Often the transport sector in energy system models has been described in strongly aggregate terms 
(Thiel et al., 2016, Brown et al., 2018, Gea-Bermúdez et al., 2021). In some energy system modelling exercises the vehicle segment is 
disaggregated to represent trucks separately (Helgeson and Peter, 2020, Capros et al., 2019), while in other models each transport 
mode is subdivided based on vehicle sizes and driving patterns (Hagos and Ahlgren, 2020). 

While there is a body of literature on energy and transport models, respectively, there is much less literature in which these models 
are combined. Helgesen (2013), however, discusses, in general terms, how to combine energy system models with macroeconomic 
general equilibrium models. He considers different degrees of linking – separate models, soft-linked models, hard-linked models, and 
integrated models. Gerboni et al. (2017) present a conceptual link between two families of models, energy models and transport 
models, illustrating the need for a connection between them. The study provides some preliminary results of integrated modelling 
exercises for an Italian case. 

Linking with a focus on finding policy measures supporting the cost optimal technology pathways for decarbonisation of transport 
was done by Haasz et al. (2018). The optimization model TIMES PanEU was soft-linked to the simulation model TE3, and a model- 
based analysis was conducted to show possible least cost developments in the transport sector to achieve the EU goals, with a focus 
on emission reductions in French and German passenger car transport. 

While many studies of low carbon transitions of the transport system have been directed at decarbonisation in terms of techno-
logical transformation, Pye and Daly (2015) focused on opportunities for behavioural and demand side oriented measures. Their paper 
explores how mode shift can contribute to low-carbon energy systems, integrating endogenous mode choice into a whole energy 
systems model, by representing mode speed, travel time budgets, infrastructure costs, and maximum rates of modal shift. In this work, 
transport demand projections for each mode remained as exogenous inputs, but authors underlined the need for the integration of 
transport behavioural aspects in optimisation energy models. 

The IEA simulation Mobility Model (MoMo) was used to study road freight with analyses of demand side measurements specific to 
freight decarbonisation (Mulholland et al., 2018). A log–log multivariate linear regression model to project future national trends in 
road freight activity was integrated in MoMo to provide scenarios of vehicle fleet and sales, mileage, technology shares, energy demand 
and GHG emissions. 

A review of the state of the art of the integration of energy and transport models, assessing the methodologies adopted for including 
aspects of behaviour in transport within integrated energy and transport models, was done by Venturini et al. (2019). They analyse 27 
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integrated energy and transport models and reviewed the methodologies adopted for introducing behavioural features related to 
consumer purchase, adoption, and use of different transport technologies. The authors conclude that there are three common ap-
proaches for structuring a model to improve the representation of behaviour: Top-down, bottom-up, and hybrid, with different pros 
and cons depending on the scope and purpose of analysis: Soft-linking and bottom-up structure result in the apparently most flexible 
and promising method. Their review identified technology and modal choice, driving patterns, and new mobility trends as key pa-
rameters for modelling transport behaviour in integrated energy and transport models. 

The JRC-EU-TIMES energy model was used to evaluate the effects of the EU car CO2 legislation up to 2050 in three scenarios (Thiel 
et al., 2016). For this analysis, 45 different vehicle types, including powertrains like battery electric vehicles (BEV), plug-in hybrid 
electric vehicle (PHEV) and hydrogen fuel cell electric vehicle (FCEV), were considered, as well as related investments and mark-up 
costs. In the conclusions, the authors underlined the possibility to couple optimisation models with agent-based models, to include 
modal shifts in the analysis. Also, an Irish study developed a multi-model approach using an energy systems optimisation model 
together with a car fleet simulation model to identify technology pathways, policy roadmaps and specific policy measures (Mulholland 
et al., 2017). 

A quantitative and systematic review of the road freight decarbonisation literature done by Meyer (2020) revealed a fast-growing 
and interdisciplinary research field. However, no significant linkage was identified in previous work between transport and energy 
models. 

In summary, the literature review shows relatively few studies combining energy system models with freight transport sector 
models. This is where our study aims to make a contribution. 

3. Method 

We study the total energy consumption of heavy-duty freight transport by linking several models covering Norway. These include 
the National Freight Transport Model (NFM), a vehicle stock-flow projection model (BIG), and a national energy system model (IFE- 
TIMES-Norway). First, we present the method use for interaction between the three transport models in the study, then we provide a 
description of the respective models. 

3.1. Objectives and principles 

By soft-linking models for transport demand, vehicle turnover and energy generation and use, we set out to explore how such 
models can complement each other and become more relevant and reliable policy support tools. An important input to both BIG and 
IFE-TIMES-Norway is the future demand for transport. Annual demand for freight, primarily in terms of tonne kilometres (TKM), is an 
output from the NFM model, coinciding with the projections of the National Transport Plan of 2022–2033 (Ministry of Transport, 
2021, Madslien and Hovi, 2021). The demand projection in TKM from NFM is used to calibrate the vehicle stock-flow model BIG, 
which provides a detailed calculation of annual road transport activity in terms of vehicle kilometres (VKM), by powertrain 

Fig. 1. Schematic overview of interaction between models.  
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technology, used as input to IFE-TIMES-Norway. 
In the first step, IFE-TIMES-Norway runs without any restrictions on the speed of adoption of new technology in road freight 

vehicles. In parallel with this, the stock-flow model BIG runs with the same TKM demand projection and basic assumptions. 
The introduction of a new technology in the market is typically made gradually as it gets deployed first by innovators, then early 

adopters, followed by the majority and finally accepted by laggards (Rogers, 1962). Moreover, since capital assets like vehicles have a 
service life extending over several years, or even decades, it takes time before a new technology has penetrated into the stock, no 
matter how superior its quality. In addition, new technology can differ in suitability and acceptance across market segments. These 
dynamics are relevant to consider when one models technology change in the heterogenous service of road freight. 

As compared to techno-economic optimisation models, such as IFE-TIMES-Norway, a stock-flow model like BIG is more suited to 
depict the gradual adoption of new technologies. The former will usually presuppose a binary technology choice behaviour. The 
shortcoming of the BIG model, on the other hand, is the arbitrary, exogenous specification of new vehicle powertrain market shares. 
While IFE-TIMES-Norway can better estimate timing of introduction, BIG has the benefit of providing realistic growth rates for the 
various segments of the vehicle fleet. 

In the second step, these strengths are combined by adding a growth constraint in IFE-TIMES-Norway. The annual in-flow of new 
propulsion technology in the freight vehicle fleet is calculated from the rate of adoption of zero emission technologies found in BIG at 
Step 1 in the linking process. The adjusted, growth constrained investment in new vehicles in IFE-TIMES-Norway is used as input to 
step 2 in BIG, calculating the flows of new technologies and their year-by-year impact on the stock. Fig. 1 presents a schematic 
overview of the interaction between models. 

With this methodology TIMES will provide an economically optimal timing for phasing in the new technology considering the time 
needed to penetrate the stock of vehicles at a realistic pace. 

3.2. Model descriptions 

3.2.1. National freight model - NFM 
NFM can be classified as a strategic transport network model (Jonkeren et al., 2019), consisting of the following elements: 

Table 1 
Overview of main input and output variables in BIG stock-flow model of the Norwegian vehicle fleet.   

Passenger 
cars 

Rigid trucks and 
vans 

Tractor- 
trailers 

Buses and 
coaches 

Campervans and 
motorhomes 

Combined freight/ 
passenger vehicles 

Input 
Inflow of new vehicles X X X X X X 
Survival rates X X X X X X 
Annual mileage X X X X X X 
Per km energy 

consumption 
X X X X X X 

Per km CO2 emissions X X X X X X 
Maximum allowed gross 

weight  
X X    

Capacity utilization rates  X X     

Output 
Stock of vehicles X X X X X X 
Outflow of vehicles X X X X X X 
Vehicle km travelled X X X X X X 
Energy consumed X X X X X X 
Tonnes of CO2 emitted X X X X X X 
Capacity tonne km 

travelled  
X X    

Factual tonne km hauled  X X     

Segmentation/classification 
# of age groups specified 31 31 31 31 31 31 
# of powertrains specified 11 11 11 11 11 11 
# of weight classes 

specified 
9 9 9 4 1 1 

# of cells 3069 3069 3069 1364 341 341  

Key statistics 
Stock of vehicles on Dec 

31, 2020 
2 726 881 526 017* 9 562 16 688 58 533 12 626 

Of which: BEVs, FCEVs or 
biogas 

330 694 9 599 2 1 484 0 0 

*Of which 469 757 light commercial vehicles (vans) and 56 260 heavy-duty rigid trucks. 
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1. Annual transport demand, represented by commodity flow matrices between suppliers (producers, importers, and wholesalers) and 
end-use sectors (exporters, wholesalers, retailers, and service industry), distributed over 39 commodity groups representing 
different requirements regarding transport quality. Commodity flows are defined between zones consisting of Norwegian mu-
nicipalities, European countries, and continents overseas (Hovi, 2018).  

2. A network model, representing each mode’s physical infrastructure (road, sea, rail, and air) by distance and transport time, 
including locations of terminals for consolidation and reloading between modes (Madslien et al., 2012).  

3. Cost functions representing time and distance dependent costs for different transport modes, including loading/unloading/ 
reloading, ordering, storing, commodity time values, etc. (Grønland, 2018).  

4. Optimization routines for choice of shipment size, frequency, and mode, based on a minimization of annual logistics costs (de Jong 
et al., 2013). 

Based on transport demand for a given year and an alternating aggregate-disaggregate-aggregate methodology (Ben-Akiva and de 
Jong, 2013), the model determines the optimal shipment size and transport chains (number of legs, selection of modes and vehicle 
types) with the lowest logistics costs including optimal transfer locations for each pair of origin and destination zones. 

Projections of the commodity flow matrices for future years (2030 and 2050) are based on Statistics Norway’s population pro-
jections from 2020 (Leknes et al., 2018, Statistics Norway, 2020b) and macroeconomic growth trajectories compiled by the Norwegian 
Ministry of Finance (2020). Growth paths are regionalized using PINGO, a spatial computable general equilibrium model for Norway 
(Hansen, 2019). These projections apply to a situation where no new measures are being introduced to influence transport demand or 
mode choice. 

3.2.2. Stock-flow vehicle fleet model - BIG 
The BIG bottom-up stock-flow model of the Norwegian vehicle fleet distinguishes six categories of motor vehicles: passenger cars, 

rigid trucks and vans, semitrailer tractor units, buses/coaches, campervans/motorhomes, and combined passenger-freight vehicles. 
Thus, among all types of motor vehicles meant for road use, only two-wheelers are not included in the model. 

Table 1 summarizes how, for each calendar year, the vehicle fleet matrix is segmented into 11 253 different cells, each cell having a 
number of characteristics assigned to it. Freight vehicles are described by their maximally allowed and factual gross weight (including 
trailer), in addition to the attributes also relevant for passenger vehicles. 

As of year-end 2020, some 12 percent of the passenger cars registered in Norway were BEVs. Among vans, the BEV share was 2 
percent. Among heavy-duty rigid trucks, this share was a mere 0.05 percent. Among buses and coaches, some 3 percent were BEVs, 
while around 6 percent were powered by biogas. 

Fig. 2. Survival curves for vans and rigid trucks, by maximally allowed gross vehicle weight including trailer (metric tonnes). (). 
Source: Fridstrøm, 2022 
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The following 11 powertrain technologies are specified:  

a. gasoline ICE,  
b. diesel ICE,  
c. battery electric vehicle (BEV),  
d. plug-in hybrid electric vehicle (PHEV) with gasoline ICE,  
e. PHEV with diesel ICE,  
f. non-plug-in hybrid vehicle (HEV) with gasoline ICE,  
g. HEV with diesel ICE,  
h. hydrogen fuel cell electric vehicle (FCEV)  
i. biogas ICE  
j. kerosene ICE  
k. other ICE 

Being based on the Markov chain principle, by which the flows and stock in year t depend only on the stock of the previous year/t, 
the model projects year-by-year changes in the fleet of vehicles in each category, classified by age, weight and powertrain technology, 
forming a four-dimensional matrix of 11 253 cells. 

To each cell in this matrix, a set of characteristics are assigned, including year-to-year survival rates, annual mileage, energy 
consumption per vehicle km, maximally allowed gross weight (including trailer), average capacity utilization, as well as per km CO2, 
NOX, SO2 and PM10 emission rates. 

The survival rates, which – put simply – express what portion of the vehicles of a given age, weight group and energy technology do 
survive (in Norway) until next year, have been calculated on the basis of the flows and stocks observed (in the motor vehicle register) 
between 2012 and 2018. From these rates, survival curves and life expectancy values can be calculated, see Fig. 2 & Fig. 3. Freight 
vehicles in general seem to have considerably shorter lives on Norwegian license plates than do passenger cars. Many freight vehicles, 
especially tractor units, are sold second hand to operators in other European countries long before they are due for scrapping. Thus, the 
velocity of turnover is higher for heavy-duty freight vehicles than for passenger cars and vans. 

Relying on this detailed empirical body of hard data, the BIG model calculates the time lag between innovations affecting the flow of 
new vehicle acquisitions and their penetration into the national vehicle stock. 

Mileage figures for each vehicle class, weight segment, powertrain and age are based, in most cases, on the odometer readings made 
at periodic vehicle inspections. In some cases, data from trucking surveys are used as well. For all types of vehicles, mileage is age 

Fig. 3. Survival curves for heavy-duty tractor units, by maximally allowed gross vehicle weight including trailer (metric tonnes). (). 
Source: Fridstrøm, 2022 
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specific, decreasing as the vehicle gets older. 
Energy consumption rates are based partly on the type approval test cycle, adjusted for measurement error (Tietge et al., 2019), 

partly on trucking surveys and other technical specifications. Unlike mileage, energy consumption rates are cohort specific, i.e., they do 
not vary through the vehicle’s lifetime, however later generations of vehicles usually exhibit somewhat lower rates than do previous 
ones. The same applies to the CO2, NOX, SO2 and PM10 emission rates. 

The maximum payload varies, of course, with the vehicle’s certified gross weight. BEVs are assumed to have somewhat lower 
payload than diesel ICE vehicles, but the difference is small, reflecting that BEVs are allowed to weigh 1 or 2 tonnes more than similarly 
sized ICE freight vehicles. 

The average capacity utilization rates are set in accordance with empirical data from trucking surveys etc. To avoid confounding 
effects when projections are produced, these rates are usually kept constant. 

As a matter of recalibration, certain adjustment factors are routinely applied, so that the model reproduce, roughly speaking, the 
aggregate amount of road transport greenhouse gas emitted during 2015 through 2020 according to the official environmental 
statistics. 

For a given long-term projection, the main input to the BIG model consists of strings of new vehicles registered every year from the 
base year until 2050, subdivided by vehicle class, powertrain, and gross vehicle weight. These strings are, in principle exogenously given 
and specified by the model user based on her professional insight or discretionary judgment, or in response to politically determined 
targets. Through interaction with the energy model IFE-TIMES-Norway, the flows of new vehicles in BIG are, however, endogenized. 
Thus, the vehicle flows and stocks become responsive to changes in technology, costs and taxation – in particular to the price of carbon, 
which is, at least in part, politically determined. 

The output comprises annual vehicle stocks, vehicle kilometres driven, tonne kilometres hauled, energy consumption by powertrain 
or energy carrier, as well as various kinds of emissions to air. 

The vehicle fleet is an inert matter. It changes slowly. It may take 8–25 years, in some cases even longer, before energy techno-
logical innovations affecting the flow of new vehicles have penetrated similarly into the stock. This energy transition time lag would 
tend to increase with the speed of innovation and with the target level of adoption but decrease with the velocity of vehicle turnover 
(Fridstrøm, 2017). 

For a more complete account of the model and of its output, see Fridstrøm et al. (2020), Fridstrøm and Østli (2016) and Fridstrøm 
(2019). 

3.2.3. Energy system model - IFE-TIMES-Norway 
IFE-TIMES-Norway is a technology-rich model of the Norwegian energy system divided into five regions corresponding to the 

current electricity market areas. The model provides operational and investment decisions from the starting year, 2018, towards 2050, 
with model periods for every fifth year from 2020 to 2050. To capture operational variations in energy generation and end use, each 
model period is divided into 96 sub-annual time slices, where the four seasons are represented by one day of 24 h in each season. 

IFE-TIMES-Norway minimizes the total discounted cost of the energy system in meeting the Norwegian demand for energy services 
for the period 2018–2050. The energy system cost includes investment expenditures in supply and demand technologies, storage 
technologies and transmission lines, operation and maintenance costs, and costs of net electricity imports. 

The model has a detailed description of end-use of energy, and the demand for energy services is divided into numerous end-use 
categories within manufacturing, buildings, and transport. Note that energy services refer to the services provided by consuming a fuel 
and not the fuel consumption itself. For example, the transport demand in terms of TKM or VKM is an energy service, while the fuel 
used to drive the vehicle is not. Each energy service demand category can be met by existing and new technologies using different 
energy carriers such as electricity, biofuel, hydrogen, and fossil fuels. Other input data include fuel prices, electricity prices in countries 
with transmission capacity to Norway, renewable resources, and technology characteristics such as costs, efficiencies, and survival and 
learning curves. The discount rate used is 4 percent and the monetary unit of the model is Norwegian kroner (NOK) with an exchange 
rate of 1 NOK = 0.1 €. 

Electricity, hydrogen, district heating and biofuels are examples of energy carriers being determined in IFE-TIMES-Norway. The 
prices of these energy carriers are endogenous modelling results, while petroleum products and imported biofuels are examples of 
energy carriers that are determined outside the model, i.e., exogenously. 

The hydrogen production for the transport sector is based on electrolysis, including both proton exchange membrane (PEM) and 
Alkaline technology. The hydrogen can, in the model, be produced either in small-scale electrolysers located at the refuelling station, 
or in large scale facilities implying additional transport costs to the refuelling stations. The sizing of small-scale electrolysers has been 
based on hydrogen demand identified in main Norwegian transport corridors in 2030 (Danebergs et al., 2021a). 

In IFE-TIMES-Norway, the vehicles are divided into six different segments: passenger cars, vans (LCVs), medium trucks (less than50 
tonnes GVW including trailer), large trucks (greater than50 tonnes GVW) for short haul driving (less than300 km/day), large trucks 
(greater than50 tonnes GVW) for long-haul driving (greater than300 km/day), and buses/coaches. 

The three truck types provide the division of vehicles in approximately-three equally large groups in terms of total annual fleet 
mileage. The average weight of Norwegian registered trucks is relatively high by European standards, as the maximally allowed GVW 
on the Norwegian road network is 50 tonnes, and for selected road stretches up to 60 tonnes. Vans are defined as commercial vehicles 
with GVW less than 3.5 tonnes excluding trailer. 

These demand segments correspond to differing technological requirements. As a restriction it is assumed that all demand segments 
may be served by battery electric vehicles, except for trucks heavier than 50 tonnes GVW and traveling more than 300 km/day. This 
constraint is introduced due to the challenges to integrated battery size and/or recharging speeds, however with the fast technological 
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development this assumption might need to be reassessed. 
The segmentation/classification of freight vehicles in IFE-TIMES-Norway is not at all as detailed as in BIG, but the two models are 

compatible at a more aggregate level. 
Besides road transport, the model covers the modes of rail, sea, and air. In addition, a category gathering the rest of transport 

demand is included in “other transport”. The transport demand can be satisfied by various technologies or powertrains. The power-
trains included in IFE-TIMES-Norway are ICE, plug-in hybrid with ICE, battery electric, fuel cell electric and biogas powered ICE. More 
detailed descriptions of IFE-TIMES-Norway and of the TIMES tool are presented in (Danebergs et al., 2021b) and in (IEA-ETSAP, 2022), 
respectively. 

All the electric vehicles depend on access to charging infrastructure, which brings an additional cost to the system in comparison 
with current well-established petrol station infrastructure (included in the diesel prices). As BEVs are assumed to require frequent 
charging, the charging profiles are based on almost 50 000 recorded events of trucks stopping for a longer period of time (Hovi et al., 
2021). The fast-charging profiles are selected based on a 30–90-minute break that vehicles are making after being driven for more than 
3.5 h. It is chosen based on the mandatory 45 min break truck drivers are required to take after max 4.5 h driving, thus a natural 
moment to top up the battery within a working shift. Slow charging is assumed to begin when vehicle is standing still for at least 90 min 
after the same 3.5 h driving threshold. The slow charging profile is refined by assuming a charging time for 8 h once stopped and by 
that smoothing out the charging profile. Both profiles are shown in Fig. 4. Trucks with GVW below 50 tonnes are assumed to mainly be 
used for distribution of goods and that only 25 percent of their energy demand is delivered by fast chargers. This is based on the 
assumption that two thirds of daily mileage, for vehicles with engine power below 500 horsepower (~370 kW) and not older than 5 
years, is below 200 km (Hovi et al., 2019). For large trucks with daily mileage below 300 km only slow charging is assumed, as such 
daily mileages are assumed possible to cover with a battery that has been recharged overnight. 

4. Empirical illustration of linking 

The NFM, BIG and IFE-TIMES-Norway models differ in terms of scope, structure, classifications, behavioral relations, and levels of 
aggregation. To soft-link the models, one needs to build certain bridges between the concepts, variables and definitions used. The 
challenges and solutions involved in this process are best explained by way of an empirical illustration. 

4.1. An ambitious greenhouse gas abatement scenario 

We start from the assumption that to achieve the greenhouse gas (GHG) emissions targets, fairly high rates of technology learning 
and carbon pricing will be called for. The linking methodology presented in this paper uses a scenario that presupposes the enactment 
of sharpened EU regulations on new vehicles and a CO2 tax on fuel increasing to NOK 10 000 per tonne CO2 in 2040. All other taxes, 
including the NOK 3.56 per litre ‘road use tax’ on diesel, are kept constant at the 2020 level. In our modelling exercise, the targets 
formulated in EU regulations 2019/631 and 2019/1242 are translated into assumptions that no less than 15 percent of new heavy-duty 
vehicles will be zero emission vehicles (ZEVs) in 2025, rising to at least 30 percent in 2030. For new vans, a floor of no less than 45 
percent ZEVs is assumed for 2025. More scenarios and sensitivities have been analysed and more details are presented by Danebergs 
et al. (2021a) and Fridstrøm and Østli (2021). 

The demand projection from NFM is a driver in both BIG and IFE-TIMES-Norway. Table 2 presents indices for the calculated 
development of freight transport demand. Transport volumes in terms of TKM calculated in NFM are translated into VKM split between 
several categories of vehicles in BIG. These data are recalculated to conform with the categories of IFE-TIMES-Norway and divided into 
the five electricity market areas based on data from NFM at county level (19 counties). 

Fig. 4. Aggregated slow and fast charging profiles as hourly share of daily energy demand, based on start and stop driving patterns gathered from 
Norwegian trucks (Hovi et al., 2021) and a smoothing out of slow charging profile. 
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There is a shift from smaller to larger trucks and tractor-trailers, in line with recent trends (Fig. 5). The trends in urban logistics of 
rising e-commerce, next-day deliveries and growing craftsman and mobile service industries, driving a fast growth rate for smaller 
freight vehicles, is reflected in the BIG model through the rapidly increasing inflow of new light commercial vehicles (vans), which 
massively outnumber the heavy-duty freight vehicles (Fig. 6). 

4.2. Quantitative assumptions 

The review of technological and economic data has been an important part of our study. Particularly important sources are studies 
by UC Davies (Fulton et al., 2019), TØI (Figenbaum et al., 2019, Pinchasik et al., 2021) and the “Klimakur 2030” report (Norwegian 
Environment Agency, 2020). Table 3 presents important technology parameters. 

The limitations, set in the model, for biofuels and biogas are of high importance for the transport sector results. Domestic wood- 
based biomass is a limited resource, not exceeding 31 TWh/year, which is used by multiple sectors within the country as well as traded 
in the international market (Danebergs et al., 2021b). The IFE-TIMES-Norway model includes use of biomass as chips/pellets in 
heating plants, conversion to biofuel or conversion to charcoal, in addition to use as raw material in manufacturing industry. An 
important limitation in the model is zero import of biofuels or charcoal from 2035 based on the assumption that Norway as a country, 
relatively rich in biomass resources, should be self-sufficient in a sustainable energy system. 

Biogas is also a limited resource, calculated at 0.4 TWh in the start year increasing to 1.2 TWh/year in 2035, at a cost of 1 NOK/ 
kWh, and in addition 1.5 TWh/year at a cost of 2 NOK/kWh (Carbon Limits, 2019). It is possible to blend biofuels with fossil fuel for 
use in ICE. In 2020, the minimum mandatory blend-in is 15.5 percent, while the upper limit increases linearly to 100 percent by year 
2040. Biogas is possible to use in dedicated combustion engines adapted for gaseous fuel. The cost of fossil diesel and imported 
biodiesel is set exogenously at 1.031 NOK/kWh and 1.641 NOK/kWh, respectively (Carbon Limits, 2019, Norwegian Environment 
Agency, 2020). 

Even if the electricity prices are calculated endogenously in the model, they are impacted heavily by electricity prices for countries 
with transmission capacity to/from Norway. These are set for the base year as the average prices from 2018, from NordPool (2020) and 
ENTSO-E (2020) while the future prices are based on the long-term estimations by NVE (2021). 

Obviously, our empirical illustration, developed during 2020–2021, does not take into account the violent price variations affecting 

Table 2 
Indices for transport demand (TKM) in 2030 and 2050, set to 100 in 2018 (Madslien and Hovi, 2021).    

Demand index (TKM)   

2018 2030 2050 

Road freight Total 100 132 169  
Medium trucks 100 79 72  
Large trucks 100 132 186 

Sea freight  100 116 130 
Rail freight  100 121 144  

Fig. 5. Stocks of rigid trucks and tractor-trailers, by maximally allowed gross vehicle weight. Observed stocks 2010–2020 and projected 
stocks 2021–2030. 
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Fig. 6. New light and heavy-duty freight vehicles, by maximally allowed gross vehicle weight. Observed annual flows 2010–2020 and projected 
flows 2021–2030. 

Table 3 
Vehicle parameters in IFE-TIMES-Norway (1 NOK = 0.1 €).   

Lifetime Average annual 
mileage 

Investment cost Energy efficiency    

2018 2030 2050 2018 2050 

Unit Years km kNOK/ 
vehicle   

kWh/km  

Vans 15 15 300      
ICE   230 236 236  0.7  0.62 
BEV   506 248 248  0.23  0.21 
Plug-in   308 281 281  0.41  0.36 
Fuel Cell   770 362 362  0.34  0.29 
Trucks, small 15 30 000      
ICE   1500 1500 1500  3.4  3.1 
Gas   1700 1700 1700  4.2  3.8 
BEV   4250 2910 1515  1.5  1.5 
Fuel Cell   5800 3444 1710  2.5  2.5 
Trucks, large, short 

haul 
13 35 000      

ICE   1500 1500 1500  4.8  4.4 
Gas   1700 1700 1700  5.9  5.5 
BEV   4400 3104 1515  2.1  2.1 
Fuel Cell   5800 3658 1710  3.6  3.6 
Trucks, large, long 

haul 
6 90 000      

ICE   1500 1500 1500  4.2  3.9 
Gas   1860 1860 1860  5.3  4.8 
Fuel Cell   5800 3658 1710  3.1  3.1 
Source (Statistics Norway, 2019,  

Danebergs et al., 2021b) 
(Figenbaum et al., 2019, 
Danebergs et al., 2021b, Fulton 
et al., 2019, Norwegian 
Environment Agency, 2020, 
Pinchasik et al., 2021) 

(Islam et al., 2018, Fulton et al., 2019, Hovi et al., 
2021) 

* 

*Assumed constant annual improvement of 0.37 percent for vans and 0.26 percent for trucks from 2018 to 2050. 
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energy markets since February 2022. 

4.3. Linking results 

4.3.1. Market uptake and penetration of zero emission vehicle technology 
In the BIG model, the flows of new vehicles are exogenous. The model user is required to specify, for each year, the number of new 

units within each vehicle category, weight class and powertrain technology segment. The BIG model then calculates the stock of 
vehicles, likewise classified and segmented, onto the 2050 horizon. In most applications so far, the specification of new vehicle flows 
has been based on trend extrapolation or on some politically defined targets for the market uptake of zero and low emission 
technology. 

The IFE-TIMES-Norway model offers, however, an opportunity to endogenize the flows of new vehicles. Based on assumptions 
regarding energy prices, technology development and fiscal and regulatory incentives, IFE-TIMES-Norway calculates, for each time 
period, an optimal mix of technology within each vehicle category. 

Changes in optimal technology does not, however, immediately translate into changes to the vehicle stock. The rolling stock 
consisting of durable assets, it takes time before new technologies penetrate the fleet. We use this time lag, calculated by the BIG model, 
to roughly specify certain growth constraints in the IFE-TIMES-Norway model. The growth constraints limit the speed at which 
technology changes can occur, capturing the inertia of vehicle fleets. 

An illustration is given in Fig. 7. The annual growth rates implemented in IFE-TIMES-Norway, based on a first run on the BIG model 
(‘step 1′), were 21 percent for zero emission vans and 17 percent for zero emission trucks. 

The various propulsion technologies are represented in different degrees among new vans and trucks, respectively, in step 1 of the 
stock-flow model, as shown in the left part of Fig. 8. In a second step, we rerun the IFE-TIMES-Norway model based on the derived 
growth constraints (‘step 2′) and use the output as input to BIG. The share in BIG is changed as shown in the right part of the figure. The 
transition to 100 percent battery electric new vans is hurried up and occurs in 2030 instead of in 2050, as originally assumed in BIG. 

The transition to zero emission trucks occurs faster when, in step 2, the energy system model is used to optimize powertrain 
technology investments. Full electrification, by batteries or fuel cells, of new heavy-duty freight vehicles is seen to occur in 2040 
instead of after 2050. In the medium term, i.e. until 2030, biogas technology is projected to play an important role. FCEVs are projected 
to become economically attractive after 2035. 

4.3.2. Effect of linking on model results 
The projected stocks of vans and trucks, segmented by powertrain technology, are presented in Fig. 9. When, in step 2, we apply a 

constraint to the speed of adoption of new vehicle technology, transition to ZEVs is delayed in the energy system model, and the use of 
ICE vehicles lingers longer into the future. The opposite is noted for the stock-flow model, where ZEVs are introduced at a higher speed 
than originally. 

The linking also increases the use of PHEVs and biogas vehicles in the intermediate period, because of delayed adoption of BEVs and 
FCEVs in the energy system model. 

With the exchange of information between the two models, the projected stocks of vehicles with differing powertrains become 
much more similar after a couple of iterations than at the outset. But some differences inevitably remain. One important reason is that 
the two models rely on different classifications and levels of aggregation. IFE-TIMES-Norway models the vehicle stock in a less detailed 
fashion than BIG and thus does not keep track of the heterogeneity of the vehicle fleet. BIG, on the other hand, does not assign vehicles 
to short or long-distance haulage. Certain ad hoc ‘translations’ have been made between the models in order to ensure consistency at a 
more or less aggregate level. 

Fig. 7. Share of new zero emission vans and trucks in BIG and the corresponding growth constraint (GC) implemented in IFE-TIMES-Norway.  
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4.3.3. Energy use and impact on energy system 
The end-use demand for energy, by carrier, is an output from IFE-TIMES-Norway. As can be seen in Fig. 10, the projected energy use 

changes when account is taken of the inertia calculated by BIG, particularly in the medium term. In 2030, the use of diesel increases 
from 6.4 TWh to 9.9 TWh from step 1 to step 2 in the IFE-TIMES-Norway analyses. Another impact is the earlier implementation of 
FCEVs on a small scale from 2026, calculated in step 2, while in step 1 there was hardly any use of hydrogen until 2035. From 2045 
onward, results in both steps coincide. 

In Fig. 11, we compare the energy use projected by the two models. The difference is small as of 2050, but bigger in 2030. But even 
for this year consistency is much improved through our brief loop of iteration between the two models. Due to the input from BIG, IFE- 
TIMES-Norway has a much slower adoption of BEVs in step 2. The use of diesel is lower than in BIG, because of the less detailed 
modelling of vehicles in IFE-TIMES-Norway, which does not take fully into account the life expectancy characterizing the various 
vehicle segments, leading to a faster phase-out of diesel technology than what follows from the BIG model. 

The aggregate energy consumption of vans and trucks is projected to decrease, due to improved energy efficiency of new vehicles, 
particularly BEVs. The demands for electricity and hydrogen will, however, increase. The annual electricity demand in BEVs grows 
from the present level of 1 TWh to 15 TWh in 2050 (including passenger cars). The total use of electricity in all transport modes is 
projected to increase to 19 TWh. This result is well in line with other analyses of transport energy demand in Norway (NVE, 2021, 
Statnett, 2020, DNV, 2021). In addition, electricity for ‘green’ hydrogen used for road transport is increased to 6 TWh in 2050, giving in 
total 21 TWh electricity used for road transport in 2050. 

The linking of the models has no impact on the projected Norwegian power production or the electricity and hydrogen prices. IFE- 
TIMES-Norway calculates endogenously the electricity and hydrogen prices for use in road transport. The marginal electricity prices 
for BEVs varies in average between 1.2 and 1.6 NOK/kWh in 2050 and the hydrogen price is calculated to about 1.7 NOK/kWh in 2050. 

The linking of the energy system model and the stock-flow model gives a slower decrease in the CO2 emissions from freight 
transport in the period 2023–2040 due to slower adoption of ZEVs, see Fig. 12. In a longer perspective, the linking has no impact on the 
emissions. 

5. Discussion 

By soft-linking models for transport demand, vehicle turnover and the energy system, we investigate if the models can complement 
each other and thus become more relevant as policy support tools. In the case of Norway, we have analysed the country’s climate 
targets with emissions cuts of 80 to 95 percent by 2050 compared with 1990, and how the transport sector can contribute to reach this 
target. This paper is mainly methodological; thus, we have not made a thorough assessment regarding the realism of the Norwegian 
climate targets. 

As discussed by Haasz et al. (2018) the transport sector is of great importance if the target of becoming a low-carbon economy by 

Fig. 8. Shares of different propulsion technologies of new trucks and vans used as input to the stock-flow model BIG. Step 1(left) and step 2 (right).  
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2050 is to be reached, as the transport sector is a large consumer of final energy, with high emissions of GHG. Important measures 
emphasized in their analysis are improved fuel efficiency, less carbon intensive energy carriers, and better utilization of transport 
networks. 

According to our analysis, the improved efficiency and reduced emissions by substitution from ICE to BEV and FCEV are important, 
not only to reduce energy demand, but also to reduce emissions. Development in the rate of utilization for freight vehicles is addressed 

Fig. 9. Projected shares of stocks of light and heavy-duty freight vehicles, by powertrain technology, in steps 1 and 2 of IFE-TIMES-Norway and BIG.  

E. Rosenberg et al.                                                                                                                                                                                                     



Transportation Research Part D 114 (2023) 103569

15

by the NFM and is included in projections for future demand for transport which is used as input to the vehicle stock-flow model and 
the energy system model. 

With respect to the modelling results, the main finding in our analysis is that for trucks up to 50 tonnes GVW and the large trucks 
operating less than 300 km/day, the BEV becomes the dominant technology due to the efficiency, maturity, and cost advantage over 
FCEVs. The FCEV powertrain is, in our modelling framework, chosen only for large trucks which run greater than 300 km/day, under 
the assumption that this segment cannot be served by BEVs. Previous studies have both backed up and contradicted such an 
assumption, while it is hard to draw conclusions at this stage of development. A scenario where BEVs can serve also the large, long 
haulage truck segment would give a similar result, probably with a bit faster transition towards zero emission, as BEVs have lower 
investment and operational costs than FCEVs. Also, energy consumption would come down, since BEVs are far more energy efficient 
than FCEVs. 

For FCEVs to be able to compete directly with BEVs, there is a need for fast technology development, financial support for hydrogen 
infrastructure, and, more generally, a battery of incentives that may not be compatible with the paradigm of technology neutrality. 
Hydrogen production has increasing returns to scale, which more probably will be reached faster in other sectors than road freight, 
where FCEVs meet fierce competition from BEVs. To unlock the economies of scale in hydrogen production, the test ground and future 
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Fig. 10. Projected energy use by heavy-duty freight vehicles in steps 1 and 2 of IFE-TIMES-Norway.  
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Fig. 11. Projected energy use by vans and trucks in 2030 and 2050. Step 1 and 2 of IFE-TIMES-Norway and step 2 of BIG. Energy loss by electrolysis 
and battery recharging is included. 
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roll-out of FCEVs should be seen in connection with green and blue hydrogen production for other purposes, such as in ports or 
manufacturing clusters. Further research on how hydrogen technologies can be adopted and give rise to synergies in transport and 
manufacturing is needed. 

Decarbonization of transportation may also be achieved by use of biofuels, incl. biogas. In our approach, we have assumed that 
Norway must be self-sufficient in bio energy in the future. But domestic biomass resources are not sufficient to play a central role in the 
decarbonization of the road transport sector in the long run, considering that biomass is demanded in the manufacturing and housing 
sectors as well. However, biofuels will play an important role in reducing GHG emissions from the transport sector until 2035. 

According to the energy system model, the emissions from commercial vehicles by 2030 decrease by 61 percent at step 1, while 
when linked to the stock-flow model the cut is reduced to 39 percent. It highlights the importance of including more parameters, such 
as adoption rate of new technology, in an optimisation model like IFE-TIMES-Norway. This also emphasizes the great challenge to 
significantly reduce the emissions within a limited timeframe. 

The modelling results show that continued technology development in battery and hydrogen technologies are important in order to 
achieve Norway’s national climate targets. This is in line with previous studies, stating that for battery electric trucks, the cost, energy 
density and lifetime of batteries are constraints and need improvement (Cano et al., 2018). For FCEVs, the cost of fuel cells and 
hydrogen prices are important barriers in the competition with ICEs (Zhao et al., 2018). 

Other societal barriers such as charging or waiting time, driver inconvenience, or resistance to change have not been considered in 
this analysis in detail, except in the form of a general adoption rate. We have assumed that the drivers adapt to the technology. We need 
more research on barriers and social aspects of the implementation of zero emission trucks to understand if the drivers adapt to the 
vehicle technology, or if the vehicle technology must adapt to the drivers’ habits, routines and regulatory constraints. 

The methodology described illustrates the advantages of using a multi-model approach for analyses of decarbonization of road 
freight transport, as stated, in the introduction, as our first research question. In a stand-alone run, the stock-flow model has exoge-
nously given strings of new vehicles. Through interaction with the energy system model, the flows of new vehicles are endogenized in 
the stock-flow model. The energy system model is improved with growth constraints making the pathway and time frame more 
realistic. By implementing the adoption rate of zero emission vehicles from the stock-flow model in the energy system model, we find 
that decarbonisation slows down in the medium term, highlighting the importance of strong fiscal and regulatory policies and in-
centives. This answers our second research question on the impacts of zero emission commercial vehicles on the energy system and on 
future CO2 emissions. 

6. Conclusions 

The idea of this study has been to combine sector models for energy and transport and to model the interaction between the energy 
system and the freight transport sector. We have demonstrated how the combination of three different models, a national freight 
model, a stock-flow vehicle fleet model and an energy system model, can provide more relevant and reliable results. We have used this 
modelling framework to analyse the impacts on the energy system of a transition towards a zero-emission commercial road freight 
industry. Like the recommendations in Venturini et al. (2019), our approach is based on a soft-linking of the vehicle stock flow model 

Fig. 12. Projected CO2 emissions from road freight 2018–2040, according to steps 1 and 2 of the energy system model.  
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and the energy system model, as well as a bottom-up structure, resulting in a flexible and feasible model integration. This linking 
approach is tested on an ‘optimistic’ decarbonisation scenario regarding future technology development, energy and carbon prices, 
emissions regulations etc. The linking enhances the policy support potential of the stock-flow vehicle fleet model and the energy system 
model. 

The vehicle stock-flow model itself provides little information concerning the introduction of new propulsion technologies, as there 
is no empirical experience to draw on for heavy-duty freight vehicles. Through linking to the energy system model, the stock-flow 
model was improved by new input on the availability of new vehicle technologies. The energy system model was improved by 
implementing time lags for the penetration of new powertrain technologies derived from the stock-flow model. These time lags are 
translated into constraints on the pace of adoption of new technologies and can be regarded as a way of including behaviour and 
barriers in the energy system model. A common limitation of optimisation models is the lack of behavioural realism, which we remedy 
by linkage to a vehicle stock-flow simulation model. 

The demonstrated method of linking models is applicable to other technologies as well as in other geographical regions, since the 
method is not limited to our empirical case of Norwegian freight transport. The method may be useful when new technologies are 
introduced to the market, while little or no empirical data are available. Typically, simple stock-flow models with exogenously 
specified market uptake of new technology may not give very reliable predictions. Such models can be greatly enhanced through 
relationships that explain technological innovation. Energy system optimisation models, on the other hand, tend to disregard or 
underplay the time needed for a new equilibrium to be reached. These tools can be enhanced with the help of a stock-flow model for the 
most significant durable assets, allowing for a more realistic pace of penetration of new technologies. 

Our study shows that electrification of road freight has limited impact on the energy system, including low peak demand, at the 
aggregate level. Previous studies have shown potential for extensive slow charging of battery trucks. Studies of technology devel-
opment indicate the possibility for high learning rates of new trucks. Together these circumstances suggest that on a system level, 
decarbonisation of road freight is feasible. Our work contributes with insights about the initiatives and time frames needed for the 
transition. 

Due to the implementation of limited growth rate in the energy system model, the model result shows a decrease in carbon 
emissions from commercial transport in the period 2023–2040, with an emissions reduction of 39 percent between 2018 and 2030, in 
lieu of the 61 percent cut projected by the energy model system alone. This reduction was achieved in a highly ambitious scenario with 
carbon tax on fossil fuel reaching 5 000 NOK/tonnes CO2 in 2030 and 10 000 NOK/tonnes CO2 in 2040. It highlights that with an 
ambitious climate policy, significant emissions reduction from the Norwegian road freight can be achieved by 2030. To accelerate the 
decarbonisation within this transport segment, a sector specific stick and carrot policy might be required to increase the adoption rate 
of zero emission technologies. 
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