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A B S T R A C T

Fuel cell electric vehicles (FCEV) currently have the challenge of high CAPEX mainly associated to the fuel cell.
This study investigates strategies to promote FCEV deployment and overcome this initial high cost by combining
a detailed simulation model of the passenger transport sector with an energy system model. The focus is on an
energy system with 95% CO2 reduction by 2050. Soft-linking by taking the powertrain shares by country from
the simulation model is preferred because it considers aspects such as car performance, reliability and safety
while keeping the cost optimization to evaluate the impact on the rest of the system. This caused a 14% increase
in total cost of car ownership compared to the cost before soft-linking. Gas reforming combined with CO2 storage
can provide a low-cost hydrogen source for FCEV in the first years of deployment. Once a lower CAPEX for FCEV
is achieved, a higher hydrogen cost from electrolysis can be afforded. The policy with the largest impact on FCEV
was a purchase subsidy of 5 k€ per vehicle in the 2030–2034 period resulting in 24.3 million FCEV (on top of 67
million without policy) sold up to 2050 with total subsidies of 84 bln€. 5 bln€ of R&D incentives in the
2020–2024 period increased the cumulative sales up to 2050 by 10.5 million FCEV. Combining these two po-
licies with infrastructure and fuel subsidies for 2030–2034 can result in 76 million FCEV on the road by 2050
representing more than 25% of the total car stock. Country specific incentives, split of demand by distance or
shift across modes of transport were not included in this study.

1. Introduction

To have a likely probability of staying within a global warming of
2 °C by end of this century, greenhouse gas (GHG) emissions need to be
reduced by 40–70% on a global basis by 2050. Cumulative emissions
need to stay between 550 and 1300 GtCO2e (2011–2050) whereas an-
nual emissions today are ~50 GtCO2e [1]. This is translated into
80–95% CO2 reduction for the European Union (EU) (compared to
1990) [2], corresponding to a less strict target of 60% for the transport
sector2 [3] considering its more difficult nature to decarbonize [4]. In
the EU, transport demand accounts for almost 33% of the final energy
use (out of which road transport represents 82%) and 31% of the GHG
emissions [5]. Transport is the only sector exhibiting an increase in CO2

emissions when compared to 1990 (+23% in 2015 [6]). Strategies to
reach those targets are increased efficiency, alternative fuels with a

lower CO2 footprint, modal shift (e.g. from private cars to public
transport) and reduced need for travel (e.g. urban planning, home-of-
fice) [1,7,8]. There is also the need to introduce alternative powertrains
in the transport sector to improve energy independence, since more
than 80% of the oil is imported in the EU with an import bill of 400 bln
€/yr (at an oil price of 100 $/bbl) [9].

The EU has adopted several initiatives to foster the deployment of
alternative fuels. In the Renewable Energy Directive (RED) [10], there
is a target for advanced renewable fuels (6.8% for 2030) and it has
specific targets for biofuels (3.6%), but none for hydrogen. RED was
revised in June 2018 [11] and includes a mandatory minimum of 14%
of renewables in transport by 2030 via obligations on fuel suppliers. At
the same time, conventional (i.e. first generation) biofuels EU-wide are
capped at a maximum of 7%, which indirectly promotes second gen-
eration biofuels and other energy carriers like electricity, hydrogen and
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synthetic fuels. Electricity and hydrogen are included in the strategy of
alternative fuels [12], considered as part of the deployment of alter-
native fuels infrastructure [13]. The new proposal of the CO2 emission
standards for the average new passenger cars and light commercial
vehicles (LCV) sold in the EU post-2020 [14] defines benchmarks of
15% electric vehicle (EV) sales by 2025 and 30% by 2030 (exceeding
these values will be rewarded with less strict CO2 targets for manu-
facturers). There is also support in terms of financing of 70 bln€ to
support low-emission mobility including 39 bln€ from the European
Structural and Investment Fund, 24 bln€ from Connecting Europe Fa-
cility (in total) and 6.4 bln€ from Horizon2020 program for research
activities [15]. Specifically for hydrogen, most of the EU research
funding is managed via the Fuel Cell and Hydrogen Joint Undertaking
(FCH JU), which is a public private partnership and has a budget of
1330M€ (2014–2020).

Among zero emission vehicle (ZEV) market deployment, battery
electric vehicles (BEV) are currently ahead of fuel cell electric vehicles
(FCEV). On a global level, there are over 5.1 million EV (BEV and plug-
in hybrid electric vehicles (PHEV)) [16], while there are only close to
11200 FCEV on the road [17]. How these powertrains compare in the
future will depend on the learning achieved by deployment. With
learning rates of 6–9% [18] or even 16% [19], lithium-ion EV batteries
could reach a cost between 50 and 75 €/kWh by 2040 [19,20], while
fuel cell cost could be reduced from 233 €/kW3 to an ultimate cost of 25
€/kW [21]. While the most affordable BEV in the C segment are being
sold for around 30–35 k€ (plus VAT) [22], FCEV sales are currently
dominated by a single model (the Toyota Mirai on the D segment)
marketed in Germany at 78.6 k€ [23]. Specific energy consumption is
better for BEV (0.33MJ/km vs. 0.63MJ/km for FCEV [24,25] with a
wider difference for long distance [26] or when the entire pathway is
considered [27]). Both powertrains have limitations, driving range and
charging time are the main issues for BEV, while fuel cell cost and lower
efficiency are issues for FCEV [22]. A possible complement between
both is to use BEV for short driving range and smaller vehicles size,
while FCEV are used for longer distances and larger cars [21].

Another key barrier for both powertrains is infrastructure. By end of
September 2017, there were over 120000 publicly accessible rechar-
ging points for EV in the EU, of which almost 15000 were fast charging
[28]. In contrast, only 82 hydrogen refueling stations are in operation
in the EU [28,29]. The EU directive (2014/94/EU) specifically ad-
dresses the need for infrastructure deployment of alternative fuels [29].
An assessment of the national policy frameworks submitted as part of
this directive, indicates that the investment needed is almost 900M€ for
electricity by 2020 and 700M€ for hydrogen by 2025. This would be on
top of 3.9 bln€ by 2020 for 440000 public accessible recharging points
and an ambitious target of 4 million EV on the road [29].

There are multiple ways to model transport at different spatial and
temporal scales from agent-based, system dynamics, engineering and
integrated assessment models [30]. System dynamics (simulation)
usually focuses on the transport system and stakeholders interactions,
while cost optimization usually disregards factors like budget (or in-
come), time availability, preferences and risk aversion, that also influ-
ence decisions [31,32]. This study soft-links these two types of models,
combining their strengths and making trade-offs across the entire en-
ergy system [33–35]. The specific models used are JRC-EU-TIMES4

which covers CO2 emissions from the energy system and allows asses-
sing the effect not only of technology assumptions (e.g. electrolyzer
efficiency and cost), but also the effect that systemic parameters (e.g.
CO2 underground storage) have on cost and commodity prices. JRC-EU-
TIMES has been used in the past to assess the parameters that promote
and hinder hydrogen use in alternative future scenarios [36]. The other

model is Powertrain Technology Transition Market Agent Model
(PTTMAM) which has 4 market agent groups (manufacturers, users,
infrastructure providers and authorities) and has been used in the past
to assess scenarios for the road transport sector [37] and provide policy
insights [38,39]. In both cases, the geographical scope is the same
(EU28) and they are used for the time horizon of 2050, when the shares
for FCEV are expected to be the highest.

The reason to focus on FCEV is twofold. First, from a purely eco-
nomic perspective, the case for FCEV is more difficult to justify (com-
pared to BEV), so applying a system dynamics model that covers non-
cost related attributes will shed light into the potential role FCEV can
play when considering a more holistic evaluation. Second, transport has
one of the highest willingness to pay for the hydrogen given its higher
difficulty to decarbonize [40,41]. This will help to justify the potential
investment in hydrogen production and facilitate the integration of
variable renewable energy (VRE) [42] (when produced through elec-
trolysis). The hydrogen potential for transport extends beyond cars.
When converted to other energy carriers such as ammonia or liquid
fuels, it can satisfy demand in aviation or the maritime sector [17].
Even within the road transport sector, hydrogen can be attractive for
heavy-duty long-haul trucks and buses that have higher power re-
quirements (leading to larger batteries if BEV are used). However, given
that the fuel choice for these sectors is fundamentally different from
cars, this study focuses specifically on passenger transport.

Based on this, the main objective of this study is twofold: (1) assess
how soft-linking affects the stand-alone output of each model; (2)
quantify the effect that different policies and subsidy schemes can have
in FCEV penetration and the cost effectiveness of these policies. The
main novelties are: (1) the soft-linking of the two mentioned models
with complementary features; (2) the coverage of the entire EU (rather
than one country); (3) the use of ambitious CO2 targets and (4) ana-
lyzing the effect different policies can have on FCEV penetration. Some
of the questions to be answered are: how does the soft-linking process
affect total system cost and commodity prices, what are the system
drivers that favor FCEV, what actions are needed (from the manu-
facturers, authorities and infrastructure) to promote FCEV deployment,
what is the incentives scheme (amount and timing) required to increase
the FCEV share, how does R&D subsidy compare with vehicle and fi-
nancing of refueling stations.

The rest of the paper is organized as follows. The next section pre-
sents a literature review and identifies gaps in the literature. Section 3
describes the methodology and modeling approach. Section 4 covers
the data and assumptions, while Section 5 goes through the scenarios
and policies evaluated. Section 6 presents and discusses the results and
lastly Section 7 summarizes the conclusions.

2. Literature review and gaps

This section is split in various clusters where each one looks at a
different element of the present study: 1. Use of stand-alone system
dynamics models for alternative fuel vehicles and specifically for FCEV;
2. Use of stand-alone optimization models for hydrogen use in low-
carbon systems; 3. Incorporation of the behavioral component in in-
tegrated assessment models; 4. Incorporation of the behavioral com-
ponent in energy system models. This literature review does not cover
studies for the hydrogen supply chain (commonly referred as HSC) or
specific geographical match between sources (e.g. high renewable po-
tential locations) and sinks. As starting point for that discussion, refer to
Refs. [43,44] for a review of the different models, [45] for UK or
[46–48] for Germany. Other approaches to model diffusion of alter-
native fuel vehicles including agent-based modeling [49], computable
general equilibrium [50] and econometrics (usually suitable for short-
term forecasts) have been left out of the review since they use a dif-
ferent modeling approach. For a review of applications of these other
approaches to BEV, refer to Ref. [51].

3 Throughout this report a currency conversion of 1 €=1.2 $ has been used.
4 TIMES=The Integrated MARKAL-EFOM System; MARKAL=Market

Allocation; EFOM=Energy Flow Optimization Model.
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2.1. System dynamics models for FCEV

System dynamics models have been applied to various areas of
transport including uptake of alternative fuel vehicles, supply chain
management, highway maintenance and construction, air travel and
urban planning [52]. For alternative fuels, they have been used to
evaluate the penetration of EV in the Netherlands and UK [38], Com-
pressed Natural Gas (CNG) in Switzerland [53] and biofuels in US [54]
and EU [55]. The applications for FCEV are limited and these are re-
flected in Table 1.

Some of the gaps these previous studies have in common that the
current one will cover are: (1) consideration of other market players
(like providers of refueling stations and manufacturers) that also play a
role in influencing FCEV penetration; (2) the consideration of the rest of
the energy system and how updated demand affects prices (through
soft-linking with the energy system); (3) cost effect of FCEV and hy-
drogen refueling stations on total system cost; (4) endogenous cost
development as a function of both deployment and choices made by car
manufacturers.

2.2. Energy system models for hydrogen and FCEV

Hydrogen is a common topic studied with energy system models
[46,47,62–87]. With the potential use in FCEV, hydrogen for transport
was one of the first hydrogen applications and in some cases the only
one evaluated. With stricter CO2 targets and a potential “hydrogen
economy” [46,88,89], uses in other sectors started to be included.
While most of the studies focus on the (now) conventional application
of FCEV penetration, some studies go a step further and have an ad-
ditional element in one of two directions: 1. Higher spatial resolution to
match supply (e.g. high renewable energy sources) and demand centers
(e.g. cities) and have a better estimate of the infrastructure cost to
connect these two [46,73,82,90]; 2. Including intangible costs (like
range anxiety, refueling stations, model availability) that influence the
choices made by consumers when selecting a powertrain in an attempt
to improve the initial optimization based purely on cost [91]. There are
examples for Germany [47,79,80] with both high spatial and temporal
resolution that determine the best locations for hydrogen production
(using power surplus from VRE) and the amount available (based on
hourly profiles). These still lack the energy system perspective, where
demand from all sectors is considered in competition for the hydrogen
produced, effect on prices and endogenous calculation of the hydrogen
demand. Taking as starting point energy models that have looked into
hydrogen and then added more details, the most advanced examples
can be seen in California with a combination of ambitious CO2 and ZEV
targets and in the UK. Both of these are briefly explained below.

CA-TIMES [81,92–94] is managed by the Policy Institute for Energy,
Environment and Economy at UC Davis [81]. looks at hydrogen de-
livery pathways including distance and flow for transmission and po-
pulation density and market penetration for distribution. It uses such
detailed analysis to update TIMES. Another boundary that has been
partially crossed is the behavioral one, where [91] has taken output
from MA3T and fed it back to TIMES through introducing: more seg-
ments in the market, an inconvenience cost for refueling infrastructure
(additional distance to be traveled to fuel the vehicle), range limitation
cost, risk attitude and consumer heterogeneity. Follow up work in-
cluded even a finer segregation by introducing clones within a market
segment (20 clones for each of the 36 segments) that capture randomly
distributed unobservable differences in preferences [95]. A proof of the
compromise and complexity associated to combining different com-
plementary approaches is that this version of TIMES is extended to
cover the spatial component by splitting California State in 8 different
regions to determine the specific production technologies, delivery
pathways and hydrogen demand in time [96,97]. However, such ver-
sion is treated as a separate model (H2TIMES [82]) and does not cap-
ture the interaction with the other sectors in the energy system.

In the case of UK, projects requiring an energy modeling component
use UCL MARKAL. It has over 35 years of history as preferred tool to
provide advice on national energy policy [98]. The hydrogen system
was developed in two stages, as part of each phase of the UKSHEC
(United Kingdom Sustainable Hydrogen Energy Consortium5). As part
of the effort to improve the transport representation, additional tech-
nologies were introduced leading to a finer market segmentation, in-
corporating the supply chain and infrastructure from previous studies
and using a lumpy investment option6 [99]. The revised model resulted
in 99% penetration of hydrogen cars by 2050 with an 80% CO2 re-
duction, which was compared to other studies in UK [90]. The soft-
linking with a simulation model (UKTCM7) has also been done where
the feedback to MARKAL was the demand (fixed activity) and efficiency
for each type of car, excluding the elasticity effect in MARKAL which
was already included in UKTCM [100].

The range of studies that have used energy system models to assess
hydrogen potential as energy carrier are shown in Table 2 highlighting
the ones that have looked beyond transport and the ones that have
included either a higher spatial resolution for infrastructure or the be-
havioral component.

The main gap covered in this study compared to previous ones is the
consideration of some of the intangible costs that also affect the con-
sumer decision and additional market agents besides the consumers
themselves that can either promote or limit FCEV penetration.

2.3. Incorporation of behavioral aspects of transport in IAM

FCEV have also been evaluated with Integrated Assessment Models
(IAM). The added value (for this study) of looking at IAM is that since
they cover a wider set of modules, they also need to simplify the re-
presentation of the transport sector to avoid a highly complex model.
IAM differ from energy system models since they also include land use,
agricultural, forestry, macro-economy and climate modules and they
have a global scope [105]. To improve the representation of the
transport sector, mainly two features have been introduced (the same as
with energy models): one is a higher segregation of the consumers, fine
enough to represent different socio-economic groups that will have a
different perception and weights for the attributes when choosing a
specific vehicle. The other one is monetization of intangible costs that
are usually not considered in cost minimization tools such as range
anxiety (in the case of BEV), refueling station availability (for early
stages of infrastructure development), risk premium (to represent per-
ception of new technologies risk), model availability (in early stages)
and BEV chargers [32]. Only recently, these behavioral features have
been introduced and more time is needed for it to become widely
adopted. Heretofore, IAMs have been used in the conventional way to
assess FCEV penetration (see Table SI 1 in Appendix 1) usually with
logit functions for the market shares and with elastic demand that is
sensitive to fuel prices and only some of them include modal shift. With
respect to FCEV some limitations that arise are: some IAMs do not have
hydrogen as option for passenger vehicles (e.g. WITCH [4]) or do not
have endogenous learning linking cost reduction to FCEV deployment
(e.g. GCAM [4]), establish a maximum share that FCEV can acquire or
have limited representation of the infrastructure (critical for both BEV
and FCEV). In spite of this, most of them show that hydrogen does not
play a role (< 5%) by 2050 and only under strict (450 ppm CO2) sce-
narios, it becomes a significant energy carrier for transport by 2100

5 From 2003 to 2007 and funded by the Engineering and Physical Sciences
Research Council.

6 The model chooses to invest in infrastructure with a minimum size (to en-
sure a minimum threshold is passed to deploy infrastructure).

7 UK Transport Carbon Model covering vehicle ownership, travel patterns,
fuel efficiency (driving style), vehicle ownership, stock turnover and valuation
of external costs, among others.
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[7,106,107]. In some cases [106,108], carbon capture and storage
(CCS) also becomes critical since it is the main route used to produce
(and decarbonize) the hydrogen.

2.4. Incorporation of behavioral aspects of transport in energy system
models

There are three main features that have been introduced: modal
shift, consumer heterogeneity and use of intangible costs. A set of stu-
dies [109,110] looked into incorporating modal shift by introducing
new parameters such as travel time budget, monetary budget, speed of
the different transport modes, infrastructure requirements (e.g. bike
lanes) and additional constraints such as maximal modal shares and
maximal rate of shift. This is also linked to the demand split by distance
traveled to be able to account for the different time variation in case of
choosing an alternative transport mode. The aim of introducing travel
time in a cost optimization framework is twofold: (1) It enables the use
of more expensive modes of transport that are able to reduce traveling
time; (2) It relates the investment in infrastructure to a reduction of
travel time of public transport modes.

Additional efforts have been made to split demand further and ac-
count for its heterogeneity with different characteristics (e.g. income)
and attributes evaluated by the different types of consumers [91,111].
Particularly in Ref. [111] the split is made based on region, type of
residential location (urban, suburban and rural) and income level,
which has resemblance but yet different from the split chosen for IAM
(residential location, distance traveled and attitude toward technology
adoption). To exploit this demand segregation and the different weight
each one gives to each attribute, additional intangible costs are in-
troduced including refueling infrastructure, range limitation (for BEV),
risk attitude and model diversity [91]. In every case, this requires the
collection of additional data (e.g. number of trips per person, average
trip distance, travel time for public transport, average speeds by dis-
tance, load factors for cars, infrastructure utilization) to be gathered. In
the case of California and Denmark [91,111], there was a highly dis-
aggregated simulation model for the transport sector (regional models
which had respectively over 1450 consumer segments and over 1200
zones) that contained all the information necessary to introduce both

the modal shift and the intangible costs. For the case of Ireland [110],
mostly national sources of statistics were used. Since the present work
has a wider geographical scope (EU28), there is no single source that
has consistent input in terms of market segmentation, demand split by
distance, mode of transport and growth in time. Therefore, a simulation
model (PTTMAM) is used where the trade-off has been wider geo-
graphical coverage at the expense of focus only on the passenger car
market without modal shifts.

There are two examples of soft-linking an energy model based on
cost optimization with a simulation model [25,112]. One [25] was for
Ireland, using TIMES and a model for the car stock evolution based on
activity, stock composition, energy intensity and emission factors where
the choice of future sales was based on a combination of income and
fuel elasticities. The possibility of an 80% CO2 reduction by 2050 (vs.
1990) was explored. Three measures were analyzed: improved energy
efficiency (75 gCO2/km by 2050), level of biofuel blending and degree
of reduction of intangible costs for alternative vehicles (i.e. BEV). The
other one [112] focused on France and Germany for 2030, while also
using a Pan-European TIMES to assess the powertrain mix for 2050 with
80–90% CO2 reduction scenarios.

There are two reviews of E3 (energy, economy, environment)
models focusing on the transport sector. One [113] reviews 13 models
and identifies some key characteristics: elastic demand based on price,
endogenous modal choice, choice of no physical travel (avoid demand),
demand split by distance (urban and intercity) and infrastructure (to
establish a maximum capacity for the transport mode or alternatively
investment needed to increase capacity) [113]. The dimension covered
by most (11) of the models reviewed was the demand response to price
through elasticity, 6 of them had endogenous modal choice, while de-
mand split by distance and infrastructure capacity were covered by only
one model respectively. The other one [114] reviews 27 energy and
transport models with variable degrees of integration. Behavioral fea-
tures to be considered in energy and transport systems are: technology
choice (also including non-energy cost parameters), modal choice
(using travel time budget or constant elasticities of substitution),
driving patterns (considering distance and speed) and new mobility
trends (e.g. carpooling or autonomous vehicles).

Two previous studies look at FCEV penetration at the EU level. In

Table 2
Energy models used for hydrogen potential assessment for different geographical regions.

Region Model H2 usea Infrastructureb Behavioral component Application Reference

Belgium MARKAL R,P,T,Ref No No Hydrogen potential (with focus on transport) [72]
California CA-TIMES T Yes Yes FCEV penetration, infrastructure development [81,82]
Canada TIMES-Canada T No No BEV penetration [83]
China MARKAL T No No FCEV penetration by 2045 [85]
China China-TIMES T No No Transport sector with 10, 20 and 50$/ton (CO2 price) [86]
Europe REACCESS R,C,I,P,T No No Hydrogen potential for transport [101]
Europe JRC-EU-TIMES R,C,I,P,T No No Current policies and 80% CO2 reduction by 2050 [87]
Germany MOREHyS (Balmorel) P,T Soft linking No Hydrogen role and link with GIS [46]
Global GMM T No No FCEV role and promotion linked to a climate model [62]
Global TIAM-ECN T No No H2 potential for Europe [64]
Global GENeSYS - MOD T No No 1.5 °C scenario for 2050 [102]
Italy MARKAL-Italy R,P,T,Ref No No Hydrogen role in future system [65]
Japan MARKAL T No No FCEV penetration [66]
Japan METANet T No No FCEV penetration [67]
US MARKAL EPA US9R T No No FCEV penetration [68,69]
UK UK MARKAL R,P,T Yes Yes FCEV penetration, infrastructure development, residential FC [70,71,103]
Norway TIMES-Norway T Soft-linking No Coupling with infrastructure [73]
Scandinavia Balmorel P,T No No H2 role in the transition to a low carbon transport [74,104]
Spain (Madrid) MARKAL T No No FCEV share for 3 scenarios for 2050 [75]
Switzerland MARKAL T No No Lower primary energy consumption [76]
Switzerland STEM (TIMES) T No No FCEV penetration [77]
South Africa TIMES-GEECO T Noc No Transport emissions and energy demand [78]

a This refers to the sectors where the model has the choice of using hydrogen; R=Residential; C=Commercial; I=Industry; P=Power; T=Transport;
Ref=Refinery.

b This refers to the linking of a model with explicit consideration of the spatial component or optimization of the hydrogen supply chain.
c GIS approach was used, not for H2 infrastructure, but for spatially locating emissions.
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the deep decarbonization scenario with PRIMES [115], the share of
hydrogen in road transport is only 2% with an 84% CO2 reduction
target, while this increases to 31% when the overall CO2 target is re-
duced to 96%. This corresponds to a share of 10% of FCEV in the car
fleet. A previous assessment with JRC-EU-TIMES has indicated that
hydrogen use in transport can be as high as 40 mtpa (4.8 EJ/yr), but
where the largest share is actually for heavy-duty trucks and FCEV only
represent 10–15% of the car fleet with BEV having a 60% share [36].

In summary, the gaps from literature that are covered in this study
are: (1) from the perspective of system dynamics models, the wider
scope beyond transport to include interaction with other sectors and
how it can affect the total system cost; (2) from the energy system
model perspective, it is a step in the direction of improving the beha-
vioral representation characteristic of consumer choices, but where still
further work will be needed to consider the potential shift among
transport modes and endogenize this behavioral aspect rather than re-
lying on a soft-linking methodology.

3. Modeling approach and structure

This study is based on the soft-linking between two models with EU
coverage managed by the Joint Research Centre (JRC): the JRC-EU-
TIMES model and the PTTMAM. The reason for this choice is that both
models are bottom-up (technology-rich) and have complementary fea-
tures [51,99]. In this section, each model is briefly described separately,
followed by the advantages of combining them and concluded by the
parameters that each model uses from each other.

3.1. Description of JRC-EU-TIMES

The model makes the choice for optimal system configuration based
on investment, fixed, annual, decommissioning, operational costs and
salvage value. It covers EU28 plus Switzerland, Norway and Iceland. To
reduce complexity, it uses 12 representative time slices (24 for power
sector) to represent a year and it has one node per country [116]. The
model generator used is TIMES [117–119]. It combines a normative
approach, meaning that the system will reach the pre-established policy

constraints, with an exploratory one, meaning that different future
scenarios can be used to understand their impact over the technology
mix. It is used by more than 250 institutions in 70 countries [120].
Several policies can be added including CO2 tax [121], technology
subsidy [122,123], regulations, targets, energy efficiency [124], feed-in
tariffs, emission trading systems [125] and energy security [126],
among others. A common application involves the exploration of dec-
arbonization pathways [84,127–129].

Technologies are represented through their input-output relation,
CAPEX, OPEX and lifetime. Individual processes are linked through
commodities. Prices are endogenously calculated through supply and
demand curves. Some of the key output is the capacity needed for each
technology, energy balance for each country in each time period,
trading, emissions and total cost. Key assumptions include: perfect
foresight (all technology costs, demand for services and balances are
known from the beginning of the period), perfect competition (there are
no individual players that can influence prices), central optimization
(lowest cost decisions made regardless of sectors or borders), no short-
term market consideration (e.g. day-ahead, intra-day) and rational
behavior. Due to the focus on energy systems (leaving changes in
agricultural practices, forestry, other land uses, petrochemical, solvents
out of the scope) and only CO2 (no CH4, N2O, NOx and air pollutants),
the model effectively covers around close to 80% of CO2 emissions.

3.2. Description of PTTMAM

PTTMAM is a simulation model that captures the interactions of the
major stakeholders in the light-duty road transport system. Four market
agent groups represent these stakeholders: users, manufacturers, in-
frastructure (refueling and recharging stations) providers and autho-
rities. These market agents are conceptual groupings and not individual
agents as in agent-based modeling [130]. Each market agent group
follows a set of decision rules that lead to different choices and there-
fore there is no single objective function. Through a complex interac-
tion between supply and demand time-varying conditions, powertrain
choice is determined by the users group. This market agent is influ-
enced by a series of vehicle attributes and a measure of the willingness

Table 3
Characterization of modeling approach for JRC-EU-TIMES and PTTMAM.

Model dimension [35] JRC-EU-TIMES PTTMAM Soft-linking consideration

Spatial coverage EU28 EU28 No adaptation required
Spatial resolution 1 node per country 1 node per country No adaptation required
Time horizon 2015–2050 2015–2050 Focus on 2050 given that significant FCEV deployment is

not expected in the short and medium term
Temporal resolution 12 time slices per year with parametrizations

based on hourly data
Annual (delta-time= 0.25) Annual values taken for commodity prices and powertrain

technology mix
Degree of competition Perfectly competitive One manufacturer conglomeratea Each model retains its own approach
Demand splitb 4 (executive, upper and lower medium, small) 3 (small, medium, large) 3 categories are chosen by merging upper and lower

medium in JRC-EU-TIMES
Powertrain class 4 (ICEV with different efficiency classes, BEV,

hybridc and FCEV)
4 (ICEV, BEV, hybrid and FCEV) No adaptation required

Energy carriers 10 (gasoline, diesel, CNG, LPG, electricity,
gaseous hydrogen, liquid hydrogen, ethanol,
synthetic gasoline, synthetic diesel)

8 (gasoline, diesel, CNG, LPG,
electricity, gaseous hydrogen,
biodiesel, bioethanol)

No liquid hydrogen in PTTMAM. Diesel and gasoline prices
from JRC-EU-TIMES already reflect the fuel mix (i.e.
include synthetic and biofuels since those are part of the
supply curve)

Sectoral coverage Power, residential, commercial, industrial,
transport, agriculture

Transport (cars) PTTMAM provides a detailed representation of the
passenger car transport sector to be used with the other
sectors in JRC-EU-TIMES

Mathematical
formulation

Linear programming Differential equations

Solution method Single objective (cost) optimization Euler integration Each model keeps their own solution method
Purpose Normative Explorative Each model keeps their own purpose
References [36,116] [131]

a Meaning there are no individual manufacturers with different strategies and competition.
b Small= Segment A and B, Lower Medium=Segment C, Upper Medium=Segment D, Executive= Segment E [178].
c “Hybrid” refers henceforth to the sum of plug-in hybrid electric vehicles and conventional hybrid ones. In the scenarios analyzed, most (80–90%) of these are

PHEV.
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to consider a certain powertrain. The former includes financial attrac-
tiveness (based on powertrain-specific total cost of ownership), con-
venience to effective refueling and recharging infrastructure, perfor-
mance, reliability, environment (i.e. emissions levels) and safety (see
Tables 2 and 3 of the model manual [131]). The latter is a modified
version of the formulation proposed by Ref. [132], affected by mar-
keting and social exposure. PTTMAM captures the most pertinent EU
regulations and initiatives (for a sub-set, see Table SI 2 in Appendix 2).
Because of this, the model can be used to conduct policy analysis and
explore the impact of certain policy measures on the market uptake of
vehicle powertrains.

The model is grounded on the system dynamics modeling approach
invented by Jay W. Forrester [133]. This method stresses the im-
portance of relating feedback structure with dynamic behavior and
conceptualizes systems as stock-and-flow structures [134]. System dy-
namics models are based on ordinary differential equations, often
solved via Euler numerical integration. The mathematical formulation
of PTTMAM leads to over 1500 parameters, out of which 250 are
exogenous, and 700000 elements in the model. Heavy-duty vehicles
and alternative modes of transport such as rail and buses are not in-
cluded in the model. PTTMAM has been applied in Refs.
[37–39,131,135]. The model was built in Vensim® and is openly ac-
cessible through EU Public License [136,137].

3.3. Advantages of soft-linking

A key input for PTTMAM is the prices for energy carriers. In JRC-
EU-TIMES prices are the result of the interaction between supply and
demand. The supply curve can be changed by introducing new tech-
nologies with different raw materials and cost structure, while the de-
mand curve varies when a different energy carrier or end-use tech-
nology (e.g. heat pump or gas boiler) is used to satisfy the service. These
endogenous prices are also defined by the exogenous import prices
assumed for fossil fuels, which are aligned with the EU Reference
Scenario [138] and where history has shown that prediction for out-
looks is usually poor [139,140] since it can be influenced by sudden
fluctuations.

An advantage of using JRC-EU-TIMES as part of the modeling fra-
mework is the insight into the competition between sectors for the same
commodities. Depending on the scenario, biomass can be more useful in
other sectors (even within transport) or hydrogen demand can be
mainly defined by a specific application. Similarly, policies affecting the
entire system, such as overall CO2 target, can have different effects
depending on the rest of scenario conditions that would be missed if
only a target for the transport sector is used. Lastly, alternative supply
chains for fuels are also captured and will have an impact on the price
of the fuel used by the powertrains (e.g. difference for supplying diesel
with Power-to-Liquid or import).

With respect to hydrogen, JRC-EU-TIMES can assess the impact of:
(1) different production technologies (e.g. electrolysis vs. biomass ga-
sification); (2) different delivery pathways (there are 20 possible op-
tions, see Ref. [36] for associated cost); (3) hydrogen price as a function
of electricity price (which in turn is defined by VRE potential and de-
gree of electrification); (4) learning curve for the electrolyzer (which is
actually an exogenous parameter, but can be modeled as a sensitivity).
These account for elements outside PTTMAM that will be reflected in
the hydrogen price. Some of the other elements that are captured better
in one of the models and where each one will benefit from soft-linking
are captured in Table SI 3 in Appendix 2.

JRC-EU-TIMES deploys powertrains based on CAPEX, OPEX, effi-
ciency and price for the input commodity. In reality, there are more
factors determining the choice for powertrains, for example: disposable
income per household, average distance per trip, marketing strategies,
risk aversion of consumers, popularity and availability of refueling in-
frastructure, among others. In contrast, powertrain choice in PTTMAM
is more elaborate as other factors beyond financial attractiveness are

also considered (see Section 3.2). Furthermore, the role of taxation is
explicitly accounted for in this model. In this way, PTTMAM can not
only increase the resolution of the dynamics that are usually overlooked
in cost optimization, but also complement JRC-EU-TIMES by illus-
trating that consumer choices are not necessarily based on a purely
economic behavioral framework.

Furthermore, economic attributes such as the purchase price and
the operating cost of powertrains are shaped by car manufacturers. This
aspect of the system, which is absent in the JRC-EU-TIMES model, is
covered by PTTMAM. Specifically, supply-side decisions related to
pricing and marketing strategies, investment in research and develop-
ment (R&D) and in vehicle manufacturing capacity are modeled. In
PTTMAM, the manufacturers’ market agent group reacts to planned EU
regulation (e.g. CO2 target), thereby anticipating the prospect of
emission penalties and making business decisions that favor certain
powertrains over the rest. As a result, the CAPEX and OPEX evolution
for each powertrain vary. Since this remains an exogenous input for
JRC-EU-TIMES, incorporating the values of these economic variables
from PTTMAM turns out to be desirable.

3.4. Overview of soft-linking process

The purpose of the interaction is to complement the strengths of
each model mentioned earlier and by doing so, improve the quality of
the resulting policy recommendations. To accomplish this, first, each
model needs to be characterized to understand better what the com-
plementary areas and the remaining gaps are. This is presented in
Table 3, while the overall framework is shown in Fig. 1.

Two dimensions where the models need to be harmonized are the
categories for users and the number of energy carriers. The choice has
been made based on simplicity and completeness to leave 3 categories
for the former and 8 energy carriers. There is also common input to
both that needs to be harmonized to ensure consistency in the output.
These are: data for base year (car stock, occupancy, distance traveled),
population growth assumption which in turn affects demand, the as-
sumption for the year on which a specific powertrain will become
available (2015 for FCEV) and if there is any maximum growth for
specific powertrains, to avoid the situation where a particular one at-
tains a large part of the market that might be too drastic or highly
optimistic (see Section 4.2).

The other aspect is to understand what variables will be used from
one model to the other and how this changes the stand-alone use. This
is shown in Fig. 1 along with the basic components of each model.

Fig. 1 only has the choices in the transport sector for JRC-EU-TIMES,
while the rest of the system has been omitted. However, relevant input
for this module from the rest of the model is the competition of energy
carriers among sectors, CO2 constraint and resulting CO2 price that will
affect the commodity prices, potential for renewable options (solar,
wind, geothermal, biomass) that will affect electricity prices and the
cost associated to infrastructure development for electricity, gas and
hydrogen.

Three approaches to soft-link both models were identified:

1. Exclude the choices for powertrain mix in JRC-EU-TIMES and leave
the choice and evolution in time to PTTMAM. This can be fed back
through fixed shares for each powertrain, country and year that
JRC-EU-TIMES will use to determine new supply and demand curves
and therefore new commodity prices, new costs to reach the tar-
geted CO2 constraint, new competition among sectors. The effect of
these new prices should be assessed with PTTMAM. For the sce-
narios analyzed in this study, two iterations were enough to reach
stable commodity prices.

2. Leave the choices for powertrain mix in JRC-EU-TIMES as part of the
optimization process, but instead change the exogenous input to
make these choices. This includes CAPEX and OPEX of powertrains
by country, size and their (annual) evolution in time, which are an
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output of PTTMAM (and therefore scenario dependent). This im-
proves the estimate for the input, while reducing changes in JRC-
EU-TIMES, but still makes the powertrain choice purely based on
cost. Since this approach would still lead to drastic changes in
shares, the constraints from the original JRC-EU-TIMES are kept (see
Section 4.2).

3. Change the representation of the transport sector in JRC-EU-TIMES
and include additional features such as disaggregated market seg-
mentation to capture different risk adoption profiles, annual driving
profile, additional cost for limited spatial distribution of refueling
stations, additional cost for cars with limited range and larger dis-
aggregation of vehicle categories for richer choices in powertrains.

For this study, the first two approaches are followed. This allows
assessing the difference due to soft-linking methodology, as well as the
gap between pure cost optimization and the output from PTTMAM that
considers in addition the non-financial aspects. For the first approach,
two variations are tested: 1. Specific shares by country and powertrain;
2. Shares at EU level by powertrain (leaving the choice of shares by
country to JRC-EU-TIMES).

The third approach to soft-linking, in essence reproducing in JRC-

EU-TIMES the additional calculations performed in PTTMAM, implies
larger model changes that need to be validated for a wider range of
scenarios. Opting for this modeling approach constitutes one step be-
yond soft-linking and towards model integration. The incorporation of
the features of one model onto the other has already been used in a
TIMES model for California [91]. A crucial difference of that model is
the scale (a state in a country) in comparison to EU28 covered by the
current study.

4. Data and assumptions

4.1. Base year calibration in JRC-EU-TIMES

Part of the exogenous input for JRC-EU-TIMES is the “base year”
data, which refers to the start year where all the capacities, energy
balance and fuel prices are known and used as starting point for in-
vestment choices in the future to satisfy demand for the different ser-
vices. Specifically for transport, this base year data (see Fig. 1) includes:
(1) car stock; (2) mileage per type of car; (3) occupancy rate (different
by region) and (4) energy consumption. These parameters are taken
from TRACCS database [141] that has enough level of segregation (by

Fig. 1. Soft-linking methodology between JRC-EU-TIMES and PTTMAM.

H. Blanco, et al. Renewable and Sustainable Energy Reviews 115 (2019) 109349

8



country) and coverage (EU28). To have the same starting point as
PTTMAM, the car stock has been updated to match the fuel mix and
split by size (small, medium and large) in PTTMAM. The other three
parameters (mileage, occupancy rate and energy consumption) have
been kept from the original JRC-EU-TIMES data since it is more detailed
than what is available in PTTMAM. In particular, mileage (i.e. average
annual vehicle-km traveled by car (VKT) or the distance traveled per
year) is not differentiated by fuel in PTTMAM. In JRC-EU-TIMES, there
are large differences in distance traveled between fuels (diesel and
gasoline) based on TRACCS (see Fig. SI 1 in Appendix 3 for data on
medium size vehicles). Therefore, those are used for existing vehicles.
For new ones the average distance is prorated with car stock and used
for all powertrains, assuming cars with similar size will travel the same
distance regardless of fuel. In PTTMAM, mileage is an endogenous
parameter and this was used to decide if the parameter was soft-linked.
Since the average based on car stock in JRC-EU-TIMES was already
close to the values used in PTTMAM, no additional change was im-
plemented. There is no further stock or demand split by journey dis-
tance.

For calibration in the JRC-EU-TIMES model, the base year is 2010.
The main differences in the car stock for the base year were in the split
by size and total number of vehicles across EU (see Fig. SI 2 in Appendix
3). The total car stock in JRC-EU-TIMES was originally 240.8 million
vehicles [141], while in PTTMAM it was 228.5 million vehicles (6.6%
difference). The variation in shares by country was not that significant
(see Fig. SI 3 in Appendix 3 for comparison). The other major difference
was that JRC-EU-TIMES had almost 10 and 30% more vehicles in the
small and large categories, while having 4% lower medium vehicles.
The potential effect of this is that the CAPEX differences for powertrains
of the same size are different. As an example, BEV might be more at-
tractive than diesel in small cars, but this could be the opposite for large
vehicles. Therefore, it will affect the powertrain shares for each size and
overall for the total stock since the assumption is that these shares will
remain in times (in JRC-EU-TIMES).

4.2. Demand growth for 2050 and exogenous constraints

For subsequent years (until 2050), growth in travel demand by car
(total passenger-km (PKM)) has been also aligned with PTTMAM. In
JRC-EU-TIMES, total demand of distance traveled is an input to the
model. This usually comes from a macro-economic model that takes
into account population growth, gross domestic product, employment,
among others to estimate such demand. The original demand is aligned
with the EU Reference Scenario [138]. In contrast, this parameter is an

output of PTTMAM based on the composition of the car stock. To avoid
large differences in output due to this parameter, the demand growth
from the baseline scenario for PTTMAM has been used to calibrate the
input to JRC-EU-TIMES (see Fig. SI 4 in Appendix 3). For assumptions
on hydrogen use in other sectors refer to Ref. [36].

Since JRC-EU-TIMES is based on cost optimization, it will invest in
the most attractive (lower cost) powertrain for each period. This could
create large swings in car stock [91]. There are additional constraints
introduced to prevent this from taking place:

• A range is introduced for the share of new sales of diesel cars within
the total sales of fossil cars. A 30% point range is calculated around
the average share in 2015, which is calibrated by country based on
average diesel shares monitored by the European Environment
Agency. This prevents diesel or gasoline being suddenly overtaken
by an alternative fossil fuel from one period to the next.

• A minimum of 5% of the 2015 value (in share) for new sales of
gasoline vehicles.

• A maximum of 20% of new sales by 2020, 50% by 2040 and it can
only reach 100% by 2060 for the total of BEV and PHEV, based on
[142].

These constraints are only used in the second approach to soft-
linking (see Section 3.4) since the shares come directly from PTTMAM
in the first approach. This already introduces a preference for the first
approach to soft-linking since it does not require these additional
constraints.

4.3. Energy efficiency by powertrain

The FCEV efficiency assumed will have a large influence over its
market share since it affects fuel consumption and in turn, the operating
cost of the car. In JRC-EU-TIMES this is an exogenous input, which
originally came from Ref. [143]. When benchmarking FCEV efficiency
in JRC-EU-TIMES with previous studies (collected by Refs. [90,93]), it
was found that it lies within the range in literature with similar im-
provement over time (see Fig. 2). Because of this, it was decided to take
the efficiencies from JRC-EU-TIMES as input for PTTMAM. This does
not mean that R&D investments are no longer affecting the model re-
sults, for those investments still have an impact on other car attributes.
However, the variation in time observed in the results was minimal. It is
to be noted that in JRC-EU-TIMES, there is an efficiency variation by
country and size (based on actual data [141]) for diesel and gasoline
vehicles. To avoid promoting FCEV just based on the efficiency

Fig. 2. Energy efficiency for (medium size) FCEV in comparison to previous studies [90,93].
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difference for specific countries, the FCEV is varied to keep the same
ratio by country (see Fig. SI 5 in Appendix 3 for the range by size). On
the other hand, this is an endogenous parameter in PTTMAM influenced
by R&D investments. Nevertheless, the improvement in time is limited
even in cases where its deployment is significant.

For ICEV, JRC-EU-TIMES has a relation between efficiency (opera-
tional CO2 emissions) and cost [144]. Different than BEV or FCEV, the
efficiency improvement in time is not pre-defined, but it is instead an
indirect result of the CO2 target. A lower CO2 target will trigger more
investment in more expensive (and efficient) vehicles increases. Similar
than for FCEV, ICEV efficiencies have limited improvement in time and
the ones from JRC-EU-TIMES are used as input, assuming that the most
efficient vehicles will be deployed by 2050.

4.4. Component cost and price by powertrain

In PTTMAM, the costs of 8 key vehicle components are explicitly
modeled. Of particular interest to this study are 3: the fuel cell system,
the hydrogen storage tank and the BEV battery. The inclusion of the
latter is motivated by the fact that, given strict CO2 emissions standards
for cars that promote the uptake of ZEV, BEV and FCEV enter into direct
competition. Component costs are the result of the level of component
maturity and the effect of the learning curve in PTTMAM. Whereas the
former is influenced by R&D investments (see Appendix 4), the latter
depends on the assumed cost reduction fraction associated with
learning from cumulative production. Given the future uncertainty of
the cost evolution of these components, sensitivity analyses on the as-
sumed learning rate (by default 10% for each component, except for the
ICE which is 1%) were conducted. Based on Monte Carlo simulation
(200 runs using a uniform probability distribution) performed in
PTTMAM on the three components, the BEV battery cost was identified
as the most influential variable. In Fig. 3a, the BEV battery price re-
sulting from learning rates of 5% (low – dashed curve) and 15% (high –
dotted curve) can be seen (see also Fig. SI 8 in Appendix 3).

Fig. 3 also shows the price evolution of these three components in
PTTMAM, compared with information from various sources (for the EV
battery, refer also to Fig. 5.1 in Ref. [149]). The price of components
was derived using a default mark-up of 10% over the costs (also applied
to values from literature whenever it was interpreted they were refer-
ring to cost). With regards to the simulated price evolution of the BEV
battery (Fig. 3a), it is higher than the historical data until 2018 and the
values projected by Ref. [19]. The price in 2030 is, however, within the
values available in the literature. By 2040, a value of 57 €/kWh was
simulated, which falls to 52 €/kWh by 2050. With respect to the FCEV
components (Fig. 3b), both the fuel cell and the hydrogen tank have a
steep price decrease until 2030 with almost a flat trend after 2030.
Compared to literature, the initial price values found by the Hydrogen
Council [21,148], based on low volumes, are lower than the ones from
PTTMAM. Particularly ambitious seems to be the 2020 target value of
33 €/kW (page 69 [148]), given the purchase price of FCEV currently

available in the market and the limited number of models expected to
be launched in the near future. In 2040, PTTMAM simulates a price of
14 €/kW for the fuel cell. It is assumed that the medium BEV has a
battery size of 30 kWh and the medium FCEV features a 90 kW fuel cell
system and a 4.8 kg storage tank. Fig. 3b shows that faster price re-
ductions in the two main FCEV components occur in the Ambitious H2

scenario than in the No CCS scenario (see Section 5).
In PTTMAM, R&D investments by manufacturers are influenced by

the possibility of incurring in CO2 emission penalties. Strict CO2 emis-
sion targets can be expected to divert R&D investment towards ZEV.
Overall, the cost simulations in PTTMAM reflect the anticipation of
manufacturers to the prospect of more stringent CO2 targets, which
eventually lead to faster cost reductions for the three powertrain
components and subsequent fluctuations in cost reduction from one
year to the next (as shown in Fig. 3). This introduces a more realistic
cost curve that is not completely smooth, while also carrying an un-
certainty associated to the relation between CO2 target, long-term profit
expectation by powertrain and fraction of R&D invested.

5. Scenario definition

The scenarios approach used is technical, in the sense that they do
not rely on storylines [150–152]. This means that key input parameters
are changed to analyze their effect rather than relating them into
plausible dynamics to depict alternative futures. This analysis was al-
ready done with JRC-EU-TIMES [36] and the three parameters that
have the most influence on hydrogen deployment (other parameters in
Table SI 3 in Appendix 2) are:

• CO2 target. 95% CO2 reduction by 2050 (vs. 1990) could increase
hydrogen flows by 50–80% compared to an 80% CO2 reduction
target. This CO2 target is for the entire energy system, whereas the
reduction by sector (e.g. passenger transport) is a result of the cost
optimization.

• CO2 underground storage. This option could be limited due to social
acceptance or political interests. In such case, it excludes gas steam
reforming as hydrogen production technology, requiring a larger
electrolysis capacity. At the same time, limiting the technology
portfolio, demands more from the options left (including hydrogen)
in order to achieve the CO2 target.

• Biomass potential. Biomass can be used across all sectors (including
hydrogen production) and can provide neutral CO2 for electrofuels
downstream (if sustainability criteria is established and respected),
so it provides CO2-free energy. Ranges explored for EU28 are
7–25.5 EJ/yr [36].

In PTTMAM, the assumption on further evolution of the CO2

emission regulation for cars is crucial for the market penetration of
FCEV. Without a strict CO2 target for the EU28 average new car sold,
the uptake of this powertrain is minimal (as already analyzed in Ref.

Fig. 3. Price evolution of key powertrain components: (a) BEV battery; (b) FCEV. Source: data/projections shown in the legend and own simulations
[19–21,145–148].
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[135]).
These parameters and policy instruments are combined in 3 main

scenarios with the rationale explained below and with the choice for
parameters shown in Table 4.

• Low Carbon. It has 95% CO2 reduction for JRC-EU-TIMES, possibi-
lity of CO2 underground storage and a biomass potential of 10 EJ/yr.

• No CCS. CO2 underground storage has a large impact in CO2 prices
and technologies chosen. At the same time, it faces social acceptance
issues and it has a large impact on technology choices. The only
difference of this scenario compared to Low Carbon is the absence of
CO2 storage.

• Ambitious H2. Under this scenario, which is derived from the No
CCS scenario, a pro-FCEV policy package comprising the 5 policy
instruments (see Table 5) is simulated.

The Low Carbon scenario has already been explored in detail with
JRC-EU-TIMES [36], but it represents a new space explored for
PTTMAM, where the Baseline scenario from Ref. [131] had much higher
CO2 emissions (84 gCO2/km for 2050 vs. 5.2 gCO2/km in the Low
Carbon). The comparison of this previous scenario from PTTMAM with
the Low Carbon scenario in this study is discussed in Fig. SI 9 and 10 of
Appendix 5.

5.1. Policy instruments explored for FCEV

In addition to the system-wide parameters considered above, there
are also technology-specific policy instruments that are relevant for
hydrogen, especially to kick-off deployment and the learning process
needed for cost reduction. The range of policies that can be used for
low-carbon transport is covered in Table SI 2 in Appendix 1, including
its coverage by JRC-EU-TIMES and PTTMAM. The ones selected for this
study (used for the Ambitious H2 scenario) are:

• FCEV purchase subsidy (or tax exemption) by authorities. The same
way it has been applied for BEV [153], reducing the cost penalty for
the consumer could increase attractiveness, uptake and minimum
deployment level to reduce cost (besides wider set of choices for the
consumer and an optimized manufacturing process).

• Vehicle discount by manufacturers. In theory, this could happen if
car manufacturers forecast that they will have to pay emission pe-
nalties unless they sell more ZEV. It can also be considered to be a
marketing tool.

• Fuel subsidy (or tax exemption). Currently CAPEX for electrolyzers
is still relatively high (1200–1500 €/kW for PEM) and it could lead
to high hydrogen prices without taxes (depending on operating

hours and average electricity price paid) of 6–8 €/kg [154]. This
subsidy is also equivalent to financing of the rest of hydrogen in-
frastructure (e.g. pipelines, delivery trucks, compression).

• H2 refueling station investment. Governments could financially
support in an initial development to reduce risk for investors and
provide certainty for investment. Infrastructure availability affects
the convenience attribute and consequently the car choices made by
the users.

• R&D subsidy (see Appendix 4). This would tackle the “learning-by-
research” component rather than “learning-by-doing”, with the
same common target of reducing the CAPEX. The two most ex-
pensive components of FCEV are the fuel cell and the hydrogen tank.
R&D subsidy is tested for the fuel cell only and for both components.
This considers the relation between R&D subsidy and potential cost
decrease, but it is not technology explicit (e.g. consider a different
technology for storing hydrogen). This subsidy is triggered by the
Authorities agent of PTTMAM.

This list of instruments does not cover all the possibilities for policy-
making. Other financial incentives with the potential to influence
powertrain choice are vehicle tax (exemptions) such as registration,
circulation and value-added taxes [155]. Even though technology spe-
cific policies can result in a higher cost for society [156], there are cases
(e.g. R&D) where it is attractive [157]. Technology-specific policies are
also favored to bridge the gap between invention and large scale dif-
fusion and that have potential to reduce cost by economies of scale
[157] making possible a lower life cycle cost in the long term [158].

5.2. Sensitivities on policy instruments for FCEV

Table 5 shows the assumed timing and numerical values for the 5
aforementioned policy measures. The individual effect is explored in
the results and when simulated together, they represent the pro-FCEV
policy package under the Ambitious H2 scenario. A numerical value of
100% for hydrogen infrastructure investment means that the cost of
building a H2 station for infrastructure providers becomes fully sub-
sidized by the authorities over the period 2030–2034. The proportion of
FCEV subsidy, equal to 25%, translates into government subsidies that
range from approximately 8-11 k€ in 2020 to 0.3–1.5 k€ for small FCEV
in 2024 (for medium and large FCEV, the price differential reaches zero
by then). For comparison, rebates amounting to 4–6 k€ are offered for
FCEV in California [159]. Concerning fuel subsidies, the assumed value
leads to H2 pump prices that are on average 60% lower than without
subsidies. The R&D subsidy refers to expenditure in improving the fuel
cell system. For reasons of simplicity, changes in subsidies have been
implemented in the model runs as step changes and not gradual

Table 4
Parameter combination for main scenarios.

JRC-EU-TIMES PTTMAM Soft-linking

Scenario CO2 target CO2 storage Refueling station Purchase subsidy Vehicle discount Fuel subsidy R&D subsidy
Low Carbon −95% Y N N N N N Approach 1 and 2
No CCS −95% N N N N N N Approach 1
Ambitious H2 −95% N Y Y Y Y Y From JRC-EU-TIMES to PTTMAM

Table 5
Pro-FCEV policy measures under the Ambitious H2 scenario.

Policy instrument PTTMAM parameter Period for subsidy Subsidy

Purchase subsidy as vehicle discount Manufacturer vehicle subsidy 2030–2034 5 k€/car
Purchase subsidy Authorities vehicle subsidy proportiona 2020–2024 25%
H2 refueling station investment Authorities desired infrastructure support 2030–2034 100%
Fuel subsidy Authorities fuel subsidy 2030–2034 100%
R&D subsidy Authorities subsidy for R&D expenditure 2020–2024 5 bln€

a Of price differential between the FCEV and the gasoline car.
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changes. This means for example, the subsidy for refueling stations in
2029 and 2035 is zero, as compared to 100% during the 2030–2034
period. These policies are implemented for all Member States.

Concerning H2 refueling infrastructure, due to these subsidies in the
Ambitious H2 scenario and subsequent economies of scale, the simulated
cost of a H2 station decreases from 1.6M€ in 2030 to 0.5 M€ after the
policy period. Fig. 4 shows how H2 station deployment and cost varies
by scenario (endogenous in PTTMAM). Whereas the European Alter-
native Fuels Observatory (EAFO) data point [28] is based on 82 H2

stations, the National Policy Framework (NPF) point is the result of
summing up the 2025 values communicated by the Member States in
the context of the Directive 2014/94/EU [160]. In all the scenarios, the
total number of refueling stations in the EU28 is 118000, as simulated
in PTTMAM. As can be seen, H2 refueling availability is wider in the
Ambitious H2 scenario than in the Low Carbon and No CCS scenarios,
facilitated by the drastic decrease in the cost that infrastructure pro-
viders face due to the subsidy. The impact of infrastructure investment
over the 2030–2034 period leads to achieving the minimum cost of
0.5 M€ earlier than the other scenarios and a maximum coverage of H2

refueling stations of 70%. However, the simulation shows that this
market is not yet self-sustained and there is a slight decrease in H2

refueling availability once financial support is removed in 2034 and
infrastructure providers need to pay the investment.

6. Results and discussion

Results are divided in three sections: (1) transport in context of the
energy system (Section 6.1) (2) soft-linking process, how it affects the

stand-alone output of each model and the impact it has on the rest of
the energy system (i.e. total cost and hydrogen prices) (Sections 6.2 and
6.3); (3) FCEV deployment to identify drivers, most effective policies
and the level of investment or subsidies needed (Section 6.4). To fa-
cilitate understanding, each section starts with the two most important
ideas followed by the more in-depth explanation and each paragraph
starts with a header with the main topic discussed.

6.1. Overview of the transport sector and relation with the rest of the energy
system

BEV and FCEV can increase electricity demand by around 600 TWh
at a similar cost than a high CO2 scenario and a benefit of 60% re-
duction in energy consumed. PtL can be attractive for cars in a world
with high biomass potential and no CCS.

The CO2 footprint of ZEV is largely defined by the upstream pro-
duction of the fuel (different from current ICEV where most of the
emissions are upon end-use combustion). The electricity mix for the
Low Carbon scenario is shown in Fig. 5a. At the same time, it is expected
that the higher ZEV efficiency leads to lower energy consumption and
the share from passenger transport is put in context of the total trans-
port energy demand (Fig. 5b).

Electricity production. Electricity production grows from almost
3200 TWh in 2015–6300 TWh by 2050. The largest contributors to this
growth (see Fig. SI 20 in Appendix 6) are the electrification of heating
in the residential and commercial sectors (+750–850 TWh), hydrogen
production (+700–800 TWh) and industry (600–650 TWh). This sce-
nario still has CCS as a possibility, resulting in gas reforming as main

Fig. 4. Share of H2 refueling stations in the EU28 [28,160], by scenario, and cost of deployment (right).

Fig. 5. (a) Electricity mix (b) Energy demand for transport in the Low Carbon scenario.
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production route (see Section 6.1). In case CCS is not possible, com-
bined with the efficiency loss for electricity to hydrogen conversion, the
total electricity demand increases to almost 10000 TWh (3× current
system) and almost 1000 GW of electrolyzers are needed. To be able to
achieve a low electricity footprint and reach the desired benefit in
downstream sectors, fossil fuels are phased out. Coal is phased out by
2025–2030 and most of gas by 2040. These are partially replaced by gas
in combination with CCS to be able to provide flexibility to the power
system, while still restricting the CO2 emissions. Nuclear and hydro
remain mostly at the current level, considering that further expansion
of the nuclear capacity in some countries is combined with nuclear
phase-outs in other countries. These conventional sources have a si-
milar production level (2800 TWh) than in 2015. Most of the growth is
supplied by VRE that reach almost 3300 TWh by 2050. This in turn
translates into almost 1000 GW of solar and 850 GW of wind needed by
2050.

Transport energy demand. Due to electrification of the passenger
transport, its energy demand decreases from almost 10 EJ/yr in 2015 to
3.8 EJ/yr by 2050. Heavy-duty trucks instead increase their demand
40% by 2050 (vs. 2015). They shift mostly to hydrogen and the higher
efficiency (compared to ICE) compensates the higher ton-km demand
keeping the overall energy demand increase to only 27%. With these
changes, the share of energy demand from passenger transport halves
from 56% in 2015 to 28% in 2050. This also translates into a smaller
increase in the electricity demand of 550 TWh.

System cost breakdown. The total (sum of CAPEX, OPEX and fuel
for all powertrains) cost contribution of the passenger transport sector
is 800 bln€/yr for the Low Carbon scenario. The split is close to 65/35 in
CAPEX/OPEX. To put this in perspective, the cost of the overall road
transport sector (including heavy-duty trucks and buses) is almost 1700
bln€/yr by 2050 [36], while the total energy system costs (including
other sectors) is 3500–4000 bln€/yr. Already by 2030, the cost differ-
ential between ZEV and ICEV has closed considering the learning effect
for the former and the higher CAPEX due to efficiency improvements
for ICEV.

Higher biomass potential. Using a higher biomass potential
(25.5 EJ/yr [161]) in the Low Carbon scenario increases the number of
gasoline and diesel vehicles in 2050 compared to the scenario with the
reference biomass potential, increasing their share from 7% of the fleet
to almost 34%. This growth does take some share away from FCEV,
which decrease to 4.3% of the car fleet. This increase in ICE is not the
direct product of more biofuels due to the higher biomass potential.
Instead, more biomass is coupled with CCS, which allows negative
emissions and enables positive emissions from the use of fossil fuels in
transport. Fossil fuels go from 0.4 EJ/yr with a reference biomass po-
tential to 3.5 EJ/yr with a high biomass potential (see Fig. SI 14 in
Appendix 5). This is still lower than the 12 EJ/yr of the base year.
Biofuels for cars increase from 0.75 EJ/yr to 2.2 EJ/yr. Without CCS,
there is no possibility of offsetting the positive emissions from transport
and even in this scenario, ICE reach around a third of the car stock.

However, the largest change in the fuel mix is from a higher supply
from PtL that uses the biogenic CO2 and nearly triples its production to
reach almost 60% of the diesel supply, while biofuels (mainly through
BtL) supply the balance of demand. Therefore, even with a high po-
tential biomass plays a limited role directly in passenger transport. With
a reference potential of 10 EJ/yr, biomass is better used in sectors like
aviation, maritime transport and heavy-duty [36].

For more details on the outlook of the wider energy system and
changes due to low carbon scenarios as well as sensitivities, refer to Ref.
[36].

6.2. Soft linking – approach 1 – powertrain shares

Considering the behavioral aspects in passenger car transport
changes the solution from the cost optimal resulting in 14% higher total
cost for this sector. During early stages of deployment, using hydrogen
from gas reforming for FCEV can be attractive.

FCEV shares. For both soft-linking approaches, a stricter CO2 target
was introduced in PTTMAM that was taken from JRC-EU-TIMES results
(5.2 gCO2/km). The fleet is dominated by hybrid vehicles (30%) fol-
lowed by BEV (24.5%), ICE (24%) and FCEV (16.5%) (see Fig. 6b). This
allows achieving 16.7 gCO2/km for the new vehicles. This is better than
the 84 gCO2/km PTTMAM had as starting point, but still not low en-
ough to achieve the target set by JRC-EU-TIMES (which has a higher
BEV share as shown in Fig. 6a). To put this in perspective, in a scenario
with PRIMES looking at 80% CO2 reduction (for the entire system) with
faster learning curve for fuel cells and a CO2 standard of 16–23 gCO2/
km, FCEV achieve 16% of the car stock by 2050, BEV have the largest
(51%) share and hybrids are 17% [162]. When targeting a net-zero
emissions pathway, which translates into 90% GHG reduction for
transport and 0 gCO2/km for new vehicles from 2040 onwards, FCEV
remain at a similar level (16%), while BEV increase their share to 80%.
Nevertheless, no combination of a net-zero emissions pathway and a
high learning rate for fuel cells was considered in Ref. [162]. Another
study with PRIMES [163] looking at a scenario where the dec-
arbonization strategy fails to develop during the 2020–2030 decade.
This translates into higher emissions during this decade that are com-
pensated later on with a CO2 target of 5 gCO2/km in 2050 to stay within
the 155.5 GtCO2 of cumulative emissions until 2050. With this stricter
target, the fleet has 7% FCEV and 78% BEV in 2050 (where the latter
grows from 27% of the car stock in 2040). The Hydrogen Council has
400 million FCEV on a global basis as part of their 2050 vision [148],
which would imply a larger FCEV stock in EU than the 48 million FCEV
obtained in the present study.

In the first approach, the choices for powertrain mix are excluded
from JRC-EU-TIMES. The car stock shares were fed back from PTTMAM
to JRC-EU-TIMES in two modes: (1) Country specific for four milestone
years (every 10 years from 2020 to 2050); (2) Overall EU shares
(leaving the degree of freedom in JRC-EU-TIMES to allocate shares to
specific countries). Fig. 7a shows the country specific shares obtained

Fig. 6. EU28 powertrain mix from (a) JRC-EU-TIMES before soft-linking; (b) PTTMAM (equivalent to the “after soft-linking” since the shares are an input to JRC-EU-
TIMES in this approach) for the Low Carbon scenario.
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from PTTMAM. In one scenario these shares are exactly achieved by
JRC-EU-TIMES since it is used as constraint. However, this leads to a
more constrained system.

Country vs. EU shares – Hydrogen prices. When only using the
overall EU share as constraint, it can be seen (Fig. 7b) that it is better to
exploit the countries with low electricity and hydrogen prices to in-
crease the BEV and FCEV shares in those countries, while leaving ga-
soline and diesel vehicles for the countries with higher prices (noting
that gasoline and diesel prices are almost the same across countries
since taxes are not included). This is also the case for the No CCS sce-
nario (see Fig. SI 15 in Appendix 5). This enables lower hydrogen
prices, since countries with expensive hydrogen do not need to use it
anymore and on average hydrogen is 0.4 €/kg cheaper when taking the
EU shares, but the benefit can be as high as 2.2 €/kg for Sweden (see
Fig. SI 11 in Appendix 5). Differences for the two scenarios can be
explained based on: 1. The technology mix for hydrogen production; 2.
Distribution route for hydrogen and 3. Magnitude of hydrogen demand

for FCEV compared to the total demand. For example, for Sweden,
hydrogen is mainly produced by biomass gasification when the hy-
drogen demand is the lowest (i.e. EU shares – Fig. 7b). However, when
the hydrogen demand is forced to be higher (by specifying the FCEV
share), the marginal contribution is by gas reforming with CCS and a
more expensive distribution route (smaller refueling stations that have
a more pronounced effect than production technology) leading (mainly
the latter) to a higher hydrogen price.

Country vs. EU shares – CO2. Similar to the large fluctuations in
powertrain mix by country when the shares at EU level are used, there
are large differences in CO2 emissions for the car fleet depending on the
approach used (see Fig. SI 12 in Appendix 5). For example, Denmark
has an average CO2 emission for the fleet of 43.4 gCO2/km when the
country specific shares are used, but only 9.1 gCO2/km when the
overall EU shares are used (in 2040). Exploiting the wind potential in
Denmark leads to lower electricity prices and to increase the BEV share
beyond the output from PTTMAM leading to lower average emissions

Fig. 7. Country specific powertrain shares for the Low Carbon scenario in 2050 (a) Shares from PTTMAM (b) Optimized shares when using shares at EU level.
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from the fleet. Similar cases occur in Finland, Austria and Ireland.
Country vs. EU shares – Total cost. In spite of these large changes

in composition, when looking at the total cost for passenger transport
including CAPEX, OPEX and fuel cost, the differences are smaller (see
Table SI 5 in Appendix 5 for the cost breakdown). The cost is only 0.5%
lower for the entire period when shares at EU level are considered
(compared to country shares) with a larger difference (1.2% lower
annual cost for EU shares vs. country shares) for 2050. When the
boundaries are expanded to cover the entire energy system, cost dif-
ferences for the additional flexibility translate into a marginal CO2 price
increase of 20 €/ton. This is an indication that there are alternative
pathways with very similar cost (i.e. near optimal), but with large
differences in technology mix. This is a well-known characteristic of
energy cost optimization models [168], where other factors such as
energy security, exposure to high commodity prices [169], risk [170],
societal aspects [171], sustainability [172], among others should be
considered to select the best set of policies and pathway to achieve the
low-carbon future.

Soft-linking effect – Cost. When comparing the costs for the Low
Carbon scenario before and after fixing the shares from PTTMAM (see
Fig. SI 13 in Appendix 5), there is a 14% increase in the total (CAPEX,
OPEX and fuel) costs for passenger vehicles. This means adding the
extra attributes that PTTMAM covers (e.g. performance, reliability and
convenience), deviates the solution from the cost optimal. Therefore,
feeding back the shares from PTTMAM does cause a large difference in
both cost and powertrain mix. The limited impact is on how these
shares are fed back (country specific vs. EU level).

Hydrogen production pathways. The hydrogen price was found to
actually increase in time instead of decreasing along with the cost curve
for electrolyzers (see Fig. SI 16 in Appendix 5). For the first few years
when FCEV are starting to enter the market, it results better to use
relatively cheap hydrogen from steam reforming (starting at 1.5 €/kg).
This allows compensating a high CAPEX for the vehicles with a low
OPEX (decreasing the need for subsidy) and it still results in lower well-
to-wheel CO2 emissions than ICEV [164–166]. At the same time, hy-
drogen flows in these early years (before 2030) are relatively small
(1%) of the full demand in 2050, decreasing the possibility of a lock-in
effect. By 2030, the CO2 target becomes more stringent leading to
higher CO2 prices, while hydrogen is also being used for other sectors
increasing the demand. Both of these effects lead to higher hydrogen
prices (2.5–5 €/kg). The higher CO2 price also leads to reforming be-
coming less attractive due to the higher penalty associated to the re-
maining emissions after capture. In parallel, CAPEX for electrolysis is
lower and there is more wind and solar capacity leading to lower cost
electricity and need for flexibility. Therefore, after 2030, when hy-
drogen flows start to increase substantially, most of the growth
(> 98%) is in electrolysis (complemented by biomass gasification). The
factor with the largest influence on hydrogen production (and elec-
trolysis) is the use of CO2 storage (see Fig. 8 and [36]). With CCS
available (Low Carbon scenario), gas is used as dominant technology
and electrolysis is deployed 10 years later to a smaller extent. The effect

on hydrogen prices is that without CCS, there are fewer options to
achieve the CO2 target, leading to higher CO2 prices and therefore
higher hydrogen prices (by ~1 €/kg). To put these numbers in per-
spective [47], estimated a hydrogen cost of 4.35 €/kg (including wind
turbines, electrolyzer, storage and transmission) for a hydrogen-to-
mobility scenario in Germany [80], estimated a production cost at the
refueling station of 3–6.4 €/kg considering the cost uncertainty for each
step in the production chain and [167] estimated between 6.5 and 8
€/kg including electricity, hydrogen production, storage and refueling
considering an electrolyzer cost of 720 €/kW and a corresponding ef-
ficiency of 70%.

6.3. Soft linking – approach 2 – CAPEX and OPEX

Only using the costs from the simulation model has the dis-
advantage of not capturing fully the behavioral aspects rendering this
approach less attractive than using the powertrain shares directly. Also,
when non-disruptive scenarios are not desirable, still additional con-
straints are needed in the cost optimization model.

This approach evaluates the difference in powertrain mix when
using JRC-EU-TIMES, but with the CAPEX and OPEX updated from
PTTMAM. The comparison between the original CAPEX for ZEV (con-
tinuous lines) and the ones from the Low Carbon scenario in PTTMAM
(dashed lines) are shown in Fig. 9. The reason to focus on ZEV is that
these are key options to achieve so low CO2 targets (< 10 gCO2/km for
the average fleet) in 2050. Originally in JRC-EU-TIMES there was no
differentiation of CAPEX by size because the shares by size were fixed
throughout the entire period and there was no possibility of changing
demand from one size to the other. This leads to only two lines pre-
sented in Fig. 9 for the original JRC-EU-TIMES. In contrast, the CAPEX
used from PTTMAM does have the differentiation by size and con-
sidering the evolving fraction for each size.

FCEV Capex differences. The CAPEX for all the FCEV sizes is below
the one from JRC-EU-TIMES beyond 2026 with a difference of almost 4
k€ for the small vehicles in 2050. At the same time, the CAPEX for BEV
from PTTMAM is higher than the original one in JRC-EU-TIMES. Given
that the Low Carbon scenario already had almost a 16% FCEV share in
the car stock by 2050, it is expected that these more optimistic CAPEX
for FCEV will only increase this share, unless the higher share, which
results in higher hydrogen demand increases the price enough to make
FCEV too expensive (in terms of total cost of ownership) in spite of the
lower CAPEX. However, this is not the case and FCEV dominate due to
the lower CAPEX (see Fig. 10).

Powertrain shares. When taking the updated cost from PTTMAM
and leaving the choice to JRC-EU-TIMES with no constraints, it chooses
FCEV from 2040 onwards when the CO2 target is strict enough to re-
quire low emissions from this sector and given that it is more attractive
than BEV, it becomes the dominant powertrain (Fig. 10a). Since this
drastic change based on pure cost optimization is optimistic, that is why
the additional constraints on diesel, gasoline, CNG, LPG and BEV were
added in the first place (see Section 4.2). Only when the original

Fig. 8. Hydrogen production mix for passenger transport in (a) Low Carbon and (b) No CCS scenarios.
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additional constraints are added, the transition has less abrupt changes
(Fig. 10b). However, in the competition among ZEV, FCEV still dom-
inate. The lower FCEV CAPEX outweighs the higher pathway efficiency
for BEV. Even though these constraints can be seen as artificial (and will
differ by specific TIMES model), they do avoid highly disruptive or
highly ambitious changes (FCEV go from 0% of the car stock in 2030 to
93.3% 10 years later) in the car stock. The use of this approach does
result in 12% lower transport cost (see Fig. SI 13 in Appendix 5) since
FCEV is the dominant powertrain and the soft-linked CAPEX is lower
than originally in JRC-EU-TIMES (Fig. 9). As soon as the additional
constraints are added, the total cost increases by 20% reaching the same
level as Approach 1 (with country shares).

When comparing this Approach 2 (i.e. updating CAPEX and OPEX
plus additional constraints) to Approach 1 (directly use the shares),
Approach 1 has the clear advantages of: (1) avoiding additional con-
straints that might be arguable or ad-hoc; (2) considering other aspects
besides cost and it is the preferred method to soft-link it both models.

6.4. Policies effect on FCEV deployment

Combining R&D investment in 2020 with infrastructure, purchase
and fuel subsidy in 2030 is the most effective policy mix to promote
FCEV deployment.

This section shows the market share for FCEV for different scenarios
(see Section 5.2). Support policies are implemented individually to
evaluate their effectiveness in 3 different periods. The effectiveness is
measured through cumulative number of sales over the entire period
(2015–2050) since (1) the timing for each one is different and (2) they
can have an effect after the policy has been removed. All the policies
have been evaluated in the No CCS scenario (assuming the reference
learning rate of 10% for FCEV) and the policies with the largest impact

are combined in the Ambitious H2 scenario. This scenario includes soft-
linking from JRC-EU-TIMES to PTTMAM, but feeds back neither the
shares nor the CAPEX and OPEX to JRC-EU-TIMES and it is only meant
to assess the effectiveness of the various policies in FCEV diffusion. The
individual and combined effects are shown in Table 6 and Fig. 11.

Policy effectiveness. The effect of each instrument on cumulative
(2015–2050) FCEV sales is shown in Table 6. The No CCS scenario
(without any FCEV policy) has cumulative sales of 67 million vehicles.
The main insights are:

• The measure with the largest net impact is the 5 k€ vehicle discount
over 2030–2034, which reaches 24.3 additional million FCEV for a
total incentive of 84 bln€. The largest impact occurs when it is in-
troduced in the latter period, where the 5k€ represents 22–28% of
the FCEV CAPEX (depending on the size).

• The policy with the highest specific impact is R&D, where the FCEV
sales increase is 2.1 million for every bln€, while it is only 0.28
million FCEV for every bln€ spent as purchase subsidy (from man-
ufacturers).

• Infrastructure and fuel subsidy have the lowest specific impact at
0.12 additional million FCEV for every bln€ spent (113 bln€, most of
which goes to infrastructure development).

• R&D investment is more effective when used for the fuel cell system
rather than equally split between the fuel cell and the tank. The
effect of the same 5 bln€ results in 10.5 additional million FCEV
when invested in fuel cell, while only 5.6 additional million FCEV
when equally split in both components.

• Contrary to expectations, delaying the infrastructure support to
2030 has a beneficial effect on sales resulting in 14 additional mil-
lion FCEV when introduced in 2030 compared to only 0.3 additional
million FCEV when introduced in 2020. This is because in early

Fig. 9. CAPEX comparison for BEV and FCEV between original values in JRC-EU-TIMES and output from PTTMAM for the Low Carbon scenario.

Fig. 10. EU28 powertrain mix for the Low Carbon scenario from JRC-EU-TIMES (a) Only updating CAPEX and OPEX from PTTMAM (b) Updating CAPEX and OPEX
plus adding original constraints.
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periods there is limited infrastructure deployment that takes ad-
vantage of the subsidy, while later deployment results in a higher
total subsidy.

Policy mix. R&D expenditure is more effective in 2020, while in-
frastructure, fuel and purchase subsidies are more effective in 2030.
These are combined in the Ambitious H2 scenario, which reaches an
additional 56.5 million FCEV of cumulative sales for a total incentive of
252 bln€. There is a synergistic effect between policies and the increase
in total number of sales from the Ambitious H2 scenario is larger than
the sum of sales for each individual policy. This comes however, at a
higher cost of 252 bln€, which actually means a lower effectiveness of
incentive at 0.22 additional million FCEV for every bln€ spent. If the
policy target is to promote FCEV deployment, the combination from the
Ambitious H2 is the most attractive since it comes at a similar marginal
benefit for the incentive. Part of the benefit not reflected in Fig. 11 is
that this extra cost is partially offset by the lower CO2 emission pe-
nalties that manufacturers would face in the Ambitious H2 (vs. No CCS
scenario). When looking at FCEV sales (Fig. 11), the Ambitious H2 sce-
nario reaches more than 25% already in 2030, staying at a similar level
in 2040 and increasing slightly until 2050.

Comparison with previous studies. To put some of these numbers
in perspective [159], claims that the cost to construct 60 HRS in 2017
was 167M€ and the Hydrogen Council [148] indicates that around 17
bln€ are needed to build an HRS network of 15000 stations. In 2008, it
was estimated by the HyWays project that an HRS network between
13000 and 20000 HRS would cost around 15 bln€ [173]. McKinsey
estimated a cost of 54 bln€ for the hydrogen distribution and retail

infrastructure for a 25% (68 million) FCEV penetration in EU by 2050,
while this cost would rise by another 75 bln€ for 50% FCEV penetration
[174]. In Germany, the total (production, distribution and refueling)
infrastructure cost for an FCEV fleet of 20 million was estimated at 20
bln€ [175]. The same study [175] has an overview of the infrastructure
for previous studies including 100 bln€ (total infrastructure cost) for a
fleet of 42–45 million. In terms of R&D, the European automotive in-
dustry invests around 54 bln€ in R&D each year [176].

Ambitious H2 scenario. In Fig. 12a, the evolution of the FCEV sales
and stock in the EU28 between 2015 and 2050 on an annual basis under
the No CCS and Ambitious H2 scenarios is shown, where the periods
when policies are in place are shaded. As expected, R&D has limited
immediate impact on sales when it is applied (2020–2024) and only
seen later by providing a higher starting point (4.6 vs. 1.6 million FCEV
as part of the car stock) when the rest of the policies come in place in
2030. The combined effect of fuel, infrastructure and purchase sub-
sidies results in the increase of sales to 9 million FCEV a year by the end
of the period (2034) compared to only 1.8 million FCEV in the No CCS
scenario. Even though sales drop to 4 million a year as soon as the
incentives are removed, these FCEV sales stay 1.5–2 million higher than
the No CCS scenario, which translates into an offset of 25–30 more
million FCEV in the car stock post-2030 and changing the 2050 share
from 16.4% in the No CCS to 26.4% in the Ambitious H2 (Fig. 12b). In
combination with very stringent CO2 targets, the proposed FCEV policy
package leads to a situation where FCEV becomes the most widespread
powertrain technology in the European car market in 2050 (see Fig. SI
18 in Appendix 5 for the car stock composition by MS for this Ambitious
H2 scenario).

Fig. 11. EU28 FCEV market share by policy scenario (left axis) and cumulative cost (right).

Fig. 12. PTTMAM simulations: (a) EU28 FCEV sales and stock for the No CCS and Ambitious H2 scenarios; (b) EU28 powertrain mix for the Ambitious H2 scenario.
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7. Conclusions

With the challenges of lower CO2 emissions and a more integrated
energy system with increased sector coupling, there is a need for using
more overarching models that capture the various interdependencies of
the energy system. Transport models need to consider the interaction
with the rest of the energy system through commodity prices, resource
constraints and energy supply while energy models need to consider the
intricacies of the choices in the transport sector. The literature review in
this study showed that there are multiple efforts to bring these two
types of models together, where lessons can also be drawn from similar
engineering models such as Integrated Assessment Models. This study
looked at one potential alternative to bridge these two worlds by soft-
linking a system dynamics model with an energy system model applied
specifically for FCEV in a 2050 future with 80–95% CO2 reduction for
the entire energy system. Two approaches for this soft-linking were
explored, one feeding back the powertrain shares from the simulation
to the optimization model and one where the cost for the various
powertrains was the parameter exchanged. It was found that the most
useful approach is when the shares are fed back. This enables exploiting
the behavioral aspect of the end users that is part of the simulation
model, it avoids large swings in shares characteristic of the optimiza-
tion model and it still captures the interaction with the rest of the en-
ergy system.

In turn, two approaches to feed back the shares were explored, one
with the shares at EU level (leaving the choice of country shares to the
optimization framework) and one with fixed country shares (i.e. less
flexibility). The benefit of doing it at EU level were limited. The cu-
mulative costs (2015–2050) were 0.5% lower and on average 0.4 €/kg
cheaper hydrogen (compared to an average H2 price of 5 €/kg) when
shares at EU level were used. However, large swings of up 70–80% in
powertrain shares for individual countries were observed. In this ap-
proach, FCEV started to be deployed earlier (before 2030). In this early
period, it was more attractive to use gas reforming combined with CO2

storage to produce relatively cheap hydrogen and only later on when
FCEV and refueling stations have become cheaper use electrolysis as
main production technology.

Policies that promote FCEV were also analyzed including purchase
(by government and manufacturers), fuel, R&D and infrastructure in-
centives. Their effect was quantified in terms of change in cumulative
sales over the 2015–2050 period. A no-policy scenario had 67 million
FCEV sales by 2050 to reach a stock of almost 45 million FCEV. The
measure with the largest net impact was a vehicle discount by manu-
facturers of 5 k€ per vehicle. This had a total cost of 84 bln€ with a net
effect of 24.3 additional million FCEV sold. A 5 bln€ invested in R&D
resulted in 10.5 additional million FCEV, while 113 bln€ in infra-
structure and fuel subsidy only increased the cumulative FCEV sales by
14 million. The timing of each policy had a large impact, where R&D
had the highest impact in the 2020–2024 period, while the rest of in-
centives were the most effective in 2030–2034. The combination of
these policies led to 123 million cumulative sales with an annual peak
of 9 million resulting in a FCEV stock of 76.8 million by 2050, which

represent 26.4% of the total car stock, at a cost of 252 bln€. This is to be
compared with 47.8 million FCEV (by 2050) in a scenario where no
incentive scheme is in place.

Soft-linking introduces the need for iterations and increases the
complexity to produce multiple scenarios and analyze the results.
Nevertheless, the aforementioned benefits outweigh these costs and
soft-linking is overall beneficial. Further research on improving the two
models as well as on policy analysis and design by building additional
policy scenarios is needed. Future expansions of the modeling frame-
work could include features such as: modal shift, demand split by dis-
tance traveled, consideration of travel time budget, consideration of a
second hand market, spillover effect of other transport sectors over
battery and fuel cell costs, different car use pattern for households with
multiple cars and higher heterogeneity in terms of consumer attributes,
while applying this framework to ambitious CO2 scenarios with new
energy carriers such as hydrogen. In addition, more research needs to
be undertaken to improve the understanding of behavioral dynamics
and their representation in models. This study only covers the use of
hydrogen for cars which should be evaluated in the broader context of
transport and potential hydrogen (or derivatives) use for heavy-duty,
trains, ships and planes where its potential can be high due to its higher
energy density (vs. electricity).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.rser.2019.109349.

References

[1] Edenhofer O, Pichs-Madruga R, Sokona Y, Farahani E, Kadner S, Seyboth K, et al.
Climate change 2014: mitigation of climate change. Contribution of working group
III to the fifth assessment report of the intergovernmental panel on climate change
2014. Cambridge, United Kingdom and New York, NY, USA.

[2] European Commission. Brussels, Belgium Energy Roadmap 2050 - communication
from the commission to the european parliament, the Council, the european eco-
nomic and social committee and the committee of the regions - impact assessment
147. 2011. SWD(2013) 527.

[3] European Commission. White paper - Roadmap to a single european transport area
– towards a competitive and resource efficient transport system. COM
2011;144:30.

[4] Pietzcker RC, Longden T, Chen W, Fu S, Kriegler E, Kyle P, et al. Long-term
transport energy demand and climate policy: alternative visions on transport
decarbonization in energy-economy models. Energy 2014;64:95–108. https://doi.
org/10.1016/j.energy.2013.08.059.

[5] European Union. Statistical pocketbook 2017. Energy 2017. https://doi.org/10.
2833/80717.

[6] Environment European Agency. Greenhouse gas emissions from transport. Indic
Assess Prod-ID IND-111 En n.d https://www.eea.europa.eu/data-and-maps/
indicators/transport-emissions-of-greenhouse-gases/transport-emissions-of-
greenhouse-gases-10, Accessed date: 23 September 2018.

[7] Yeh S, Mishra GS, Fulton L, Kyle P, McCollum DL, Miller J, et al. Detailed as-
sessment of global transport-energy models' structures and projections. Transp Res
D Transp Environ 2017;55:294–309. https://doi.org/10.1016/j.trd.2016.11.001.

[8] Schipper L, Marie-Lilliu C. Transportation and CO2 Emissions : flexing the link - a
path for the bank world bank. Environ Dep Pap 1999:69.

[9] European Commission. EU Crude oil import and supply cost n.d. https://ec.europa.
eu/energy/en/data-analysis/eu-crude-oil-imports, Accessed date: 23 September

Table 6
Effect of timing and level of policy support on EU28 FCEV cumulative sales (million vehicles sold 2015–2050).

Policy Policy instrument value Implementation period/FCEV cumulative sales

2020–2024 2025–2029 2030–2034

No policy – 67
(P1) Purchase subs authority 25% 67.4 67 N/A
(P2) Purchase subs OEM 5 k€ 72.9 76.2 91.3

(P3) Purchase subs auth + OEM 25%/5 k€ 74.3 76.2 91.3
(P4) Infras inv + fuel subs 100%/100% 67.3 70.8 81
(P5) R&D (FC + tank) 2.5 bln€/2.5 bln€ 72.6 69.7 67
(P6) R&D (FC only) 5 bln€ 77.5 71.5 67

Ambitious H2 P1+P2+P4+P6 123.5

H. Blanco, et al. Renewable and Sustainable Energy Reviews 115 (2019) 109349

18

https://doi.org/10.1016/j.rser.2019.109349
https://doi.org/10.1016/j.rser.2019.109349
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref1
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref1
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref1
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref1
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref2
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref2
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref2
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref2
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref3
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref3
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref3
https://doi.org/10.1016/j.energy.2013.08.059
https://doi.org/10.1016/j.energy.2013.08.059
https://doi.org/10.2833/80717
https://doi.org/10.2833/80717
https://www.eea.europa.eu/data-and-maps/indicators/transport-emissions-of-greenhouse-gases/transport-emissions-of-greenhouse-gases-10
https://www.eea.europa.eu/data-and-maps/indicators/transport-emissions-of-greenhouse-gases/transport-emissions-of-greenhouse-gases-10
https://www.eea.europa.eu/data-and-maps/indicators/transport-emissions-of-greenhouse-gases/transport-emissions-of-greenhouse-gases-10
https://doi.org/10.1016/j.trd.2016.11.001
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref8
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref8
https://ec.europa.eu/energy/en/data-analysis/eu-crude-oil-imports
https://ec.europa.eu/energy/en/data-analysis/eu-crude-oil-imports


2018.
[10] European Commission. Renewable energy directive (RED). COM; 2017. 0382:116.
[11] The European Parliament and the Council of the European Union. Proposal for a

directive of the European Parliament and of the Council on the promotion of the
use of energy from renewable sources (recast). COD 2018;10308:269.

[12] European Commission. Clean power for transport: a european alternative fuels
strategy. SWD 2013;4:1–11.

[13] Parliament E, Council E. Directive 2014/94/EU - deployment of alternative fuels
infrastructure. Off J Eur Union 2014;L307:20.

[14] European Commission. Proposal for post-2020 CO2 targets for cars and vans.
https://ec.europa.eu/clima/policies/transport/vehicles/proposal_en; 2018,
Accessed date: 23 September 2018.

[15] European Commission A. European strategy for low-emission mobility. SWD
2016;244:13.

[16] International Energy Agency. Global EV outlook 2019. Glob EV Outlook 2019:207.
[17] International Energy Agency. The Future of Hydrogen: seizing today's opportu-

nities. IEA; 2019. p. 203.
[18] Nykvist B, Nilsson M. Rapidly falling costs of battery packs for electric vehicles.

Nat Clim Chang 2015;5:329–32. https://doi.org/10.1038/nclimate2564.
[19] Schmidt O, Hawkes A, Gambhir A, Staffell I. The future cost of electrical energy

storage based on experience rates. Nat Energy 2017;6:17110. https://doi.org/10.
1038/nenergy.2017.110.

[20] Tsiropoulos I, Dalius T, Lebedeva N. Li-ion batteries for mobility and stationary
storage applications - scenarios for costs and market growth. Joint-Research-
Centre 2018;61. https://doi.org/10.2760/87175.

[21] Morrison G, Stevens J, Joseck F. Relative economic competitiveness of light-duty
battery electric and fuel cell electric vehicles. Transp Res C Emerg Technol
2018;87:183–96. https://doi.org/10.1016/j.trc.2018.01.005.

[22] Ruffini E, Wei M. Future costs of fuel cell electric vehicles in California using a
learning rate approach. Energy 2018;150:329–41. https://doi.org/10.1016/j.
energy.2018.02.071.

[23] International Energy Agency. Closer look at the deployment of fuel cell EVs as of
Dec . 2017. Technology Collaboration Program - Fuel Cell 2017;2.

[24] Connolly D, Mathiesen BV, Ridjan I. A comparison between renewable transport
fuels that can supplement or replace biofuels in a 100% renewable energy system.
Energy 2014;73:110–25. https://doi.org/10.1016/j.energy.2014.05.104.

[25] Mulholland E, Rogan F, Ó Gallachóir BP. From technology pathways to policy
roadmaps to enabling measures – a multi-model approach. Energy
2017;138:1030–41. https://doi.org/10.1016/j.energy.2017.07.116.

[26] Seixas J, Simões S, Dias L, Kanudia A, Fortes P, Gargiulo M. Assessing the cost-
effectiveness of electric vehicles in European countries using integrated modeling.
Energy Policy 2015;80:165–76. https://doi.org/10.1016/j.enpol.2015.01.032.

[27] Perner J, Unteutsch M, Lövenich A. The future cost of electricity-based synthetic
fuels. Agora Energiewende 2018;94. 133/06-S-2018/EN.

[28] EAFO. European alternative fuels observatory. http://www.eafo.eu/eu; 2018,
Accessed date: 23 September 2018.

[29] European Commission. Towards the broadest use of alternative fuels - an action
plan on alternative fuels infrastructure under article 10(6) of directive 2014/94/
EU. SWD 2017;365:20.

[30] Linton C, Grant-muller S, Gale WF, Linton C, Grant-muller S, Approaches WFG.
Approaches and techniques for modelling CO 2 emissions from road transport.
2015. p. 1647. https://doi.org/10.1080/01441647.2015.1030004.

[31] Avineri E. On the use and potential of behavioural economics from the perspective
of transport and climate change. J Transp Geogr 2012;24:512–21. https://doi.org/
10.1016/j.jtrangeo.2012.03.003.

[32] McCollum DL, Wilson C, Pettifor H, Ramea K, Krey V, Riahi K, et al. Improving the
behavioral realism of global integrated assessment models: an application to
consumers' vehicle choices. Transp Res D Transp Environ 2017;55:322–42.
https://doi.org/10.1016/j.trd.2016.04.003.

[33] Decarolis J, Daly H, Dodds P, Keppo I, Li F, Mcdowall W, et al. Formalizing best
practice for energy system optimization modelling. Appl Energy 2017;194:184–98.
https://doi.org/10.1016/j.apenergy.2017.03.001.

[34] Després J, Hadjsaid N, Criqui P, Noirot I. Modelling the impacts of variable re-
newable sources on the power sector: reconsidering the typology of energy mod-
elling tools. Energy 2015;80:486–95. https://doi.org/10.1016/j.energy.2014.12.
005.

[35] Neshat N, Amin-Naseri MR, Danesh F. Energy models: methods and characteristics.
J Energy South Afr 2014;25:101–11.

[36] Blanco H, Nijs W, Ruf J, Faaij A. Potential of hydrogen and Power to Liquid in a
low carbon energy system for EU using cost optimization. Appl Energy
2018;232:617–39. https://doi.org/10.1016/j.apenergy.2018.09.216.

[37] Pasaoglu G, Harrison G, Jones L, Hill A, Beaudet A, Thiel C. A system dynamics
based market agent model simulating future powertrain technology transition:
scenarios in the EU light duty vehicle road transport sector. Technol Forecast Soc
Chang 2016;104:133–46. https://doi.org/10.1016/j.techfore.2015.11.028.

[38] Harrison G, Thiel C. An exploratory policy analysis of electric vehicle sales com-
petition and sensitivity to infrastructure in Europe. Technol Forecast Soc Chang
2017;114:165–78. https://doi.org/10.1016/j.techfore.2016.08.007.

[39] Harrison G. Policy insights and modelling challenges: the case of passenger car
powertrain technology transition in the European Union. 2017. p. 1–14. https://
doi.org/10.1007/s12544-017-0252-x.

[40] Michalski J, Bünger U, Crotogino F, Donadei S, Schneider GS, Pregger T, et al.
Hydrogen generation by electrolysis and storage in salt caverns: potentials, eco-
nomics and systems aspects with regard to the German energy transition. Int J
Hydrogen Energy 2017;42:13427–43. https://doi.org/10.1016/j.ijhydene.2017.
02.102.

[41] Simon J, Ferriz AM, Correas LC. HyUnder - hydrogen underground storage at large
scale: case study Spain. Energy Procedia 2015;73:136–44. https://doi.org/10.
1016/j.egypro.2015.07.661.

[42] Lund PD, Lindgren J, Mikkola J, Salpakari J. Review of energy system fl exibility
measures to enable high levels of variable renewable electricity. Renew Sustain
Energy Rev 2015;45:785–807. https://doi.org/10.1016/j.rser.2015.01.057.

[43] Dagdougui H. Models, methods and approaches for the planning and design of the
future hydrogen supply chain. Int J Hydrogen Energy 2012;37:5318–27. https://
doi.org/10.1016/j.ijhydene.2011.08.041.

[44] Agnolucci P, Mcdowall W. Designing future hydrogen infrastructure: insights from
analysis at different spatial scales. Int J Hydrogen Energy 2013;38:5181–91.
https://doi.org/10.1016/j.ijhydene.2013.02.042.

[45] Maryam S. Review of modelling approaches used in the HSC context for the UK. Int
J Hydrogen Energy 2017;42:24927–38. https://doi.org/10.1016/j.ijhydene.2017.
04.303.

[46] Ball M, Wietschel M, Rentz O. Integration of a hydrogen economy into the German
energy system: an optimising modelling approach. Int J Hydrogen Energy
2007;32:1355–68. https://doi.org/10.1016/j.ijhydene.2006.10.016.

[47] Welder L. Spatio-temporal optimization of a future energy system for power-to-
hydrogen applications in Germany. Forschungszentrum Julich GmbH
2017;0518–1:35.

[48] Robinius M, Rodriguez RA, Kumar B, Andresen G. Optimal placement of electro-
lysers in a German power-to-gas infrastructure Optimal placement of electrolysers
in a German power-to-gas infrastructure. World Hydrogen Energy Conference;
2014. https://doi.org/10.13140/2.1.2181.7125.

[49] Schwoon M. Simulating the adoption of fuel cell vehicles. J Evol Econ
2006;16:435–72. https://doi.org/10.1007/s00191-006-0026-4.

[50] Kulmer V. Promoting alternative, environmentally friendly passenger transport
technologies: directed technological change in a bottom-up/top-down CGE model.
Graz Econ Pap – GEP 2013:56.

[51] Jochem P, Gómez Vilchez JJ, Ensslen A, Schäuble J, Fichtner W. Methods for
forecasting the market penetration of electric drivetrains in the passenger car
market drivetrains in the passenger car market. Transp Rev 2018;38:322–48.
https://doi.org/10.1080/01441647.2017.1326538.

[52] Shepherd SP. A review of system dynamics models applied in transportation.
Transp B 2014;2:83–105. https://doi.org/10.1080/21680566.2014.916236.

[53] Janssen A, Lienin SF, Gassmann F, Wokaun A. Model aided policy development for
the market penetration of natural gas vehicles in Switzerland. Transp Res Part A
Policy Pract 2006;40:316–33. https://doi.org/10.1016/j.tra.2005.06.006.

[54] Bush B, Duffy M, Sandor D, Peterson S. Using system dynamics to model the
transition to biofuels in the United States. Third Int Conf Syst Syst Eng 2008:1–6.
https://doi.org/10.1109/SYSOSE.2008.4724136.

[55] Papachristos G, Adamides E. System dynamics modelling for assessing promotion
strategies of biofuels used in land transportation. 30th Int Conf Syst Dyn Soc. 2012.
p. 1–25.

[56] Welch C. Lessons learned from alternative transportation fuels: modeling transi-
tion dynamics lessons learned from alternative transportation fuels: modeling
transition dynamics. Natl Renew Energy Lab 2006;39446:29.

[57] Meyer PE, Winebrake JJ. Modeling technology diffusion of complementary goods:
the case of hydrogen vehicles and refueling infrastructure. Technovation
2009;29:77–91. https://doi.org/10.1016/j.technovation.2008.05.004.

[58] Köhler J, Wietschel M, Whitmarsh L, Keles D, Schade W. Infrastructure investment
for a transition to hydrogen automobiles. Technol Forecast Soc Chang
2010;77:1237–48. https://doi.org/10.1016/j.techfore.2010.03.010.

[59] Keles D, Wietschel M, Möst D, Rentz O. Market penetration of fuel cell vehicles -
analysis based on agent behaviour. Int J Hydrogen Energy 2008;33:4444–55.
https://doi.org/10.1016/j.ijhydene.2008.04.061.

[60] Metcalf SS, Andrews M. A system dynamics exploration of future automotive
propulsion regimes MSc. Thesi Massachusetts Inst Technol; 2001. p. 153.

[61] Yong S, Wook J, Hee D. Development of a market penetration forecasting model
for Hydrogen Fuel Cell Vehicles considering infrastructure and cost reduction ef-
fects. Energy Policy 2011;39:3307–15. https://doi.org/10.1016/j.enpol.2011.03.
021.

[62] Gül T, Kypreos S, Turton H, Barreto L. An energy-economic scenario analysis of
alternative fuels for personal transport using the Global Multi-regional MARKAL
model (GMM). Energy 2009;34:1423–37. https://doi.org/10.1016/j.energy.2009.
04.010.

[63] Krzyzanowski DA, Kypreos S. Supporting hydrogen based transportation: case
studies with Global MARKAL Model. 2008. p. 207–31. https://doi.org/10.1007/
s10287-007-0040-5.

[64] Rösler H, Bruggink J, Keppo I. Design of a European sustainable hydrogen model:
model structure and data sources. 2011.

[65] Contaldi M, Gracceva F, Mattucci A. Hydrogen perspectives in Italy: analysis of
possible deployment scenarios. Int J Hydrogen Energy 2008;33:1630–42. https://
doi.org/10.1016/j.ijhydene.2007.12.035.

[66] Endo E. Market penetration analysis of fuel cell vehicles in Japan by using the
energy system model MARKAL. Int J Hydrogen Energy 2007;32:1347–54. https://
doi.org/10.1016/j.ijhydene.2006.10.015.

[67] Nakata T. Energy modeling on cleaner vehicles for reducing CO 2 emissions in
Japan. 2003;11:389–96. https://doi.org/10.1016/S0959-6526(02)00061-6.

[68] Shay C, DeCarolis J, Loughlin D, Gage C. EPA U. S. National MARKAL database.
United States Environmental Protection Agency; 2006.

[69] Yeh S, Loughlin DH, Shay C, Gage C. An integrated assessment of the impacts of
hydrogen economy on transportation, energy use, and air emissions. Proc IEEE
2006;94:1838–51.

[70] Dodds PE, Mcdowall W. A review of hydrogen production technologies for energy

H. Blanco, et al. Renewable and Sustainable Energy Reviews 115 (2019) 109349

19

http://refhub.elsevier.com/S1364-0321(19)30557-X/sref10
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref11
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref11
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref11
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref12
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref12
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref13
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref13
https://ec.europa.eu/clima/policies/transport/vehicles/proposal_en
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref15
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref15
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref16
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref17
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref17
https://doi.org/10.1038/nclimate2564
https://doi.org/10.1038/nenergy.2017.110
https://doi.org/10.1038/nenergy.2017.110
https://doi.org/10.2760/87175
https://doi.org/10.1016/j.trc.2018.01.005
https://doi.org/10.1016/j.energy.2018.02.071
https://doi.org/10.1016/j.energy.2018.02.071
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref23
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref23
https://doi.org/10.1016/j.energy.2014.05.104
https://doi.org/10.1016/j.energy.2017.07.116
https://doi.org/10.1016/j.enpol.2015.01.032
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref27
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref27
http://www.eafo.eu/eu
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref29
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref29
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref29
https://doi.org/10.1080/01441647.2015.1030004
https://doi.org/10.1016/j.jtrangeo.2012.03.003
https://doi.org/10.1016/j.jtrangeo.2012.03.003
https://doi.org/10.1016/j.trd.2016.04.003
https://doi.org/10.1016/j.apenergy.2017.03.001
https://doi.org/10.1016/j.energy.2014.12.005
https://doi.org/10.1016/j.energy.2014.12.005
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref35
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref35
https://doi.org/10.1016/j.apenergy.2018.09.216
https://doi.org/10.1016/j.techfore.2015.11.028
https://doi.org/10.1016/j.techfore.2016.08.007
https://doi.org/10.1007/s12544-017-0252-x
https://doi.org/10.1007/s12544-017-0252-x
https://doi.org/10.1016/j.ijhydene.2017.02.102
https://doi.org/10.1016/j.ijhydene.2017.02.102
https://doi.org/10.1016/j.egypro.2015.07.661
https://doi.org/10.1016/j.egypro.2015.07.661
https://doi.org/10.1016/j.rser.2015.01.057
https://doi.org/10.1016/j.ijhydene.2011.08.041
https://doi.org/10.1016/j.ijhydene.2011.08.041
https://doi.org/10.1016/j.ijhydene.2013.02.042
https://doi.org/10.1016/j.ijhydene.2017.04.303
https://doi.org/10.1016/j.ijhydene.2017.04.303
https://doi.org/10.1016/j.ijhydene.2006.10.016
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref47
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref47
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref47
https://doi.org/10.13140/2.1.2181.7125
https://doi.org/10.1007/s00191-006-0026-4
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref50
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref50
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref50
https://doi.org/10.1080/01441647.2017.1326538
https://doi.org/10.1080/21680566.2014.916236
https://doi.org/10.1016/j.tra.2005.06.006
https://doi.org/10.1109/SYSOSE.2008.4724136
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref55
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref55
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref55
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref56
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref56
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref56
https://doi.org/10.1016/j.technovation.2008.05.004
https://doi.org/10.1016/j.techfore.2010.03.010
https://doi.org/10.1016/j.ijhydene.2008.04.061
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref60
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref60
https://doi.org/10.1016/j.enpol.2011.03.021
https://doi.org/10.1016/j.enpol.2011.03.021
https://doi.org/10.1016/j.energy.2009.04.010
https://doi.org/10.1016/j.energy.2009.04.010
https://doi.org/10.1007/s10287-007-0040-5
https://doi.org/10.1007/s10287-007-0040-5
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref64
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref64
https://doi.org/10.1016/j.ijhydene.2007.12.035
https://doi.org/10.1016/j.ijhydene.2007.12.035
https://doi.org/10.1016/j.ijhydene.2006.10.015
https://doi.org/10.1016/j.ijhydene.2006.10.015
https://doi.org/10.1016/S0959-6526(02)00061-6
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref68
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref68
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref69
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref69
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref69
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref70


system models. UCL Energy Institute, Univ Coll London; 2012. p. 1–22.
[71] Dodds PE, Staffell I, Hawkes AD, Li F, Grunewald P, McDowall W, et al. Hydrogen

and fuel cell technologies for heating: a review. Int J Hydrogen Energy
2015;40:2065–83. https://doi.org/10.1016/j.ijhydene.2014.11.059.

[72] Martens A, Germain A, Proost S, Palmers G. Development of tools to evaluate the
potential of sustainable hydrogen in Belgium. CP/55 - Sci Support Plan a Sustain
Dev Policy 2006:185. Part 1.

[73] Rosenberg E, Fidje A, Espegren KA, Stiller C, Svensson AM, Møller-Holst S. Market
penetration analysis of hydrogen vehicles in Norwegian passenger transport to-
wards 2050. Int J Hydrogen Energy 2010;35:7267–79. https://doi.org/10.1016/j.
ijhydene.2010.04.153.

[74] Karlsson K, Meibom P. Optimal investment paths for future renewable based en-
ergy systems-Using the optimisation model Balmorel. Int J Hydrogen Energy
2008;33:1777–87. https://doi.org/10.1016/j.ijhydene.2008.01.031.

[75] Contreras A, Guervós E, Posso F. Market penetration analysis of the use of hy-
drogen in the road transport sector of the Madrid region, using MARKAL. Int J
Hydrogen Energy 2009;34:13–20. https://doi.org/10.1016/j.ijhydene.2008.10.
031.

[76] Schulz TF, Kypreos S, Barreto L, Wokaun A. Intermediate steps towards the 2000
W society in Switzerland: an energy-economic scenario analysis. Energy Policy
2008;36:1303–17. https://doi.org/10.1016/j.enpol.2007.12.006.

[77] Kannan R, Hirschberg S. Interplay between electricity and transport sectors - in-
tegrating the Swiss car fleet and electricity system. Transp Res Part A Policy Pract
2016;94:514–31. https://doi.org/10.1016/j.tra.2016.10.007.

[78] Tomaschek J, Kober R, Fahl U, Lozynskyy Y. Energy system modelling and GIS to
build an integrated climate protection concept for gauteng province. S Afr
2016;88:445–55. https://doi.org/10.1016/j.enpol.2015.10.041.

[79] Robinius M, Otto A, Heuser P, Welder L, Syranidis K, Ryberg DS, et al. Linking the
power and transport sectors — Part 1: the principle of sector coupling. 2017.
https://doi.org/10.3390/en10070956.

[80] Robinius M, Otto A, Syranidis K, Ryberg DS, Heuser P, Welder L, et al. Linking the
power and transport sectors — Part 2: modelling a sector coupling scenario for
Germany. Energies 2017;10:1–23. https://doi.org/10.3390/en10070957.

[81] Yang C, Ogden J. Determining the lowest-cost hydrogen delivery mode. 2009.
https://doi.org/10.1007/s11116-007-9132-x. Davis.

[82] Yang C, Ogden JM. Renewable and low carbon hydrogen for California – modeling
the long term evolution of fuel infrastructure using a quasi-spatial TIMES model.
Int J Hydrogen Energy 2013;38:4250–65. https://doi.org/10.1016/j.ijhydene.
2013.01.195.

[83] Bahn O, Marcy M, Vaillancourt K, Waaub JP. Electrification of the Canadian road
transportation sector: a 2050 outlook with TIMES-Canada. Energy Policy
2013;62:593–606. https://doi.org/10.1016/j.enpol.2013.07.023.

[84] Vaillancourt K, Alcocer Y, Bahn O, Fertel C, Frenette E, Garbouj H, et al. A
Canadian 2050 energy outlook: analysis with the multi-regional model TIMES-
Canada. Appl Energy 2014;132:56–65. https://doi.org/10.1016/j.apenergy.2014.
06.072.

[85] Rits V, Kypreos S, Wokaun A. Evaluating the diffusion of fuel-cell cars in the China
markets. IATSS Res 2004;28:34–46. https://doi.org/10.1016/S0386-1112(14)
60090-X.

[86] Zhang H, Chen W, Huang W. TIMES modelling of transport sector in China and
USA: comparisons from a decarbonization perspective q. Appl Energy
2016;162:1505–14. https://doi.org/10.1016/j.apenergy.2015.08.124.

[87] Sgobbi A, Nijs W, De Miglio R, Chiodi A, Gargiulo M, Thiel C. How far away is
hydrogen? Its role in the medium and long-term decarbonisation of the European
energy system. Int J Hydrogen Energy 2016;41:19–35. https://doi.org/10.1016/j.
ijhydene.2015.09.004.

[88] Andrews J, Shabani B. Where does hydrogen fit in a sustainable energy economy?
Procedia Eng 2012;49:15–25. https://doi.org/10.1016/j.proeng.2012.10.107.

[89] Ball M, Weeda M. The hydrogen economy - vision or reality? Int J Hydrogen
Energy 2015;40:7903–19. https://doi.org/10.1016/j.ijhydene.2015.04.032.

[90] Dodds PE, Ekins P. A portfolio of powertrains for the UK: an energy systems
analysis. Int J Hydrog 2014. 13941–53 https://doi.org/10.1016/j.ijhydene.2014.
06.128.

[91] Bunch DS, Ramea K, Yeh S, Yang C. Incorporating behavioral effects from vehicle
choice models into bottom-up energy sector models. 2015. https://doi.org/10.
13140/RG.2.1.2892.1447.

[92] Yang CJ, Jackson RB. Opportunities and barriers to pumped-hydro energy storage
in the United States. Renew Sustain Energy Rev 2011;15:839–44. https://doi.org/
10.1016/j.rser.2010.09.020.

[93] Yang C, Yeh S, Ramea K, Zakerinia S, McCollum D, Bunch D, et al. Modeling op-
timal transition pathways to a low carbon economy in California. California TIMES
(CA-TIMES) Model; 2014.

[94] Yang C, Yeh S, Zakerinia S, Ramea K, McCollum D. Achieving California's 80%
greenhouse gas reduction target in 2050: technology, policy and scenario analysis
using CA-TIMES energy economic systems model. Energy Policy 2015;77:118–30.
https://doi.org/10.1016/j.enpol.2014.12.006.

[95] Ramea K, Bunch DS, Yang C, Yeh S, Ogden JM. Integration of behavioral effects
from vehicle choice models into long-term energy systems optimization models.
Energy Econ 2018;74:663–76. https://doi.org/10.1016/j.eneco.2018.06.028.

[96] Lin Z, Chen CW, Ogden J, Fan Y. The least-cost hydrogen for Southern California.
Int J Hydrogen Energy 2008;33:3009–14. https://doi.org/10.1016/j.ijhydene.
2008.01.039.

[97] Parks K. Hydrogen deployment system modeling environment (HyDS ME) doc-
umentation milestone report FY 2006 2006. Hydrogen Deployment System
Modeling Environment (HyDS ME) Documentation Milestone Report FY 2006.

[98] Taylor PG, Upham P, McDowall W, Christopherson D. Energy model, boundary

object and societal lens: 35 years of the MARKAL model in the UK. Energy Res Soc
Sci 2014;4:32–41. https://doi.org/10.1016/j.erss.2014.08.007.

[99] Dodds PE, McDowall W. Methodologies for representing the road transport sector
in energy system models. Int J Hydrogen Energy 2014;39:2345–58. https://doi.
org/10.1016/j.ijhydene.2013.11.021.

[100] Anable J, Brand C, Tran M, Eyre N. Modelling transport energy demand: a socio-
technical approach. Energy Policy 2012;41:125–38. https://doi.org/10.1016/j.
enpol.2010.08.020.

[101] Gerboni R, Grosso D. Testing future hydrogen penetration at local scale through an
optimisation tool. Int J Hydrogen Energy 2016;41:22626–34. https://doi.org/10.
1016/j.ijhydene.2016.10.094.

[102] Löffler K, Hainsch K, Burandt T, Oei P-Y, Kemfert C, Hirschhausen C Von.
Designing a model for the global energy system—genesys-MOD: an application of
the open-source energy modeling system (OSeMOSYS) konstantin. Energies
2017;10:28. https://doi.org/10.3390/en10101468.

[103] Dodds PE, McDowall W. The future of the UK gas network. Energy Policy
2013;60:305–16. https://doi.org/10.1016/j.enpol.2013.05.030.

[104] Meibom P, Karlsson K. Role of hydrogen in future North European power system in
2060. Int J Hydrogen Energy 2010;35:1853–63. https://doi.org/10.1016/j.
ijhydene.2009.12.161.

[105] Krey V. Global energy-climate scenarios and models: a review. Wiley Interdiscip
Rev Energy Environ 2014;3:363–83. https://doi.org/10.1002/wene.98.

[106] Harris (Editor) AM, Takeshita (Author) T. Chapter 5 - Future roles of electricity
and hydrogen in the global energy system under climate change mitigation con-
straints. Clean Energy: Resources, Production and Developments. New York: Nova
Science Publishers, Inc.978-1-61761-509-2; 2011. p. 185–218.

[107] Girod B, van Vuuren DP, Grahn M, Kitous A, Kim SH, Kyle P. Climate impact of
transportation A model comparison. Clim Change 2013;118:595–608. https://doi.
org/10.1007/s10584-012-0663-6.

[108] Hedenus F, Karlsson S, Azar C, Sprei F. Cost-effective energy carriers for transport
– the role of the energy supply system in a carbon-constrained. World
2010;35:4638–51. https://doi.org/10.1016/j.ijhydene.2010.02.064.

[109] Tattini J, Gargiulo M, Karlsson K. Reaching carbon neutral transport sector in
Denmark – evidence from the incorporation of modal shift into the TIMES energy
system modeling framework. Energy Policy 2018;113:571–83. https://doi.org/10.
1016/j.enpol.2017.11.013.

[110] Daly HE, Ramea K, Chiodi A, Yeh S, Gargiulo M, Gallachoóir BO. Incorporating
travel behaviour and travel time into TIMES energy system models. Appl Energy
2014;135:429–39. https://doi.org/10.1016/j.apenergy.2014.08.051.

[111] Tattini J, Ramea K, Gargiulo M, Yang C, Mulholland E, Yeh S, et al. Improving the
representation of modal choice into bottom-up optimization energy system models
– the MoCho-TIMES model. Appl Energy 2018;212:265–82. https://doi.org/10.
1016/j.apenergy.2017.12.050.

[112] Haasz T, Gómez Vilchez JJ, Kunze R, Deane P, Fraboulet D, Fahl U, et al.
Perspectives on decarbonizing the transport sector in the EU-28. Energy Strateg
Rev 2018;20:124–32. https://doi.org/10.1016/j.esr.2017.12.007.

[113] Schäfer A. Introducing behavioral change in transportation into energy/economy/
environment models. Policy research working paper 6234. World Bank
Development Research Group Environment and Energy Team. 2012.

[114] Venturini G, Tattini J, Mulholland E, O'Gallachoir B. Improvements in the re-
presentation of behaviour in integrated energy and transport system models. Int J
Sustain Transp 2018;20. https://doi.org/10.1080/15568318.2018.1466220.

[115] De Vita A, Capros P, Evangelopoulou S, Kannavou M, Siskos P, Zazias G, et al.
Sectoral integration - long term perspective in the EU energy system. ASSET Proj
2018:124.

[116] Simoes S, Nijs W, Ruiz P, Sgobbi A, Radu D, Bolat P, et al. The JRC-EU-TIMES
model. Assessing the long-term role of the SET Plan Energy technologies 2013.
https://doi.org/10.2790/97596.

[117] Loulou R. Documentation for the TIMES Model 2016;1–151.
[118] Loulou R, Labriet M, ETSAP-TIAM. The TIMES integrated assessment model Part I:

model structure. Comput Manag Sci 2008;5:7–40. https://doi.org/10.1007/
s10287-007-0046-z.

[119] Loulou R, Remme U, Kanudia A, Lehtila A, Goldstein G. Documentation for the
TIMES model Part II. IEA Energy Technol Syst Anal Program; 2005. p. 1–78.

[120] Connolly D, Lund H, Mathiesen BV, Leahy M. A review of computer tools for
analysing the integration of renewable energy into various energy systems. Appl
Energy 2010;87:1059–82. https://doi.org/10.1016/j.apenergy.2009.09.026.

[121] Assoumou E, Maïzi N. Carbon value dynamics for France: a key driver to support
mitigation pledges at country scale. Energy Policy 2011;39:4325–36. https://doi.
org/10.1016/j.enpol.2011.04.050.

[122] Lehtilä A, Savolainen I, Syri S. The role of technology development in greenhouse
gas emissions reduction: the case of Finland. Energy 2005;30:2738–58. https://
doi.org/10.1016/j.energy.2004.07.019.

[123] García-Gusano D, Cabal H, Lechón Y. Long-term behaviour of CO2 emissions from
cement production in Spain: scenario analysis using an energy optimisation model.
J Clean Prod 2015;99:101–11. https://doi.org/10.1016/j.jclepro.2015.03.027.

[124] Blesl M, Das A, Fahl U, Remme U. Role of energy efficiency standards in reducing
CO2 emissions in Germany: an assessment with TIMES. Energy Policy
2007;35:772–85. https://doi.org/10.1016/j.enpol.2006.05.013.

[125] Fais B, Blesl M, Fahl U, Voß A. Analysing the interaction between emission trading
and renewable electricity support in TIMES. Clim Policy 2014;15:355–73. https://
doi.org/10.1080/14693062.2014.927749.

[126] Glynn J, Chiodi A, Gargiulo M, Deane JP, Bazilian M, Gallachóir BT. Energy
Security Analysis: the case of constrained oil supply for Ireland. Energy Policy
2014;66:312–25. https://doi.org/10.1016/j.enpol.2013.11.043.

[127] Rout UK, Voß A, Singh A, Fahl U, Blesl M, Ó Gallachóir BP. Energy and emissions

H. Blanco, et al. Renewable and Sustainable Energy Reviews 115 (2019) 109349

20

http://refhub.elsevier.com/S1364-0321(19)30557-X/sref70
https://doi.org/10.1016/j.ijhydene.2014.11.059
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref72
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref72
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref72
https://doi.org/10.1016/j.ijhydene.2010.04.153
https://doi.org/10.1016/j.ijhydene.2010.04.153
https://doi.org/10.1016/j.ijhydene.2008.01.031
https://doi.org/10.1016/j.ijhydene.2008.10.031
https://doi.org/10.1016/j.ijhydene.2008.10.031
https://doi.org/10.1016/j.enpol.2007.12.006
https://doi.org/10.1016/j.tra.2016.10.007
https://doi.org/10.1016/j.enpol.2015.10.041
https://doi.org/10.3390/en10070956
https://doi.org/10.3390/en10070957
https://doi.org/10.1007/s11116-007-9132-x
https://doi.org/10.1016/j.ijhydene.2013.01.195
https://doi.org/10.1016/j.ijhydene.2013.01.195
https://doi.org/10.1016/j.enpol.2013.07.023
https://doi.org/10.1016/j.apenergy.2014.06.072
https://doi.org/10.1016/j.apenergy.2014.06.072
https://doi.org/10.1016/S0386-1112(14)60090-X
https://doi.org/10.1016/S0386-1112(14)60090-X
https://doi.org/10.1016/j.apenergy.2015.08.124
https://doi.org/10.1016/j.ijhydene.2015.09.004
https://doi.org/10.1016/j.ijhydene.2015.09.004
https://doi.org/10.1016/j.proeng.2012.10.107
https://doi.org/10.1016/j.ijhydene.2015.04.032
https://doi.org/10.1016/j.ijhydene.2014.06.128
https://doi.org/10.1016/j.ijhydene.2014.06.128
https://doi.org/10.13140/RG.2.1.2892.1447
https://doi.org/10.13140/RG.2.1.2892.1447
https://doi.org/10.1016/j.rser.2010.09.020
https://doi.org/10.1016/j.rser.2010.09.020
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref93
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref93
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref93
https://doi.org/10.1016/j.enpol.2014.12.006
https://doi.org/10.1016/j.eneco.2018.06.028
https://doi.org/10.1016/j.ijhydene.2008.01.039
https://doi.org/10.1016/j.ijhydene.2008.01.039
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref97
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref97
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref97
https://doi.org/10.1016/j.erss.2014.08.007
https://doi.org/10.1016/j.ijhydene.2013.11.021
https://doi.org/10.1016/j.ijhydene.2013.11.021
https://doi.org/10.1016/j.enpol.2010.08.020
https://doi.org/10.1016/j.enpol.2010.08.020
https://doi.org/10.1016/j.ijhydene.2016.10.094
https://doi.org/10.1016/j.ijhydene.2016.10.094
https://doi.org/10.3390/en10101468
https://doi.org/10.1016/j.enpol.2013.05.030
https://doi.org/10.1016/j.ijhydene.2009.12.161
https://doi.org/10.1016/j.ijhydene.2009.12.161
https://doi.org/10.1002/wene.98
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref106
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref106
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref106
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref106
https://doi.org/10.1007/s10584-012-0663-6
https://doi.org/10.1007/s10584-012-0663-6
https://doi.org/10.1016/j.ijhydene.2010.02.064
https://doi.org/10.1016/j.enpol.2017.11.013
https://doi.org/10.1016/j.enpol.2017.11.013
https://doi.org/10.1016/j.apenergy.2014.08.051
https://doi.org/10.1016/j.apenergy.2017.12.050
https://doi.org/10.1016/j.apenergy.2017.12.050
https://doi.org/10.1016/j.esr.2017.12.007
https://doi.org/10.1080/15568318.2018.1466220
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref115
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref115
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref115
https://doi.org/10.2790/97596
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref117
https://doi.org/10.1007/s10287-007-0046-z
https://doi.org/10.1007/s10287-007-0046-z
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref119
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref119
https://doi.org/10.1016/j.apenergy.2009.09.026
https://doi.org/10.1016/j.enpol.2011.04.050
https://doi.org/10.1016/j.enpol.2011.04.050
https://doi.org/10.1016/j.energy.2004.07.019
https://doi.org/10.1016/j.energy.2004.07.019
https://doi.org/10.1016/j.jclepro.2015.03.027
https://doi.org/10.1016/j.enpol.2006.05.013
https://doi.org/10.1080/14693062.2014.927749
https://doi.org/10.1080/14693062.2014.927749
https://doi.org/10.1016/j.enpol.2013.11.043


forecast of China over a long-time horizon. Energy 2011;36:1–11. https://doi.org/
10.1016/j.energy.2010.10.050.

[128] Chiodi A, Gargiulo M, Rogan F, Deane JP, Lavigne D, Rout UK, et al. Modelling the
impacts of challenging 2050 European climate mitigation targets on Ireland ’ s
energy system. 2013;53:169–89. https://doi.org/10.1016/j.enpol.2012.10.045.

[129] McCollum D, Yang C, Yeh S, Ogden J. Deep greenhouse gas reduction scenarios for
California - strategic implications from the CA-TIMES energy-economic systems
model. Energy Strateg Rev 2012;1:19–32. https://doi.org/10.1016/j.esr.2011.12.
003.

[130] Herbst A, Toro F, Reitze F, Jochem E. Introduction to energy systems modelling.
Swiss J Econ Stat 2012;148:111–35.

[131] Harrison G, Thiel C, Jones L. Powertrain technology transition market agent model
(PTTMAM): an introduction. JRC Tech Rep 2016;100418. https://doi.org/10.
2790/719385.

[132] Struben J, Sterman JD. Transition challenges for alternative fuel vehicle and
transportation systems. Environ Plan Plan Des 2008;35:1070–97. https://doi.org/
10.1068/b33022t.

[133] Forrester JW. Industrial Dynamics. Pegasus Commun 1961:464.
[134] Sterman J. Business dynamics: systems thinking and modeling for a complex

world. Irwin/McGraw-Hill; 2000. p. 982.
[135] Harrison G, Vilchez JJG, Thiel C. Industry strategies for the promotion of E-mo-

bility under alternative policy and economic scenarios. Eur Transp Res Rev
2018;1–13.

[136] European Commission. Introduction to EUPL license. 2018https://joinup.ec.
europa.eu/collection/eupl/introduction-eupl-licence, Accessed date: 24 August
2019.

[137] JRC. Powertrain technology transition market agent model. Download and doc-
umentation. Joint Research Centre; 2018https://ec.europa.eu/jrc/en/pttmam/
download, Accessed date: 24 August 2019.

[138] European Commission. EU reference scenario 2016. 2016. https://doi.org/10.
2833/9127.

[139] EIA. Annual energy outlook retrospective review: evaluation of 2014 and prior
reference case projections. US Energy Information Administration 2015:36.

[140] Pilavachi PA, Dalamaga T, Rossetti di Valdalbero D, Guilmot JF. Ex-post evalua-
tion of European energy models. Energy Policy 2008;36:1726–35. https://doi.org/
10.1016/j.enpol.2008.01.028.

[141] European Commission. TRACCS database n.d https://www.eea.europa.eu/data-
and-maps/data/external/traccs, Accessed date: 24 August 2019.

[142] Henbest S, Giannakopoulou E, Kimmel M, Zindler E, Rooze J, Bhavnagri K, et al.
New energy outlook 2017. Bloomberg New Energy Finance 2017:73.

[143] Edwards R, Larivé J-F, Beziat J-C. Well-to-Wheels analysis of future automotive
fuels and powertrains in the European context - tank-to-Wheels report. JEC - Jt Res
Centre-EUCAR-CONCAWE Collab 2011;3c:46. https://doi.org/10.2788/79018.

[144] Thiel C, Nijs W, Schmidt J, Zyl AV, Schmid E. The impact of the EU car CO2
regulation on the energy system and the role of electro-mobility to achieve
transport decarbonisation. Energy Policy 2016;96:153–66. https://doi.org/10.
1016/j.enpol.2016.05.043.

[145] Bloomberg New Energy Finance. Electric buses in cities: driving towards cleaner
air and lower CO2 vol. 63. 2018.

[146] Langan C, Vladimirov G, Hummel P, Lesne D, Radlinger J, Takahashi K, et al. Is
tesla revolutionary or evolutionary? UBS-Evidence-Lab 2018;1–46.

[147] JRC, DG-RTD, DG-ENER, DG-GROWTH, DG-MOVE, SET-Plan-Secretariat. SET ‐
Plan ACTION n ° 7 – declaration of Intent “Become competitive in the global
battery sector to drive e‐mobility forward. European-Commission 2016:1–9.

[148] Hydrogen Council. Hydrogen - Scaling up 2017:80.
[149] International Energy Agency. Global EV outlook 2018. Glob EV Outlook 2018:141.

EIA-0383(2016).
[150] Weimer-Jehle W, Buchgeister J, Hauser W, Kosow H, Naegler T, Poganietz WR,

et al. Context scenarios and their usage for the construction of socio-technical
energy scenarios. Energy 2016;111:956–70. https://doi.org/10.1016/j.energy.
2016.05.073.

[151] Mahony TO. Integrated scenarios for energy: a methodology for the short term.
Futures 2014;55:41–57. https://doi.org/10.1016/j.futures.2013.11.002.

[152] Foxon TJ, Hammond GP, Pearson PJG. Developing transition pathways for a low
carbon electricity system in the UK. Technol Forecast Soc Chang
2010;77:1203–13. https://doi.org/10.1016/j.techfore.2010.04.002.

[153] Lévay PZ, Drossinos Y, Thiel C. The effect of fiscal incentives on market pene-
tration of electric vehicles: a pairwise comparison of total cost of ownership.
Energy Policy 2017;105:524–33. https://doi.org/10.1016/j.enpol.2017.02.054.

[154] FCH JU 2 F cell and hydrogen joint undertaking. Study on early business cases for
hydrogen in energy storage and more broadly power to hydrogen applications.
FCH JU. Eur Community 2017:222.

[155] Mulholland E, Tattini J, Ramea K, Yang C, Gallachóir BPÓ. The cost of electrifying
private transport – evidence from an empirical consumer choice model of Ireland
and Denmark. Transp Res Part D 2018;62:584–603. https://doi.org/10.1016/j.trd.
2018.04.010.

[156] Fox J, Axsen J, Jaccard M. Picking winners: modelling the costs of technology-
specific climate policy in the U.S. Passenger vehicle sector. Ecol Econ
2017;137:133–47. https://doi.org/10.1016/j.ecolecon.2017.03.002.

[157] Azar C, Sandén BA. The elusive quest for technology-neutral policies. Environ
Innov Soc Transitions 2011;1:135–9. https://doi.org/10.1016/j.eist.2011.03.003.

[158] De Mello Santana PH. Cost-effectiveness as energy policy mechanisms: the
paradox of technology-neutral and technology-specific policies in the short and
long term. Renew Sustain Energy Rev 2016;58:1216–22. https://doi.org/10.1016/
j.rser.2015.12.300.

[159] International Energy Agency. World energy investment 2018. IEA; 2018. p. 247.
[160] European Commission. Summary of national policy frameworks on alternative

fuels. 2017. p. 1–55.
[161] Ruiz P, Sgobbi A, Nijs W, Thiel C, Longa FD, Kober T. The JRC-EU-TIMES model .

Bioenergy potentials for EU and neighbouring countries. 2015. https://doi.org/10.
2790/39014.

[162] European Commission. In-depth analysis in support of the Commission commu-
nication COM(2018) 773. A Clean Planet for all. A European long-term strategic
vision for a prosperous, modern, competitive and climate neutral economy. 2018.

[163] Siskos P, Zazias G, Petropoulos A, Evangelopoulou S, Capros P. Implications of
delaying transport decarbonisation in the EU: a systems analysis using the PRIMES
model. Energy Policy 2018;121:48–60. https://doi.org/10.1016/j.enpol.2018.06.
016.

[164] Delucchi MA, Yang C, Burke AF, Ogden JM, Kurani K, Kessler J, et al. An as-
sessment of electric vehicles: technology, infrastructure requirements, greenhouse-
gas emissions, petroleum use, material use, lifetime cost, consumer acceptance and
policy initiatives. Philos Trans A Math Phys Eng Sci 2014;372:20120325. https://
doi.org/10.1098/rsta.2012.0325.

[165] Ahmadi P, Kjeang E. Comparative life cycle assessment of hydrogen fuel cell
passenger vehicles in different Canadian provinces. Int J Hydrogen Energy
2015;40. https://doi.org/10.1016/j.ijhydene.2015.07.147.

[166] Edwards R, Larivé J-F, Beziat J-C. Well-to-Wheels analysis of future automotive
fuels and powertrains in the European context - well-to-Wheels report. 2011;3c.
https://doi.org/10.2788/79018.

[167] Schiebahn S, Grube T, Robinius M, Tietze V, Kumar B, Stolten D. Power to gas:
technological overview, systems analysis and economic assessment for a case
study in Germany. Int J Hydrogen Energy 2015;40:4285–94. https://doi.org/10.
1016/j.ijhydene.2015.01.123.

[168] Trutnevyte E, Zurich ETH. Does cost optimization approximate the real- world
energy transition ? Does cost optimization approximate the real-world energy
transition? Energy 2016;106:182–93.

[169] Trutnevyte E. The allure of energy visions: are some visions better than others?
Energy Strateg Rev 2014;2:211–9. https://doi.org/10.1016/j.esr.2013.10.001.

[170] Gross R, Blyth W, Heptonstall P. Risks , revenues and investment in electricity
generation : why policy needs to look beyond costs. Energy Econ
2010;32:796–804. https://doi.org/10.1016/j.eneco.2009.09.017.

[171] Volkart K, Weidmann N, Bauer C, Hirschberg S. Multi-criteria decision analysis of
energy system transformation pathways: a case study for Switzerland. Energy
Policy 2017;106:155–68. https://doi.org/10.1016/j.enpol.2017.03.026.

[172] Shmelev SE, JCJM Van Den Bergh. Optimal diversity of renewable energy alter-
natives under multiple criteria: an application to the UK. Renew Sustain Energy
Rev 2016;60:679–91. https://doi.org/10.1016/j.rser.2016.01.100.

[173] European Commission. HyWays - the european hydrogen Roadmap. Dir res inf
commun unit. Directorat 2008;58. https://doi.org/10.2777/35839.

[174] McKinsey & Company. A portfolio of power-trains for Europe: a fact-based ana-
lysis. McKinsey Co; 2010. p. 68.

[175] Robinius M, Linßen J, Grube T, Reuß M, Stenzel P, Syranidis K, et al. Comparative
analysis of infrastructures: hydrogen fueling and electric charging of vehicles
comparative analysis of infrastructures. 2018.

[176] ACEA. Research and innovation - european automotive industry. 2018.
[177] European Commission. A Roadmap for moving to a competitive low carbon

economy in 2050. COM 2011;112:15.
[178] ACEA. Vehicle segments by body and country. 2017.

H. Blanco, et al. Renewable and Sustainable Energy Reviews 115 (2019) 109349

21

https://doi.org/10.1016/j.energy.2010.10.050
https://doi.org/10.1016/j.energy.2010.10.050
https://doi.org/10.1016/j.enpol.2012.10.045
https://doi.org/10.1016/j.esr.2011.12.003
https://doi.org/10.1016/j.esr.2011.12.003
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref130
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref130
https://doi.org/10.2790/719385
https://doi.org/10.2790/719385
https://doi.org/10.1068/b33022t
https://doi.org/10.1068/b33022t
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref133
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref134
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref134
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref135
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref135
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref135
https://joinup.ec.europa.eu/collection/eupl/introduction-eupl-licence
https://joinup.ec.europa.eu/collection/eupl/introduction-eupl-licence
https://ec.europa.eu/jrc/en/pttmam/download
https://ec.europa.eu/jrc/en/pttmam/download
https://doi.org/10.2833/9127
https://doi.org/10.2833/9127
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref139
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref139
https://doi.org/10.1016/j.enpol.2008.01.028
https://doi.org/10.1016/j.enpol.2008.01.028
https://www.eea.europa.eu/data-and-maps/data/external/traccs
https://www.eea.europa.eu/data-and-maps/data/external/traccs
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref142
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref142
https://doi.org/10.2788/79018
https://doi.org/10.1016/j.enpol.2016.05.043
https://doi.org/10.1016/j.enpol.2016.05.043
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref145
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref145
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref146
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref146
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref147
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref147
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref147
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref148
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref149
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref149
https://doi.org/10.1016/j.energy.2016.05.073
https://doi.org/10.1016/j.energy.2016.05.073
https://doi.org/10.1016/j.futures.2013.11.002
https://doi.org/10.1016/j.techfore.2010.04.002
https://doi.org/10.1016/j.enpol.2017.02.054
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref154
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref154
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref154
https://doi.org/10.1016/j.trd.2018.04.010
https://doi.org/10.1016/j.trd.2018.04.010
https://doi.org/10.1016/j.ecolecon.2017.03.002
https://doi.org/10.1016/j.eist.2011.03.003
https://doi.org/10.1016/j.rser.2015.12.300
https://doi.org/10.1016/j.rser.2015.12.300
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref159
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref160
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref160
https://doi.org/10.2790/39014
https://doi.org/10.2790/39014
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref162
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref162
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref162
https://doi.org/10.1016/j.enpol.2018.06.016
https://doi.org/10.1016/j.enpol.2018.06.016
https://doi.org/10.1098/rsta.2012.0325
https://doi.org/10.1098/rsta.2012.0325
https://doi.org/10.1016/j.ijhydene.2015.07.147
https://doi.org/10.2788/79018
https://doi.org/10.1016/j.ijhydene.2015.01.123
https://doi.org/10.1016/j.ijhydene.2015.01.123
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref168
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref168
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref168
https://doi.org/10.1016/j.esr.2013.10.001
https://doi.org/10.1016/j.eneco.2009.09.017
https://doi.org/10.1016/j.enpol.2017.03.026
https://doi.org/10.1016/j.rser.2016.01.100
https://doi.org/10.2777/35839
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref174
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref174
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref175
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref175
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref175
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref176
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref177
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref177
http://refhub.elsevier.com/S1364-0321(19)30557-X/sref178

	Soft-linking of a behavioral model for transport with energy system cost optimization applied to hydrogen in EU
	Introduction
	Literature review and gaps
	System dynamics models for FCEV
	Energy system models for hydrogen and FCEV
	Incorporation of behavioral aspects of transport in IAM
	Incorporation of behavioral aspects of transport in energy system models

	Modeling approach and structure
	Description of JRC-EU-TIMES
	Description of PTTMAM
	Advantages of soft-linking
	Overview of soft-linking process

	Data and assumptions
	Base year calibration in JRC-EU-TIMES
	Demand growth for 2050 and exogenous constraints
	Energy efficiency by powertrain
	Component cost and price by powertrain

	Scenario definition
	Policy instruments explored for FCEV
	Sensitivities on policy instruments for FCEV

	Results and discussion
	Overview of the transport sector and relation with the rest of the energy system
	Soft linking – approach 1 – powertrain shares
	Soft linking – approach 2 – CAPEX and OPEX
	Policies effect on FCEV deployment

	Conclusions
	Supplementary data
	References




