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Use of electric vehicles or hydrogen in the Danish transport sector
in order to ensure a stable and sustainable energy system in 2050?
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Systems Analysis Division, Department of Management Engineering,
Technical University of Denmark, Risg Campus, DK-4000 Roskilde, Denmark

* Corresponding Author. E-mail: Klsk@dtu.dk, Tel: +45 9351 1085

Abstract:

Denmark is one of the Northern European countries that have set up ambitious long-
term targets to reduce GHG emissions from the transport as well as from other
sectors. In Denmark the target is to make the transport sector independent of fossil-
fuel consumption by 2050 at the latest. This paper compares a likely scenario with two
alternative ways to achieve the goal - either with a high percentage of electric vehicles
(EV) or with a high percentage of hydrogen (Hz) use in the transport sector.

The STREAM model - an energy scenario simulating tool - provides insight into
different potential energy mixes and calculates socio economic costs. It is used to
model the different transport scenarios and their system integration with the
electricity and heating sectors.

The major findings of this paper are that an increased share of electric vehicles could
significantly reduce the socio-economic cost of the energy system in 2050. Electricity
demand for H> generation via electrolysis is more flexible than EV charging and the
production can therefore, to a larger degree be used to out-balance variable electricity
surplus from a high share of wind and solar energy in the power system.

H> production may generate heat that can be used as district heating - replacing
traditional heating plants, heat pumps and in some cases combined heat and power
plants. Therefore the energy generation mix (electricity and heat) is more affected in
the H> scenario than in the EV scenario.

Whether the H> scenario is more costly to implement than the EV scenario mainly
depends on the technological development - especially the improvement on the
efficiency of the conversion from electricity to Hy. It is found that a higher efficiency
in the H> production via electrolysis plays a more important role in decreasing the
total cost of the energy system than a lower level of electrolyser capital cost.
Therefore, the major driver of a successful Hz scenario is a high efficient and flexible
H> production in 2050. In other words, from a socio-economic view point this paper
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estimates that the technological path in innovation should have efficiency as its main
driver towards 2050.

Keywords: Energy, Environment, Electric vehicles (EV); hydrogen use; renewable
energy; e-mobility; STREAM model

1. Introduction

Use of fuels based on renewable energy sources (RES) are getting favoured by the
Northern European countries in the transport sector. The main reason for this is that
use of RES based fuels in transportation will help decrease the environmental impacts
of this sector. In addition, it will increase the diversification of the fuel supply, and
thereby reduce reliance on traditional fossil fuel sources for transport.

At present in Denmark, the transport sector accounts for approximately 50% of the
total costs of the energy system and around 30% of the greenhouse gas (GHG)
emissions [1]. Furthermore, nowadays the transport sector is practically independent
from the power and heat generation; however, in the future their interrelations will be
stronger. The Danish electricity supply sector is converting from fossil towards RES
based electricity generation with a high share of wind energy. Wind power provided
a world record of 41.2% of Danish electricity consumption for the first 6 months of
2014. In 2020, it is assumed that 50% of the yearly electricity generation will come
from wind energy [2]; and in 2035, the political goal is to have 100% RES based
electricity generation in Denmark, which includes a high share of wind energy.

An increased share of variable and un-dispatchable electricity production from wind
and photovoltaic in the system will require as much flexibility in electricity demand
as possible. Therefore, in the coming years there will be a transformation of the
different sectors of the energy system, through long-term integration of renewable
energy without jeopardizing security of supply.

With electricity based on RES, the use of electric vehicles (EV) or hydrogen-fuelled
vehicles, where hydrogen (Hz) has been produced via electrolysis, does not emit GHG
emissions. However, an increase of electricity demand for transportation imposes a
requirement of a very flexible demand side in the transportation sector and the rest of
the energy system. Charging of EV and production of H» via electrolysis offer to some
extent very flexible demand and production patterns.

It is important to make a holistic analysis of the transport and energy sectors since
many of the RES can be used in all sectors, e.g. biomass can be used to provide
electricity, heat or biofuels. In addition, an increased production of H to the transport
sector or an increased use of EV imply an increase in the electricity demand and
thereby affect the electricity system and the district heating (affecting production
from cogeneration plants or via heat from H> production). These are the reasons why
an integrating modelling tool is required in order to evaluate plausible future
scenarios.
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Also the limitation of resources may affect the future energy sectors. Since biomass is
a relative limited resource in Denmark, the use of domestic biomass will most
probably be used where no other alternatives exists, in order to obtain a fossil-free
energy system in 2050 [3]. A fossil-free transport sector based on biomass based fuels
would absorb very large amounts of bioenergy in 2050. The two major alternatives to
biomass based RE-fuels in the transport sector is electricity and hydrogen. Therefore,
it is obvious to look for alternative scenarios with focus at either EV or H. These
scenarios also reflect situations where there is additional focus on sustainability and
alternative uses of biomass outside the energy sector, or where the risk of high
biomass prices is large.

In order for EV or Hz vehicles to become key technologies, it will require a significant
financial incentive in the form of e.g. tax exemptions, particularly in the first part of
the period and that the price for EV and H> technologies decreases. In addition, we
can assume that battery technology is still being developed and made cheaper, so EV
get significantly better range and more applications.

It is assumed that electric vehicles can be competitive with other car types, which is
supported by the IEA Energy Technology Perspectives 2012 [4], which states "If
batteries follow the cost path of many other technologies, electric vehicles may reach cost
competitiveness if enough are manufactured in the coming decade” .

Today more than 99% of all vehicles at the Danish roads use either gasoline or diesel
(Figure 1).
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Figure 1: Fuel use today in Denmark (2012). Measured as fuel consumption in
percent person
transportation work (p km) or percent freight transportation work (t km)
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Therefore, a radical restructuring of the fuel use and vehicle stock has to be made in
order to reach a fossil-free transport sector in 2050. Such a large radical restructuring
will require substantial political indorsement, the right framework and infrastructure
as well as technological development in the non-fossil technologies.

Without analyses it is not clear at which costs and how well the political decisions
and the choice of technologies and fuel use in the transport sector will interact with
the energy sector - especially a 100% RES based electricity sector. This paper
compares a likely scenario for the Danish transport sector in 2050 with two alternative
ways to achieve the 2050-goal - either with a high percentage of EV or with a high
percentage of Ho use in the transport sector.

By use of the simulation model STREAM we are able to analyse the transport
scenarios and their system integration with the electricity and heating sectors by 2050.

Without analyses it is not obvious which technological path the innovation of EV and
Hb> technologies shall take. Is it most important to decrease the capital cost? Or is most
important to create flexible technologies? Or to increase the efficiencies and thereby
reducing the fuel consumption? The model studies in this paper look at it from a
socio-economic view point and with sensitivity analyses we are able to estimate
which parameters maters the most.

There are several papers about use of EV or H> and their possible benefits for the
flexibility in the electricity system. Juul and Meibom [5],[6] use the optimization
model, Balmorel, to analyse an optimal configuration and operation of the integrated
power and road transport systems in Northern EU. Their focus is at the choice of fuel
mix on the power market. They find that it is optimal to use coal for charging EV in
Finland and Germany. Whereas it is optimal to use hydro and wind in the other
Nordic countries. Kiviluoma and Meibom [7] estimates the costs of plug-in electric
vehicles (EVs) in a future power system by use of a technical optimization model for
the Nordic electricity markets. They find that the benefits of flexible charging of the
EV is 227 €/vehicle/ year.

Kristoffersen et al [8] finds that EV provides flexibility almost exclusively through
charging. Moreover, the EV provide flexibility within the day but only limited
flexibility from day to day when driving patterns are fixed. Rosler et al [9] compares
EV and H2 with respect to oil prices. They find that if battery costs are reduced by at
least 60% in comparison to their reference cost decline path, the passenger car sector
could predominantly run on electricity from around 2050. van der Zwaana et al [10]
investigate possible evolution pathways for the transport sector. Hennings et al [11]
show how excess generation from wind turbines in Germany can be used to charge
EV.

Most of the exiting studies look at present or near future energy systems. This paper
expand the above mentioned studies by looking at 2050 for the Nordic countries
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where there is a very high share of variable wind energy and where the transport and
energy sectors have become fossil free.

1.1 The STREAM model

The different transport scenarios are developed in the model STREAM (Sustainable
Technology Research and Energy Analysis Model), which is a public-domain open
source model (http://www.streammodel.org). STREAM is a scenario building tool
that provides an overview of the complete energy system on both the demand and
supply side.

STREAM is capable of delivering fast, user-friendly pictures of both present and
future energy situations. The model allows planners, politicians, students and others
to be able to create scenarios.

The model depicts the complete energy flow; from fuel exploration, conversion and
energy use, across all sectors in the society, including the transport sector. Whereas,
many other models only focus on certain parts of the energy system, for example the
dispatching of power plants in the electricity sector and the district heating system;
STREAM allows simulating different scenarios and comparing their solutions for the

system, considering the electricity, heat and transport system at the same time
[12][13].

The modelling tool consists of two spreadsheet sub-models, as illustrated inFigure 2:
the energy flow model and the duration curve model. Both are based on a bottom-up
approach. This means that the user defines the input to the models - for instance, X
percent wind power in the electricity sector or X percent bioethanol in the transport
sector - and on this basis an output is calculated. Hence, the model does not perform
an economic optimisation, specifying exactly which set of measures are the most
advantageous to combine under given conditions. However, operation of the energy
system with the given conditions is optimized, to assure that the energy demand is
satisfied at every time while minimizing the installed capacity of energy plants, and
therefore, investments.
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Figure 2. Linkage between Flow Model and Duration Curve Model in STREAM
[14]

The model works and interacts in the following way [14]:

The Energy Flow Model: demand & supply. It is a static model assessing and
arranging the total energy system in a given year. The demand for energy services
is projected and consequently the final energy consumption is calculated,
according to the defined inputs for supply. It creates an overview of GHG
emissions, energy resources and fuel conversion. The Flow Model can be run
independently of the Duration Curve Model in a stand-alone mode for simplified
analyses using estimates of full load hours, condense based production of
cogeneration plants and electricity overflow.

The Duration Curve Model: system balancing. It analyses correlations in the
electricity and district heating systems on an hourly basis: uncontrollable vs.
dispatchable electricity, combined heat and power, district heating generation,
storage devices, flexible and inflexible demand, etc. Based on the analyses of the
Duration Curve Model, input is provided to the Flow Model, modifying the initial
overall energy flow and economical calculations, estimated through assumptions
during the stand-alone simulation (without synchronization with the Duration
Curve Model).

In STREAM, transportation is modelled as four independent sectors: passenger,
freight, agriculture and fishery. The current transport work; person km, ton km and
energy consumption in agriculture and fishery; is stated. The demand in the year of
simulation is forecasted by setting values for expected economic growth and specific
intensity factors (i.e. how much transportation work increases when each sector
growths). Once the demand is calculated, transportation sectors are described, so as
to enable their simulation within the energy system. The user defines the allocation of
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transport work by vehicle type (e.g. car, bus, train, plane, bike, etc.), the utilization
degree (or stocking density) and the composition of fuels for transportation means for
passenger and freight transport and agriculture and fishery. Associated costs and
emissions related to fuel production and consumption and vehicle acquisition and
maintenance are accounted. Flexible fuel production and charging of vehicles is
modelled through the Duration Curve spreadsheet.

All datasets used by STREAM are from publicly available sources. Data used in the
model in this paper are Danish technology specific data [1][15][16]. Cost for
expanding power transmission lines to the surrounding countries and the possibility
that the capacity of the lines will be restricted is not taken into account in the
modelling of the Danish energy system.

Previous studies that have been completed using STREAM include a study on
demand projection and cost-efficient potential of GHG and oil consumption
reductions in the Baltic Sea region (including all or part of ten countries in total) [17];
as well as developing scenarios for GHG emissions reduction that can provide a basis
for estimating which technologies should be combined in order to do it in an
economical way [18]; and examining how the EU goals on improved security of
supply and reductions in GHG emissions can be fulfilled efficiently in Denmark [19].

2. Description of the 2050 Scenarios

This paper compares three scenarios for the Danish transport sector in 2050 - a likely
scenario with two alternative ways to achieve the 2050-goal - either with a high
percentage of EV or with a high percentage of Hz use in the transport sector.

The overall framework in the energy as well as in the transport sectors for the likely
scenario for 2050 is a Danish development similar to the carbon neutral scenario
(CNS) in Nordic Energy Technology Perspectives [4]. With respect to transport, this,
as well as the two other scenarios in this paper, is based on the CNS projection of
demand for passenger and freight transport by 2050. These projections are made
based on historical trends for transport work and economic growth as well as
assumptions for future demand, transport work, efficiency improvements and
technology switch.

In our CNS scenario the fuel mix in the transport sector is similar to the CNS scenario
in the Nordic Energy Technology Perspective. For the two other scenarios in this
paper, we change the fuel mix towards respectively electricity and hydrogen.

In 2050 the fuel mix in the CNS scenario (Figure 3) is very diverse compared to the
present fuel mix (Figure 1). 95% of all trains are electrified. Almost 40% of all
passenger transport in cars is done in EV. Ethanol and biodiesel are widely used -
with biodiesel as the main substitute for traditional diesel compared to the present
fuel mix.
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Figure 3: Fuel use in transport sector in the Carbon Neutral Scenario (CNS) 2050.
Measured as fuel consumption
in percent person transportation work (pkm) or percent freight transportation work

(tkm)

In the electricity sector, wind energy will be the major supplier of electricity in 2050
(Table 1). Coal and natural gas is phased out in order to reach a fossil-free electricity
production.

In 2050, it is assumed that domestic electricity production is equal to domestic
demand on a yearly basis, i.e. yearly import equals export. However, daily and
hourly uses of the transmission lines are allowed in the model in order to flatten out
excess or deficit generation.

Table 1: Technology mix in the electricity and heating sectors in the CNS scenario
compared to the present mix.

Eletricity production

District Heat boiler production

2012 CNS 2050 2012 CNS 2050
Coal Plant 57% 0% Coal boiler 1% 0%
Gasturbine 23% 0% Natural gas boiler 47% 0%
Wind, offshore 4.3% 56% |Geothermal 2% 0%
Wind, onshore 18% 27% |Heatpump 0% 21%
Biomass 9% 4% Wood pellet boiler 31% 76%
Biogas 1% 4% QOil boiler 15% 0%
Waste incineration 7% 5% Biogas Boiler 1% 1%
Photo voltaic 0% 2% Municipal waste 3% 3%
Wave power 0% 1% Electric boiler 1% 0%
Biomass incl. CO2-storage 0% 2% Solar heat 1% 0%
Demand coverage 118% 100% |Demand coverage " 100% 100%
Electricity imports -18% 0% Heat import 0% 0%
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In the two alternative scenarios (EV and H») the use of imported biomass is assumed
to be limited. In addition, use of electricity or H> instead of biofuels in the transport
sector imply less heat from biofuel refinery and thereby, a need for further boilers to
district heating. This is reflected in the district heating sector where as much
municipal waste as possible (compared to the domestic resources) is used in order to
minimise import of biomass. Wood pellet based boilers for heat goes from 76% of the
heat production in the CNS scenario to 28% in EV and H: scenarios, and municipal
waste boilers goes from 3% in the CNS to 51% in the EV scenario, i.e. 48% from wood
pellet to municipal waste.

In the EV scenario, electric vehicles (EVs) have become a cornerstone technology in
the transport system which therefore focuses to a greater degree on EV as a measure
to obtain fuel and COz savings in the transport sector. The EV scenario performs a
massive electrification of the transport sectors to keep bioenergy consumption down.

In 2050 the transport sector has become fossil-free and the fuel mix in the EV scenario
(Figure4) is much more homogeneous compared to the CNS scenario (Figure ).
Electricity and biodiesel are the main fuels. Hydrogen is not used in the transport
sector.

100% o
UPGR Biogas
80%
60% Il Biodiesel
a0% m Methanol
20%
# Ethanol
0%
Car Bus Train  Aviation Trucksand Train  Ship goods Air goods = Electricity

and ferriescargo vans goods

Figure 4: Fuel use in the EV scenario 2050. Measured as fuel consumption in
percent
person transportation work (p km) or percent freight transportation work (t km)

In the H> scenario hydrogen is the highway to a fossil free transport sector. This
scenario assumes an early commercial breakthrough for use of hydrogen in the
transport sector.
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Figure 5: Fuel use in the H> scenario in 2050. Measured as fuel consumption in
percent
person transportation work (p km) or percent freight transportation work (t km)

H> has become the main fuel for passenger transport in 2050 - 90% of all cars and 65%
of all buses are using H». The Hz scenario involves in addition to a large share of wind
energy a significant hydrogen production in the energy sector. It is assumed that H»
generation is made via electrolysis which implies an additional demand for electricity
for Hz production.

3. Scenario results

31 CNSto EV

The EV scenario implies a 14% increase in total electricity demand compared to the
CNS scenario in 2050, with 27% of the total electricity demand from the transport
sector.

There is a need for more boilers to district heating since the EV scenario keeps
biofuels consumption down in the transport sector and thereby, supersedes district
heating from bio-refinery compared to the CNS scenario. The heat production from
boilers is increased from 9 to 15 PJ due to less heat production from bio-refinery.
However, use of municipal waste can take a large share of the new boilers (accordant
to the resources in DK).

The larger electricity demand and the wish to keep import of biomass low imply a
larger share of wind energy in the electricity supply. In 2050 wind generates 82% of
the total electricity generation per year in Denmark. This implies relative large
fluctuations in the power production from hour to hour compared to the demand
(Figure 66). The green pattern in Figure 66 presents wind generation. Together with
PV this power generation is the most fluctuating production.
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Figure 6: Power generation and consumption with and without flexible demand in
week 10 in year 2050. Model simulations.

The more flexible the consumption the easier it is for the system to cope with a large
share of fluctuating production and thereby keep cost for backup capacity down. In
other words, the more flexible the charging of the EV is the easier it is to operate a
power supply system with such a high share of wind energy. Figure 6 shows two
cases. In the flexible consumption case, 40% of all EVs are assumed to be flexible in
charging their batteries during the week - all other assumptions been kept constant.
And additional 40% flexibility during night time (23h -6h) each day, i.e. during night
80% of EV can deliver a flexible electricity demand for charging the EVs.

It is seen that when there is a surplus of wind the model increase the demand in the
flexible case. And vice versa in hours with less wind production than electricity
demand, the model decreases the consumption.

In order to keep cost for backup capacity down the model uses the flexible demand to
minimise the thermal capacity (the difference between the demand and the
fluctuating RES-E production - the blue area for each hour in Figure 6). In hours with
a large difference the demand is decreased as much as possible.

Since the charging of EV is more flexible during night hours we see larger demand
peaks during these hours, where consumption has been shifted from daytime to night
time.

Looking at the entire energy system, we find that the overall cost is lower in the EV
scenario than in the CNS scenario (see Figure 7).

207



oo
s

,.'- 72 's“\-?‘.

T

< %EEQ“Q i
—

PER LN

S,

International Conference on Energy, Environment and Climate Change

Total Annual System Cost [mill €]

15,000 \‘ QL Energy
NN

10,000 - < § \\ Cost

5,000 - j §4§: :):mcz:t

Base DK-CNS DK-EV
Total annual system costs for DK-EV
compared to DK-CNS [mill €]

Energy Capital Cost  ORM Cost Fy it ( .l
Saangs

00
8OO

1000

Figure 7: Total annual system costs in 2050 and the difference between the CNS
and the EV scenario (mill €).

These numbers can be segmented sector-wise in order to find the main driver of this.
When looking at the cost of the EV scenario a doubling of capital cost in the transport
sector is found. It is assumed that EVs are around 40 % more costly than traditional
gasoline vehicles when charging stations and rental of batteries are included in the
capital costs. In the electricity sector all costs increase (fuel and capital cost). However
the savings in the transport and refinery sectors are larger, which implies that in total
there is a saving of 607 million € in the EV scenario compared to the CNS scenario.
This corresponds to a 3.1% decrease. This is mainly due to the large saving on fuel
cost in the system.
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More capital cost is needed in the electricity sector due to a larger demand for
electricity. However, less capital cost is needed in refineries. So in total for these two
sectors the capital cost is lower in the EV scenario than in the CNS scenario.
Therefore, the main driver of the total increase in capital cost is from the cost of EV.
The increase in the transport sector is around 5% (267 mio €).

As seen in Figure saved fuel costs is the main reason why the EV scenario is less
expensive to implement than the CNS scenario. The model finds slightly higher fuel
cost for electricity due to more electricity generation. However, the fuels used for
electricity are cheaper than the fuels used for bio-fuels in the transport sector (e.g.
waste compared to energy crops for bio-fuels). In total this implies a large saving in
fuel costs.

3.2 H scenario results

The electricity demand is increased by 63% in the H> compared with the CNS
scenario. The reason is that we have assumed that all H> is produced by electrolysis.
Compared to the EV scenario this is a major increase in the power demand.

H> production via electrolysis is flexible and the production can therefore be used to
out-balance fluctuating electricity generation from a high share of wind energy in the
energy system (Figure 8).

15,000

s Thermal power productan
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o Sclar poraeer prodyction

o Wnd powet proSsction

e Unfechle electricity
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= Electreity tensiemgmnen
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Figure 8: Power generation and consumption with and without flexible demand in
week 10 in year 2050 in H> scenario.

Compared to the EV scenario it is seen that power demand in the H> scenario is much
more flexible than in the EV scenario (Figure 6 compared to Figure ).

H> production via Alkaline electrolysis generates heat that can be used as district
heating - replacing traditional heating plants, heat pumps and in some cases
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combined heat and power plans. Therefore the electricity generation mix is more
affected in the H> scenario than in the EV scenario.

The Ho> scenario is more costly to implement than the EV or CNS scenarios (Figure 9).
The reason is a much higher total capital costs in the system (14% higher than the
CNS scenario). Due to the large amount of required new electricity the capital cost is
very large. Compared to the CNS scenario, the additional capital costs are more than
three times larger for the Hz scenario than for the EV scenario (the right figure in
Figure compared to Figure 9).

Total Annual System Cost [mill €] Total annual system costs for DK-H2
20,000 ‘ ‘ compared to DK-CNS [mill €]
500
. pi
' 1000
§ § ™ Capital
§ § Cost 500
10,000 \ \
N \ \ mO0&M .
§ § \ Cost 0 =
i \ \ Smr;y CapitalCost O&MCost F st €02 Cost
oo ML BT e
% % E mCO2 1000
0 B s W= Cost
Base DK-CNS DK-H2 i

Figure 9: Total annual system costs in 2050 and the difference between the H> and
the CNS scenario (mill €).

Saved fuel costs are 35% larger in the Hz scenario than in the EV scenario compared to
the CNS scenario. The saved fuel costs even, to some extent, out the additional capital
costs of the H» scenario. In total, the total socio-economic cost of the H» scenario is
2.3% more expensive in 2050 than the CNS scenario.

4. Which technological path should the innovation follow? Sensitivity analysis of
cost drivers

Without analyses it is not obvious which technological path towards 2050 the
innovation of EV and H> technologies shall take. Is it most important to decrease the
capital cost? Or is it most important to create flexible technologies? Or to increase the
efficiencies and thereby reduce the fuel consumption? The model studies in this paper
look at it from a socio-economic view point and with sensitivity analyses we are able
to estimate which cost drivers maters the most.
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Sensitivity analyses with respect to flexible technologies where made in Figure 7 and
Figure 8 where it was found that H> production could add more flexibility to the
system than EV charging. So what remains to be analysed is how much cost and
efficiency improvements affect the socio-economic cost of the system. This is
especially important for the H> scenarios as it was estimated to be more expensive
than the CNS scenario and since the H: technology is less mature than the EV
technology. Therefore the estimates for future cost and efficiency of H2 are more
uncertain than for EV.

As shown in Figure 9 the Ha scenario is around 2.3% more expensive to implement in
2050 than the CNS scenario when looking at the total annual system cost. By reducing
the investment costs3 for electrolysers in both scenarios we find out how sensible the
scenario results are for technological development with respect to reduction in costs.
This is illustrated by the red line in Error! Reference source not found.0.

Hydrogen is used in both the CNS and the H> scenarios. However, since the amount
of H» is larger in the H> scenario, the effect of the cost improvement is largest in the
Hb> scenarios compared to the CNS scenario. I.e. the total cost difference between the
two scenarios is decreased with improvements in capital cost for H electrolysers.

2.5%

P R

1. 5 T N s T
Investment cost
improvement

100 N e i i
75% Electricy to H,

0, b e e A C e e ————— ]
0.5% 80% Electricy to H,

0.0 N
Efficiency improvement

Total additional annual cost of H, vs. CNS scenario

90%

-0.5%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Change of parameters from reference (normalised values)

Figure 10 . Impact of technology improvement of Electrolysers in the Total System
Annual Cost
(Efficiency reference = 68% from electricity to H>)

3 The reference investment cost in Hy electrolysers used in the different scenarios for 2050 is 55.7
€/Gl/year.
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The horizontal axis indicates the improvement in the capital cost for H> electrolysers
compared to the red line. At 0% the cost is as in the reference cases as described
above. A 20% decrease in costs of Hz electrolysers yield a decrease to 1.5% additional
total cost for the H> scenario compared to the CNS scenario, etc.

It is seen that the H> scenario remains more expensive than the CNS scenario even
with a very large reduction in the costs of Ha electrolysers. This is mainly due to the
fact that the H> scenario requires a large capital cost to new electricity capacity in
order to cope with the increased electricity demand for H> production compared to
the CNS scenario. In other words, a decrease in the capital costs for H> electrolysers is
not by itself enough to make the Ha scenario less expensive than the CNS scenario.

The blue line in Error! Reference source not found. shows the effect of better
efficiency in the H» production from electricity to Ha. The horizontal axis shows the
normalised improvements in efficiency.* It is seen that efficiency improvements have
a larger effect on the cost difference between the H> and CNS scenarios than the costs
improvement does. It can even become cheaper to implement the Hz scenario than the
CNS scenario if the efficiency is high enough. This is mainly due to the fact that an
improvement in efficiency reduces the power demand for Hz production and thereby
reduces the costs connected with this power production and capacity.

The findings indicate that whether the H> scenario is more costly to implement than
the EV scenario mainly depends on the technological development - especially the
efficiency of the electricity to H> development. It is found that a higher efficiency in
the H> production is more important than a lower level of the capital cost for the H»
production. Therefore, the major driver of a successful Hz scenario is a high efficient
and flexible H> production in 2050. In other words, from a socio-economic view point
the finding in this paper estimates that the technological path in innovation should
have efficiency as its main driver towards 2050.

Of course, if there are innovation resources enough, the optimal path would be to
have a multiple approach with focus at both cost and efficiency improvements in
order to benefit from both cost reductions and to make use of H> vehicles as
competitive as possible.

5. Final remarks

The EV scenario yield to a lower cost than the reference CNS scenario, in spite of
higher investment costs in vehicles. There are some uncertainties also about how the
price of the vehicle might be by 2050, therefore it could even be more profitable if EV
becomes cost competitive (IEA ETP 2012).

With respect to biofuels, energy crops price are the main driver of the cost savings.
Depending on how the prices for biomass evolve in a future, results might lead to

4 In the reference case an efficiency of 68% is assumed in 2050 from electricity to Hy, i.e. additional 32%

improvement is theoretically possible. This is used to normalise the improvement following the horizontal
axis in the figure. The real efficiencies are shown as labels next to the blue line.
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different optimal solutions [3][20]. If worldwide demand for energy crops is very
high, price will be high, and Denmark, might benefit from using a higher share of EV,
rather than relying on biofuels, at least, for light transport.

Both scenarios, EV and H», protect the Danish transport system from dependency on
fuel prices. Denmark, as a small country, will be a price-taker on the international
biomass market. Therefore, fuel price increase might burden the Danish economy.
Higher implementation of Electric Vehicles and Hydrogen allows having self-control
of the cost of energy supply. Promoting innovation to develop cheaper EV and H»
vehicles; as well, as more efficient, flexible and less expensive electrolysers, will help
to build a competitive energy system, less vulnerable to fluctuating market prices.
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