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Abstract

Making it possible to bridge between different sectors thanks to its versatility, hydrogen is a promising

enabler for a multi-sectorial decarbonisation. The remaining question is how feasible it is to substitute the
current carbonized technologies already prevailing in the markets by new low-carbon hydrogen systems
that can be more expensive today and by which timeframe hydrogen can reach the required
competitiveness.

The market entry feasibility in the transport and natural gas sectors is assessed for USA, Europe, Japan, an
China, and for different timeframes (up to 2040). According to the results, the most promising market in
the four regions is hydrogen for mobility. This market even presents a potential room for taxation in the
medium term. In contrast, blending with natural gas struggles to reach competitiveness. Both industrial and
political efforts are required in the two markets in order to lower the costs and prepare a suitable market
penetration environment.
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I- Introduction

1. Context

In order to mitigate climate change and fall in line with the decarbonisation targets expected worldwide,
most energy mixes must undergo transformations with country-specific energy transition pathways. The
universal Paris agreement, signed in December 2015, fixed a long-term goal of keeping the increase in
global average temperatupelow 2°C above pre-industrial levelad pursuing efforts to limit it to 1.5°C

[1]. This implies that, for each country, specific measures must be considered in order to reduce greenhouse
gas (GHG) emissions. The challenge remains on identifying the optimal ways to reduce these emissions,
while preserving growth, competitiveness and security of supply.

Nowadays, the energy sector is responsible for 32.2 Gt of globaé@(3sions, with a high share caused
by the power sector (42%). Electric power is a core issue: significant decarbonisation of the energy system
will be driven by both enhancing the role of electricity and decarbonizing the power sector.
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This second driver has led to the wide spread néwable energies. However, their integration i t
power system may trigger some challenges. In faey; engender higher risk of power system imbalgnce
thus jeopardizing the grid stability. This situatics a new challenge for system operators which are
responsible for maintaining the balance of thetgkesystem by procuring reserve power and by degali
with the system imbalances in real time.

Besides, in order to reach the 2° or further, tfe goal, thinking beyond the electric system iguieed.

Other sectors like transport which accounts forlge22.7% of total energy-related G@missions [1] will

need to be considered in the decarbonisation giraieransportation is challenging, being so farhhjig
dependent on fossil fuel combustion engines. Thefaan Union (EU) has set ¢G@duction targets for
transport activity aiming to reach a 95g/km cap by 2020. These targets are more demanbdamgthe

ones expected in the United States (US), Chinalapdn (121, 117 and 105.gkm respectively) [2].

In order to preserve the security of supply whdducing carbon emissions, rethinking the way thergan
system is managed may be crucial. Coupling the peystem with other energy sectors (via power-tathe
and power-to-mobility for example, either directliyth electricity, or synthetic gas as final energpuld

be a promising solution to contribute to both flekiy provision (hence easing the penetration of
renewable energies) and a multi-sectorial decasdion at the same time [3]-[5].

In this perspective, hydrogen systems can be kaflers to promote promising synergies between secto
Provided that hydrogen gHis produced via low-carbon technologies suchlaestm®lysis coupled with a
decarbonized power mix, it offers a new approactetability provision, and makes it possible tali the
different energy sectors together, thanks to thdrdgen versatility [6]. The produced hydrogen can b
used for both chemical purposes and energy apiplicat

In 2015, the global hydrogen production reached Gakt year [7], 96% of which were produced from
fossil sources [8], through natural or refinery gaforming (48%), chemical processing (30%) or coal
gasification (18%). Only about 4% of the global rogkn production came from electrolysis [9].

Three main types of electrolysers have been deedlojphe most commercialized one is the alkaline
technology which is mature. Proton exchange mensbrd®EM) is in its early commercial phase
(especially for high-capacity electrolysers) bt ltigh flexibility and simple design makes it th@an
adapted for grid services, being able to withsteanibble loads. Last but not least, high-tempeeatieam
electrolysis (SOEC) is still under research andetyment [9], [10]. Its process offers interesting
perspectives through reversible operation, andlectrelysis of water and carbon dioxide to generate
syngas. In addition to intentionally produced hypo, large volumes of by-product hydrogen are
generated from a variety of production processase Of the most important sources of by-product
hydrogen is catalytic reforming processes in refase This hydrogen is typically recovered and used
captively in other refinery operations [3], [7].

Today, hydrogen is mainly used as a chemical prodith 80% of its global consumption attributed to
refineries and ammonia production [3]. Industrisésiare expected to grow. Indeed, beyond the ¢wrsen
for nitrogen fertilisers production and refiningigities, hydrogen or hydrogen-rich chemicals canulsed

as process agents (e.g. for low-carbon emissiesnsaking) [11]. In addition, hydrogen may alsaused

to decarbonize industry fuel needs, as well astheroend-use sectors such as buildings and transpor
Thus, in the future, an increasing use of hydrog®an energy carrier is expected [12], [13]. Spdaly
small amounts of hydrogen are used in energy agits. Hydrogen can be injected into natural gas
networks, or used for transport, heating or pow@p$/ purposes.



Hydrogen can thus contribute to decarbonize a tyaoiEsectors, including the most challenging oliles
transport, but how far is from being able to pemtetthese markets?

The development of these diverse markets will Bated to the regional contexts, namely the energy-
related policies that may ensure or hinder theelalgployment. A multi-regional assessment of hyeinog
market penetration feasibility is conducted in tpaper in view of the latest announced policies and
targets. The considered regions are the Unite@$t&urope, China and Japan, presenting differegg
contexts and allowing challenging hydrogen undéfedint circumstances. The evaluated markets & thi
paper are the mobility sector via fuel cell electrehicles (FCEV, for passenger light duty vehickesd

the direct injection of hydrogen into natural gasworks.

Studies tackling a multi-regional future potent@l hydrogen, taking into account more than onerbgen
application are scarce in the literature. The fewltianegional publications addressing this issu@] [114],

[15] generally consider either a normative scenanth stringent CQ emission constraints and strong
policy or industry incentives for hydrogen deployrer an evaluation of (only) the hydrogen prospect
costs without comparing them to the targets thatilshbe reached in order to penetrate the market.

The aim of this paper is to propose a differentrapph characterizing the market penetration felggibi
based on an assessment of both the hydrogen bostgh different pathways and the market entryscost
The economic assessment is conducted in the caoftéhxe latest governmental announcements and gnerg
policies, in order to evaluate whether the curngolicies are sufficient or not to trigger the hygieo
development.

The first part of the study is a prospective analgarried out to identify the future market entnsts for
the two applications. This market entry cost repnés the benchmark that should not be exceedeiér o
to reach competitiveness with other reference aptiand is then based on the competitor cost. In the
second part of the paper, the current and prosebtidrogen costs (starting from production andragld
up other cost components to the pump, consideriffigrent pathways) are evaluated and comparedeo th
target costs, in order to assess the market péoetreeasibility based on the gap between the two
evaluated costs. The larger the gap is, the h#ndenarket penetration will be.

2. Objective of the study

As mentioned in the introduction, the aim of thaper is to examine whether the current and near-ter
energy policy environment is suitable for hydrogeemetration, to assess the deployment feasibifity o
hydrogen in the considered markets. To do so, thaamic penetration feasibility of hydrogen systems
into the new markets is evaluated considering aibest governmental energy policies and orientations
four different regions of the world: the United & (USA), Europe (EU), Japan and China. For e&ch o
these regions, the hydrogen integration feasibifitassessed for different timeframes up to 2040s T
variety of geographies and target dates impacteniegy prices considered in the calculations. flihee
electricity, oil, natural gas and carbon prices exegenous parameters in this study. They are thkem

the World Energy Outlook (WEQO) accordingly with tNew Policies Scenario [1]. These values are hence
in harmony with the Governments’ views on theirufiet energy systems. They take into account the
policies already communicated (but not necessatrityin place) that will shape the future energyteys

in each of the regions considered in this studyiddein other terms, the approach of this papesistnin
evaluating the consequences of the governmentgétiarand pledges on the penetration feasibility of
hydrogen into the energy system.

The energy and carbon prices adopted in this paegpresented in Table 1.



Table 1: Energy prices according to the New Polici&eScenario [1]

New Policies Scenaric
2015 2030 2040
Qil prices - $/boe
World 51 111 124
Gas prices - $/boe
USA 15 31 4Q
EU 41 60 67
Japan 60 69 72
China 56 67 70
CO2 prices - $/tCO2
USA - - -
EU - 37 50
Japan - - -
China - 23 35

Generally, according to the latest energy strasegiel pledges, the overall prices are expectedoiw gy
2040. A sensitivity analysis is conducted in ortteinvestigate other scenarios for the carbon pE&®
ppm scenario carbon prices), since some of themeghat are considered in this study do not shewvag
explicit carbon pricing scheme. The evolution of thil and gas prices may be subject of discussion.
Indeed, the so called “Green Paradox” predicts $hatching to a greener energy system will resulai
drastic reduction in oil and gas consumption follugvthe GHG mitigation targets. The latter can lead
drop in oil and gas prices due to the low demaifiohdgbelow the supply potentials [16].

The energy-related markets that are considerethinstudy are: 1) mobility applications via fuelllce
vehicles for the passenger light duty sector 2) dinect injection of hydrogen into natural gas native
(methanation is not considered due to its highscostmpared to the direct injection of hydrogen ithte
grid [17]).

The energy-related markets represent new markethyfdrogen, hence the interest of investigating the
feasibility of entry into these markets. The alieadisting ones (the industrial/chemical applicasiof
hydrogen) are not included. Previous work tackheglftiture market size potential of these marketseds

as their contribution in decarbonizing the indadtsector [13]. Besides, in these markets, hydragen
already present but mainly produced via SMR. Tlheeefthe competition will rather be between the
carbonised and the low carbon hydrogen producttonecent study in the literaturidl] evaluated the
potential of green hydrogen in the industrial secithe outcomes of this study show that hydrogen
production via electrolysis could compete with 8/dR method in regions where renewable sources (for
electricity production) are abundant. In such ragjohydrogen production cost via electrolysis can b
lower than 2$/kg of kwhich is the result of a combination of a decregisgnewable cost and a profitable
load factor.

In order to assess the competitiveness of hydrogeach of the considered market segments, twerdifit
approaches are coupled. A top-down approach casside evaluation of the market entry cost depandin
on the competing technology. This view is completéth a bottom-up approach evaluating the existent
and expected future costs of hydrogen througheigupply chain. To do so, the hydrogen productast ¢
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is evaluated for different production technologiesl for different scenarios of electricity pricexidoad
factors. Then, depending on whether centralizedegentralized the production systems are, the etgliv
costs are added in order to obtain the hydrogehatafie pump/end-use. The gap between this hydroge
cost and the targeted cost is then assessed intordaantify the industrial efforts that need ®done in
order to lower the hydrogen costs throughout thelevBupply chain. This gap is also an evaluatiothef
need for governmental incentives or subsidies #rat required to ease the first stage penetration of
hydrogen technologies into the markets. The evautif this gap over the years also gives an idethen
timeframe of the competitiveness achievement.

The specific assumptions regarding the market estsgs in each of the mentioned market segments, as
well as the hydrogen production and delivery ccats,detailed below.

- Top-down approach

In this section the general methodology of the papexplained as well as the assumptions considere
order to conduct the study for the different madegments.

1. Top-down approach: Evaluation of market penetratimsts methodology

In order to penetrate the different markets, hydrogvill have to compete with the historically
preponderant technologies already prevailing on mharket. Hence, the penetration feasibility is
represented in this study by the target cost thatilsl not be exceeded in order to be able to caenpéh
the other options on the market. The aim behind thp-down logic is to evaluate the capability of
hydrogen systems to provide same services for libat anvith similar or lower costs in the future. i$h
approach was also used in the past back in théiesnghere natural gas wells were discovered imtréh

of Europe (in Groningen specifically). At that timEéxxon knew that in order to sell gas to Germany,
France, Belgium, and eventually even to Italy tleeady had a local gas production, the naturahgast
be priced to sell in competition with and by refeze to the alternative fuels already present imtheket.
This approach was referred to as the “Market Valmethod [18], which was used to set long term ratur
gas contracts, linking the gas price with the ai ¢19], [20].

Similarly, the hydrogen market entry costs alsoetepon the competitors which vary from one market
segment to another and from one region to anotherell. The competitor definition is detailed irethext
subsections for the considered market segments.

In order to evaluate the role of environmental @e8, the impact of the GQ@rice on the market entry cost,
and consequently, on the hydrogen penetrationliiaisiis assessed in section V-, by using theboar
prices from the 450 ppm scenario as a variant. flieg to the International Energy Agency (IEA), radit
of the regions around the world will be able tcabBsh the carbon market pricing nationally. In th8A
for example only regional carbon prices may arilse in California for example but no federal targets
been announced so far [21]. The carbon pricingillsas ambiguous issue in Japan. Hence, in thérakn
case, future carbon prices are considered onligfioope and China [1].

Table 2 displays the GQemissions related to the combustion of the hydrogempeting fuels. These
values are considered in the calculation of thbaratax included when assessing the market ensitg.co



Table 2: Combustion CG emissions by fuel

Oco2/MJ
Diesel[22] 66.6
Gasoline [22] 58.3
NG [23] 50.3

The next sections detail the assumptions behindtahget costs calculation for each of the market
segments.

1.1. Mobility markets

Regarding mobility applications, hydrogen is coesédl in this study as a direct fuel via fuel cehicles.
Few studies in the literature tackled the competitess of hydrogen as a feedstock product for aeebn
biofuels; it seems that hydrogen still has a longywo go to be able to enter this market segment
economically speaking [24], despite the fact thathnically, advanced biofuels do not require major
modifications in the car engine [3]. Besides, tbgulatory framework for identifying hydrogen-bagadls

as advanced fuels is not sufficiently defined, mgkit difficult today to characterize the hydrogenbe
produced for these fuels [25]. This market segrgetiten not included in the study.

In order to assess market entry costs for mohilig as a direct fuel in FCEV, only particular lightty
vehicles are considered. Today, road transporesemts more than 70% of the global transport energy
consumption, of which 71% is PLDV-related [26], [2Aowever, other transport segments such as trains
and maritime transport may emerge in the short,tdrimen by environmental standards [28]-[30].

The reference alternative to FCEV is the use ofifdaels in internal combustion engine (ICE) véasc
The most used fossil fuel is considered the fishpetitor. Gasoline is the major fuel in almosttak
regions except for Europe, where diesel is rather first fossil competitor [31]. Note that the rete
controversies about the diesel use in Europe megrbe a game changer [32]. Lately, several citiessac
Europe have also decided to ban the circulatiodiegel vehicles [32]. This decision was initiatgdthe
German Court enabling the cities in Germany to them most heavily polluting diesel cars from their
streets. Stuttgart, Dusseldorf and Hamburg werdintsteones to respond to this call. Paris and @bpgen
are also planning to join this decision [32].

For long term competitiveness assessment, hydregaicles will also compete with electric vehicles
(EV), which are expected to largely expand in tearg to come. This competition may take place soone
than expected. Comparing FCEV to EV is beyond ttape of this study. A proper comparison would
require a detailed competitiveness assessment lmagsadt only the fuel cost but also the infrastnoet
cost. A recent study compared the investment amnsorgtfuired for both types of mobility in Germany,
according to the number of vehicles. Higher coetshiydrogen at small penetration rates are amaltize
when the fleet develops [33]. Furthermore, one @a@ugue that FCEV are electric vehicles and thd&WC
and EV should not be opposed. On the contrary, rgigse can be found, either technically with the
implementation of range extenders [26], [27], anirthe market standpoint by positioning the most
appropriate technology on each market segmentathvantributing to decarbonize the transport secto
[14].

The market entry cost of hydrogen in this studyassessed based on the cost to travel one km. For
hydrogen as a fuel, in order to enter this markgtreent, its selling price must be at the most etjuttie
oil product price that a consumer pays at a refgetitation to cover the same distance. In orddreto
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competitive with the other fuels, hydrogen mustvide the same service for the same price or lelsis. T
criterion is important to the consumer preferen24].[ The total cost of ownership (TCO) is also an
important factor to take into consideration in artteassess in more details the competitivenesdsfefent
mobility options [26], [27], [34]-[36]. The evaluah of the TCO of hydrogen vehicles compared to the
main competitors will be the aim of future workserd, we consider as it is projected by [2], thatphice

of the FCEV compares to the ICE one by approxingé28P5 as a timeframe.

In accordance with the durability criteria definbgt the European Union, hydrogen fuel should be
competitive in the long term, without subsidiesthwalternative fuels [24], [37]. All fuels were thu
considered to be subjected to the same amountxek taxcept for the “TDCPP” (Tax on Domestic
Consumption of Petroleum Products) which represtrggdax on the petroleum products. The amount of
this tax depends on the nature of the product (geser diesel for example), but also the type of
consumption (use as fuel or for heating). In Fraricdas integrated a carbon component since 2014
indexed on a carbon reference price [38], [39prer to assess the impact of higher carbon pandsis
tax, a specific carbon tax is included in the pagediscussed in section 11-2.3.

The TDCPP tax is then not considered when assumietean hydrogen production as in this paper.
However, this can be challenged by future policisisice the revenues of this tax are used to fimdocal
authorities and the projects involving energy titams targets and transport infrastructure deploytja9].

The equation below defines the costs to travelkilneneter using gasoline or diesel.

Oil price (%) + Refining and distribution costs (%) + TDCPP (%)

l

Energy to travel 1 km (W)

Travel cost (E) = * (1 4+ VAT (%))

The oil prices are detailed irable 1, they evolve according to the New Policies scenag to 2040 [1].
Refining and distribution costs are assumed toHhee dame in the four regions and for the different
timeframes considered in this study (see Tabl&8yarding the TDCPP, it varies depending on thneg
Table 3 shows the tax amount by region. The tatheradded value (VAT) is then considered to asess
final cost [40]-[43].

Table 3: Fuel cost assumptions [$/1] (adapted frome4], [44], [45))

Gasoline Diesel
Refining cost 0,12 0,16 $/litre
Distribution cost 0,10 0,11 $/litre
Fuel Tax - US 0,13 0,14 $o01dlitre
EU 0.83 059 %Gl)dlltre (French Tax ~ mean in
Japan 0,71 0,43 $ooidlitre
China 0,17 0,13 $o0i1dlitre

For fossil-fueled engines, a consumption of 7.90Km and 6.3 1/100km are considered for gasoliree an
diesel vehicles respectivelg], [46], [47]. These values correspond to real-world fuel comgiom on the



road. Progress in motorization performance is #d@n into account. Energy efficiency is assumed to
reach 18% in 2030 and remain constant until 20¢6éréame from [2], [47]-[49]).

Once the travel cost is assessed, the targeteddmsmiicost at the pump (market entry cost) is eveduat
represents the ratio of the cost to travel one rthb hydrogen consumption (amount of hydrogen eged
to travel the same distance).

$ ) Travel cost (%)

Hydrogen target cost at the pump <—

kg kg

Hydrogen consumption by km (m)

The hydrogen consumption is detailed in the tal@imw assuming efficiency evolution by 2030 to the
theoretical consumption value announced for theiMitodel[50].

Table 4: Hydrogen consumption per km

H2 consumption (kg/km) Current 2030 2040
0.008 0.0076 0.007

Based on the hydrogen target cost at the pumpsdbmentation of the supply chain is conducted deior
to evaluate a targeted hydrogen production costettion IV-, the top-down approach is confrontdthw
the bottom-up approach in order to evaluate thetpation feasibility of hydrogen into this market.

1.2. Natural gas markets

The hydrogen penetration potential into the natges market is based on the cost of the thermagne
consumed, in $/MWh. Indeed, to be competitive, bgén mixture should provide the same energy for the
same price (or less) as natural gas. A mixture084,J, hydrogen and 90%vol. natural gas is considered.
According to the literature, this composition doest require major modifications of the existing
installations and equipments currently functionamgnatural gags1], [52]. Natural gas prices are detailed
in Table 1.

2. Results

As detailed in the methodology section, marketyeotsts are assessed according to the competigbrrco
the market. The higher the cost is, the easieillibe to reach, and hence be able to penetratmtr&et.
Firstly, results are given without considering @arliaxation. Then, the impact of environmental pe$
will be analysed through the consideration of peasipe CQ prices.

The results are detailed for each of the consideradket segments in the following sections.

2.1.Mobility market segment



In order to be cost competitive, hydrogen will hawerovide the same service (here mobility) faneaor
better costs. Hence, competing with diesel andlmesdhe cost to travel one km with hydrogen shaatl
maximum be equal to the travel cost using the coimgpéuels. In Figure 1, the maximum allowed cdsts
travel one kilometre are displayed. Since Euroglesonly region where diesel is the first prevajlfuel,

it has different cost values than the other regiaere gasoline is adopted as a first used fuel for
transportation. However, diesel dominance in theopean mobility sector is expected to decreaséen t
years to come.

0,12
0,1 -
0,08 -
€ 0,06 -
£
~
v
0,04
0,02
0 - ]
2015 2030 2040
B US ™ Europe Japan M China

Figure 1: Cost to travel one km using diesel (Eurog@) and gasoline (the rest of the regions)

Maximum allowed values for travel cost by km arevéo in Europe, hence reflecting a harder
competitiveness in this region. This is due todghergy efficiency of diesel compared to gasolindefms

of energy consumption, diesel cars consume leggetiegan the gasoline ones to travel the samerdista
which means that less fuel is burnt so lower cudlisoccur. In the US, China and Japan gasolinthés
most common fuel used for transportation. Consetydnel consumption is considered to be the same
these regions. However, beyond the type of theifself, other factors may impact the fuel consuomt
like the size of the car, the driving patterns (egeed, driver behaviour), the average numbeeople by
car and the driving conditions in general (statehef roads, weather, etc.) [27]. These factors wzay
from one region to another. For example, Americars dend to have bigger engines than the average
vehicles. Hence, even with the same fuel, we cae déferent travel cost values for each region.tdke
into account these differences, social aspectsighmi included in the calculation which is beyohe t
scope of this paper. In this study, it is rather tdix amounts varying from one region to anothet ithhpact
the fuel cost. Japan presents the highest taxdeeghpared to the other considered regions. Tadel to
much higher fuel costs by km easing the competitigs in this region. Europe presents the secofstig
tax rates (Table 3), nevertheless the energy efftyi of diesel outweighs the tax effect on thedraost.

The slight increase of the travel costs betweerb201d 2040 is mainly related to the increase ofaihe
prices in the scenario as showTable 1.



Based on these fuel costs by km, the market emsyscare evaluated for the different regions. Egar
shows the target costs of hydrogen at the pumpsélwests should not be exceeded in order to keep
hydrogen in the competitiveness area.

18

16 -

14

mUsS

M Europe

$/ kg H2
)

Japan

)]

m China

H

N

2015 2030 2040

Figure 2: Hydrogen target costs at the pump in thenobility market segment by region

Values for 2040 show that hydrogen can be soldha@tpump at a price varying between approximately
9%/kg4» and 16%$/kg, depending on the region. This price representshifeshold of hydrogen total cost at
the pump including the taxes.

The decrease of hydrogen costs at the pump wilemgpn the deployment and penetration rate of
hydrogen technologies. In the years to come, timepetitiveness gets easier according to the resthis.
market entry cost increases, meaning that hydrogaerbe sold at higher prices. This increase imtaeket
entry cost is related to both the increase of oitgs and the decrease of hydrogen consumption by
kilometre assumed in the scenario. Together, tfaeters overcome the improvement of the fuel efficiy

of the thermal internal engines assumed in thesste(section 1.1).

2.2.Natural gas market segment:

In this section, the competitiveness with natues gsage is assessed on an energy basis, meaatinig th
order to be competitive, hydrogen must provideghme service (in terms of energy content in thiga
for the same or lower costs.

Results show that, despite the high potential imseof market size that was identified in previeusk
[13], the hydrogen market penetration costs forrtheural gas market segment turn out to be hawler t
reach compared to the mobility case (Figure 2)ufeédd summarizes the results for the differentaegi
considered in the study.
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Figure 3: Natural Gas blending market penetration osts by region and timeframe

Overall, market penetration costs are slightlyeasing in all of the regions when moving from thersto

the mid, and to long term. The difference betwe@b52and 2040 values varies between 0.2 and 0.5 $/kg
which is quite low. In the USA, competitiveneshad to achieve. The exploitation of shale gastded
sharp decrease of natural gas prices, hence begdraia to compete with. Japan represents the Highes
market penetration cost followed by China. Howetke, most promising region for hydrogen injection
into gas networks is Europe which combines a coatpealy high gas price [1] and the most developasl g
networks (2,030,058 kif53]), easing the hydrogen penetration into this maskegment. Germany is how
leading the European R&D activity51]. This interest for power-to-gas is directly linked its
decarbonisation targets set in the Energiewendeaatie higher shares of renewable electricity potidn

that are expected in the years to come and thabtioecessarily match the evolution of the demaihe.
localization of the electric demand which is ofteituated far from the production centres is also
problematic requiring energy routing solutions. Elehydrogen is needed as an energy cdfigr

Nonetheless, the potential of this market segmigttiyrdepends on the governmental incentives tht w
ease the market penetration, not only financially ly also fixing the allowed volume proportions of
hydrogen to be injected in order to trigger itselepment.

In the next section, the environmental policiesev&uated through the G@rice impact on the results.

2.3.Impact of environmental policies (carbon pricing)

Environmental policies are crucial in order to etisedevelopment of new “clean” technologies. Time a
of this section is to evaluate whether ggicing as a supporting scheme is sufficient isheorto trigger the
different market segments.

As detailed in section |- paragraph 2, we use #mban price assumptions from the IEA New Policies
scenario which takes into account the latest natipolicies and pledges (a variant will be studied
section V-, following the 450ppm scenario). OnlurBpe and China have set Cfice targets for the
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years to come [1]. In the USA, there is no fedeesibon price. However, several States, mainly Gatié,
do have a carbon trading system with a curreni @@e of 15%40,[54]. Data for Japan is lacking. A
current price of 3%/t C&in mentioned irj54] but no future targets have been set so far fdrorapricing.

In Figure 4, the CQtax impact on the market penetration costs isgmtes for the mobility market
segment considering the two different competitdiegel and gasoline).

Target costs at the pump : Target costs at the pump :
competitiveness with Diesel in Europe competitiveness with Gasoline in China
16 = 16
14 14
12 12
o 10 + 10
P 8- ¥ s
@ 6 & 6
4 4 -
2 2 -
0 - 0
2015 2030 2040 2015 2030 2040
B Without CO2 taxation % With CO2 taxation B Without CO2 taxation % With CO2 taxation

Figure 4: Target Costs at the pump considering carnbn taxation

As shown in the figure and as expected, considexi@g} price penalizes the fossil fuels. Target costs are
likely to increase by approximately 10% in Europe &% in China by 2040 if CQaxation is considered.
This will ease the competitiveness since it allbwdrogen to be sold at higher prices at the pumpther
terms, carbon taxation eases reaching the breaktbueshold.

The injection into natural gas networks is likely be harder to achieve, even if carbon taxation is
implemented (at the expected levels). Figure 5 shthe impact of carbon taxation on the natural gas
market entry cost.

NG market entry cost in Europe NG market entry costin China
1,8 1,8
1,6 ; 16
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< < 08
o 08 > 0

0,6 0,6

0,4 0,4

0,2 0,2
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Figure 5: Natural Gas blending market penetration osts considering CQ taxation
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The carbon price consideration by 2040 increasesndrket entry cost by around 23% in Europe and 14%
in China. However, this increase is not sufficiant the target cost values remain very low.

Introducing a carbon price eases the penetratiomyolfogen technologies into the different market
segments that are considered. However, it may eaufficient. While the mobility have higher market
entry costs, the injection into natural gas netwaskems to present some challenges although itabas,
detailed in previous work [13], the highest £@itigation potential compared to any of its othearket
segments (both industrial and energy related). pbiential is 60% higher when considering the inhmdic
methane leakages [13] that are avoided by hydrbgemding and that have much higher global warming
potential than the carbon dioxide5], [56]. Accordingly, since the injection of low-carbondnggen into
the grid allows decreasing the carbon footprinhatural gas, it should be eligible for a feed-inftar a
premium supporting its market penetration, durihg transition phase. Further potential governmental
support schemes are discussed in section V-.

In order to be able to conclude regarding the Eelitgi of market penetration, the market entry sosill

be compared to the actual costs of hydrogen ddtailthe next section.

- Bottom-up approach: Evaluation of hydrogen currentcosts

1. Methodology

The bottom-up approach consists in assessing ttebggn current and expected future costs throughout
the supply chain. The final total cost is then caneg with the targeted one previously establiskedtion
II-), in order to evaluate the market penetratieasibility.

1.1.Production cost evaluation

The production costs are evaluated in the differegtons for 2030 and 2040 considering two elegsisl
options: PEM and alkaline technologies. To do ke, levelised cost of hydrogen (LCOH) is assessed
according to the following equation.

n C+Cpr+Cy+Cg
=0 (1+7r)t
PHz

n ——

=0 (T + 1)t

LCOH =

C: investment cost, { replacement cost, & maintenance cost, ¢ electricity consumption cost,,
Hydrogen production, r: discount rate, n: projeifetime

For the calculation of the LCOH ($/kg), a durat{oi of 30 years is adopted for the project lifetimigva
discount rater() of 8%.

C, andCk correspond respectively to the investment andaogphent costs, assuming that the replacement
occurs in the middle of the project lifetime. Thwéstment costs depend on the type of the elestsoly
The adopted costs for the electrolysers are displaly Table 5.
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Table 5: Electrolyser costs for PEM and Alkaline tehnologies (adapted from{10], [57]-[59)

$/kWe 2015 2030 2040
Alkaline 867 615 447
PEM 1749 750 459

A drop in the cost of the production technologgxpected in the years to coii3®], [57]. The data for the
alkaline technology correspond to the investmeist essumptions made in the ETP (Energy Technology
Perspectives [31]) hydrogen supply-side analy5#. The cost of the PEM technology is assumed to
converge with the alkaline one by 2048].

Regarding the maintenance cosIg), they are assumed to be 2% of the total investimest per year and
remain constant during the project period.

As for the electricity consumption cosiSg], a value of 50 kWh/kg H[3] is adopted in the calculation.
The electricity prices are displayed in Table 6eylecorrespond to the industrial sector prices ef A
scenarios, consistent with the energy prices censttlelsewhere [1].

Table 6: Electricity prices (including taxes) adoped in the calculation of the H2 production cost [1]

$/MWh 2015 2030 2040
USA 70 74 77
EU 132 150 150
Japan 161 140 130
China 125 146 145

The electricity price is mainly affected by the Wdsale price. The latter highly depends on the fost
and the electricity mix in general. Hence, the kEectricity prices in the United States can be aixygld by
the fact that most of the electricity is generdtedugh coal, natural gas and nuclg]. Coal and natural
gas, being locally produced, are very cheap inlBewhile nuclear, as capital intensive as it igspnts
very low operational costs. Coupling these differfactors with low tax levels compared to the other
regions [1], the US exhibits the lowest electrigitjce in this study. On the other hand, Europeggfies to
decrease its electricity price, being driven by plexiges in terms of renewable energy investmerdstze
simultaneous phase-out of the conventional theqmoaler production61]. However, several countries
within Europe are an exception and do not haves#imee electricity values, like France for exampléctvh
benefits from much lower electricity pricég2], [63] due to its high share of low cost nuclear power
generation. The prices in China are expected ® bis 2040 according to [1], as carbon prices become
more widespread. As for Japan, the high electrimityes are related to the phase-out of nucleagrgéion
after the Fukushima accident (but there is an tigaro restart a portion of its nuclear fleet) @hd switch

to natural gas power plants with high natural gagart costg1], [64].

Thus, the electrolysis plant is assumed to be &ghplith power at a given price (which does notyonl
include the power production cost but all the dastors, including taxation), whatever the loadfieo
However, other strategies could be considered, lyalmetaking advantage of low power prices on the
market, and avoiding peak ones. Also, as previoomptioned, some specific contexts, more favourable
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could be identified. A sensitivity analysis is theanducted in order to investigate the impact @& th
electricity price on the final production cost gfdnogen.

Based on the previous assumptions, the hydrogeduption cost is assessed for different load fadtuas
have a specific impact on the depreciation of tleetelyzer. In order to give orders of magnituttes
current costs of hydrogen production via SMR arevigled being the benchmark process, assuming a
natural gas price of 35.7 $/MWh and considering tese studies: with and without carbon taxation
(100%/t CQ). Two scenarios are then compared (centralizedd@eentralized production) impacting the
costs of the transport and distribution infrastuoetin the calculation.

1.2.Delivery cost evaluation

The hydrogen infrastructure costs are exogenousnpaers in this study. The delivery cost evaluation
requires a geographically detailed model for eathhe considered regions. Values for the transport,
storage, distribution and refuelling costs are akem [3], [65]. These values are provided by the JRC-
EU-TIMES modelling framework and the Schlumberg®&CSEnergy Institute which present the most
detailed hydrogen cost data found in the literatlitee selected values are detailed in the secbetmv
(Figure 6, Tablg and Table 8).

* Mobility markets

The delivery steps considered in the mobility madegment consist in the compression of hydroden, i
transport and distribution via the different patgwaletailed in the previous paragraph, and fintily
refueling to the station (gas to gas).

Three pathways are considered for hydrogen tratetpmr and distribution:

- Transport in gaseous state at 180 bar via tuberttaicks,
- Transport in liquid form in cryogenic tanks,
- And transport via pipelines.

In order to compare the three pathways on the dzamis, the travelled distance and the total hydroge
throughput chosen in this study are the same fothtee options (50 km and 1M¥\Mthroughput). Varying
these parameters changes the order of the pathwagsms of costs. Figure 6 shows the impact of the
transport distance (50 km and 200 km) and the mairdhroughput (1 MW and 50 MW) on the pathway
cost.
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Figure 6: Hydrogen transport pathways comparison (dapted from [3])

The gaseous transport pathway via tube trailetesdscheapest option regardless of the travelle@mtis
when 1 MW throughput capacity is considered. Howetrgs option completely disappears from the graph
(the cost becomes extremely high) when it comdsgio throughput capacity transportation. This ie t
the low transport capacity by truck especially edesng the poor energy density by volume of gaseou
hydrogen which leads to a need for multiple trucksnultiple travels to transport the same quaragyhe
other pathways. The transport distance have littjgact on the liquid hydrogen pathway, yet withhsg
hydrogen throughput, the costs can be divided by &pproximately (drop from around 8%/kdo around
2.3%/kgy;) when going from 1MW to 50 MW. As for the pipelirgption, as shown in Figure 6, this
pathway is clearly not the most economical optionléw throughput capacities especially if longveh
distances are required. This is due to the higiainnvestment cost that requires high throughputrder

to have profitable payback time. When consideriOiy®/ of throughput capacity, the pipeline transport
cost drops from 53%/kg to 0.8$/kg, making it the most economically attractive option.

The refueling costs are assumed to be the sanlieahthe regions as presented in Table 7.

Table 7: Hydrogen refueling costs for the mobilitymarket segment $/kgH2 (data adapted fronj65])

2015 2030 2040
1.52 1.24 1.01

Data is available only up to the 2030 timeframeaydeea continuity in the trend is assumed to geadha
cost values for 2040. A sensitivity analysis isriea out to test the impact of the scenario ch@iceéerms
of delivery pathway and cost) on the final results.

* Injection into natural gas network
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The injection into natural gas networks includes,upstream stages, the compression of hydrogen, the
storage in centralized underground caverns, tmsitngssion via pipelines and the blending into tariral
gas network. The associated costs are display€&dlite 8.

Table 8: Hydrogen delivery costs for the natural ga market segment $/kgH2 (data adapted fromnss])

2015 2030 2040
0.19 0.17 0.15

As in the mobility market segment, the deliveryteder 2040 are based on a continuity of the trend.

2. Results:

As detailed in section IlI- paragraph 1, the botimpnapproach aims at assessing the different costs
throughout the hydrogen supply chain or pathwaytaiphe refuelling station or the injection into the
natural gas network step. The final cost is themmared to the market entry cost in order to evaltia
feasibility of market penetration.

In the next subsections, the hydrogen producti@ehdehivery costs are appraised for different patsva

2.1. Production costs

This section is dedicated to the evaluation of llgdrogen production cost. This cost varies from one
region to another depending on the specific confteste specifically, the electricity price). In shpaper,

the hydrogen production technologies that are dened are the SMR with CCS and the alkaline and PEM
electrolysers. Nevertheless, there are other aptimn hydrogen production (high-temperature steam
electrolysis, photoelectrolysis, etc.). These ami@re not mature enough or still under research an
development and further work is required to lower tosts, enhance the efficiency or improve tletitife

of the corresponding materials [3], [66]-[68].

A general assessment of the hydrogen productionvé®lectrolysis is conducted in order to evatudie
impact of the different cost components on thelfowst, before connecting the production costshto t
regional context. Varying the electricity pricegethnnual load factor and the investment cost (@bgte
electrolyser) Figure 7 presents the cost results as a function of tierdifit variables. The evolution of the
electrolyser cost between 2015 and 2040 is detailéte methodology section (section 111-1.1).
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Figure 7: Hydrogen production cost assessment

Globally, in 2015, the alkaline technology led daver production costs regardless of the electrimitge or
the load factor. This is related to the investmawst itself, where alkaline electrolysers presdrdaper
alternatives since the technology was the most rmaine then available on the market [3], [9]. Hoarev
the higher the load factor is, the lower the impafdhe investment cost on the production cost.detthe
future, the capital cost of the PEM electrolyserexpected to drop and converge with the alkalost c
values.

The load factor is a key variable impacting thedpieiion cost. Even with no electricity fees (0$/M)\Viff
the load factor is not high enough to cover thatahposts, hydrogen production will not be econcetiiy
acceptable. The higher the load factor is, the tosest we get. However, the results show thattistar
from a certain threshold of load factor, aroundB,8ours, the production cost almost stabilizes.

Electricity prices have high influence on the proithn cost. They impact linearly the LCOH. The emtr
production costs via SMR can be reached with actrédéy price of a maximum of 50$/MWh for the PEM
technology assuming a high load factor, and ibissgble to go up to 75$/MWh for the alkaline tedbgg.

With lower electricity prices, cost parity can leached for lower load factors. For instance, af g,
the break-even point can be reached at 7,000haaksféxtor for the PEM technology while it does not
exceed 4,000h for the alkaline technology.

Figure 8 presents the evolution of the hydrogen productiosts in the four considered regions from 2015
to 2040 considering the electrolysis and the SMRh(and without CCS) options for the productioneTh
cost parity timeframe and conditions are searcleed To do so, a sensitivity analysis regarding the
electricity price, the gas price and the carbooeis conducted.
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Figure 8: Hydrogen production cost evolution in theconsidered regions

Regarding the electrolysis curves, the electripriges that are considered as a maximum value spnel

to the electricity tariffs of the industrial sectér minimum going from 65$/MWh in 2020 to 50$/MWih i
2040 (which would correspond to favourable energlicp, e.g. via tax exemption) is then considered
allowing to establish a cost sensitivity area, enésd in the graph in blue colour.

As shown inFigure 8, considering the industrial sector tariffs for takectricity prices leads to high
production costs even in the long term. In thisecaespite the drop of the electrolyser cost agdrdess
of the load factor, the electrolysis cannot compéth the SMR presented in red (and orange forSkER
with CCS) colour in the graph. Accordingly, the ki from SMR to electrolysis is unlikely to come
naturally. Specific support mechanisms like taxnepon or grid fee exemption need to be set in otde
lower the operational costs by acting on the dl@ttrprices. As presented in Figure 8, lowering th
electricity prices down to 50$/MWh by 2040 allovesreach the cost parity especially if a carbon st
taken into account penalizing the SMR costs. Tist parity can be reached by different timeframesd th
depend on the regional context. The American cagly $s quite special, although the electricitycps are
the lowest compared to the other regions, the besak point is not likely to be reached any timébz
2040. In this case, lowering the electricity pritmvn to 50$/MWh is not enough to compete with theyv
low gas prices that lead to low hydrogen productosts via SMR, even if a high carbon tax (goingap
140%/t) is applied. Nevertheless, the results stiawEurope, Japan and China can reach the hydcmgtn
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parity by 2033-2035 if a carbon tax going up to $/46s considered. Otherwise, it can be reachedrato
2037. The maximum carbon tax considered in thiglystis far from representing the required tax that
should be applied in order to reach the 1.5°C taiyecording to[69], the carbon price could reach 400$/t
CO, by 2040 if we commit to the 1.5°C target. Henoghler values for the carbon cost could favour the
electrolysis as a hydrogen production means.

In order to further lower the hydrogen producti@stcvia electrolysis, further decrease in the ehpibsts
is desirable. Besides, the electrolysis option thasadvantage of being highly flexible especiaflyhie
PEM technology is considered [3], [9], [10]. PEM@&tolysers can reach full load in less than 10@ses
from cold start. Their easy start-and-stop openatiathout the need for preheating or purging irgases
makes them a perfect match with the grid flexipilieeds [10]. This means that they can providegtite
with services such as frequency regulation andrveseontrol which are highly required in a contekt
future high shares of renewables in the electricity [3]. Taking advantage of the remunerationtferse
services provided by the grid operator can helpawg the electrolysis profitability.

Considering SMR plus CCS can be an attractive optiopresents lower costs than the electrolysitén
short to medium term (but this may change if thevimusly discussed factors are taken into accaamd)
reaches cost parity with SMR between 2032 and 2888 between 2025 and 2030 when assuming higher
carbon prices penalizing the SMR option) dependingthe region. It can hence be considered as a
transitional hydrogen production pathway allowiregiéasing its carbon footprint. However, furtheues
regarding the availability and the geography ofboar storage locations need to be considered more
carefully. Another option that is not included hetpaper and that should be considered more clgréful
the hydrogen supply via imports which can be theecm Japan for example [70] planning to import
hydrogen from Australia, the latter having receptlgsented a promising hydrogen roadmap [71].

Added to the production costs, the storage andelglicosts are required to assess the total coskea
pump. The next section details the impact of dififéhydrogen transport and distribution pathwayshen
final cost and assesses the market penetratioitilégs

2.2. Hydrogen cost at the pump
As detailed in the methodology section, the hydnofieal cost at the pump is appraised taking into
account two major scenarios: centralized and deaezgd production.

* Mobility market segment:

For the mobility market segment, the final coghatpump corresponds to the cost at the refuedliatjon.

Figure 9 compares, for the centralized case, the finalsco$thydrogen at the pump considering three
pathways for hydrogen transportation and distrdsutthree lines in the figure):

- Transport in gaseous state at 180 bar via trucke (trailers) (first line graphs in Figure 9),
- Transport in liquid for in cryogenic tanks (secdimé graphs),
- And transport via pipelines (third line graphs).

The two columns in the figure correspond to the t@se studies that are considered for the throughpu
capacity (1 MW and 50 MW). Indeed, as shown in FégQ, the liquid and the pipeline options are
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investigated considering two capacities of through{fh MW and 50 MW). On the other hand, the gagtub
trailers are considered for only 1 MW throughpupasty, since for high capacities, they would regui
large volumes that can be solved by rather multigéers or multiple travels, leading to an exoedy
high cost. The transport distance value takenaotmunt is 50 km.

Since the focus in this section is put on the @elivcosts, only one value by region and timeframe i
adopted for the production cost as an example.€ftwa, the production costs in this graph corredpon
the PEM technology and a load factor of 6000h.

The choice of the technology does not impact thal ftost in a significant way compared to the tpanis
and refuelling costs detailed hereafter. Switchimghe alkaline alternative impacts the final cbgt at
maximum 0.92 $/kgklin 2015 and 0.01$/kgHn 2040. Besides, the regional context only infices the
production cost contribution.
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Figure 9: Hydrogen cost at the pump for the centraked case study in 2040 (left column 1 MW, right
column 50 MW of throughput capacity, each line coresponds to a delivery pathway)

As shown in Figure 9, the throughput capacity @ tlydrogen transport and distribution pathway has a
important impact on the final cost. The higher th@ughput capacity is, the lower the hydrogenspant
cost gets. This means that going from early mapketetration to full deployment allows decreasing th
costs at the pump. For high throughput capaci®®sMW), the pipeline option is the most economical
hydrogen transport pathway. On the other handcoinepressed gas tube trailers cannot be considered f
such important volumes. Enhancing the transpora@@palso helps decrease the liquid hydrogen paghw
cost by 73% making it an attractive option for logkn transportation.
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The delivery costs are exogenous in this studyy #re assumed to be the same for the differenbmegi
However, in reality, they are tightly related te theographical context and the amount of hydrogdret
transported by region. More detailed informatiow@hproduction and demand localization is requiced
assess the infrastructure costs. Other transpartdéstribution pathways can also be considerediliq
organic hydrogen carrier for example, etc.) yey e not included in this study due to lack ofad#ts for

the potential hydrogen demand amounts by regipnedous work tackled this issue elaborating a agen
for future demand based on the latest governmentidies [13].

A drop in the refuelling station cost is expectadhe years to come. Nowadays, the deployed hydroge
station costs between $2 million to $3 million géation. According tg72], the mean cost is expected to
drop in the years to come to approximately $1 oillper station and even lower (hence a sharpeeaser
than what is assumed in this study). This droghédosts can be explained by the rising penetrafidie
hydrogen fuel cell vehicles into the fleet, leadittg more investments in station deployment (hence
creating an economy of scale effect) and highdisation of the recharging stations. Globally, 4suly
2017, the number of fuel cell electric vehiclesctesd 4,500 cumulative vehicles. California accodiots
approximately 48% of the FCEV sales, followed bgatafor about 35%, Europe 14%, and 3% in South
Korea[72]. An increase of the size of the hydrogen vehiéetfis expected in the years to come, according
to Toyota announcements planning to sell 30,000 fed vehicles per year by 20202]. Several
governmental targets have been set around the viorldhydrogen penetration into the PLDV sector
(800,000 FCEV in Japan and 1 million in China b@@J73], [74].

Overall for the centralised case study and conisigehe electrolytic hydrogen, the cost at the pungy
range between approximately 6 $/kg and 18 $/kg @402 depending on the region, the throughput
capacity and the selected transport and distribypaitern. On the other hand, considering the SMR p
CCS allows reaching lower costs at the pump thay mamge between 3%$/kg and 13%/kg, but the
availability of carbon storage locations nearbywtide investigated. As presented in section i1, 2he
electrolysis costs can be decreased if lower é#gtprices or tax exemptions are considered. figknto
consideration the services to the grid that caprbeured by the electrolyser flexibility may alssult in
more advantageous costs for the electrolytic hyeinog

A second scenario considers decentralized produclibis means that the electrolyser is located t@xt
the recharging statioigure 10 compares the hydrogen cost at the pump for therdiit regions in 2040
for this scenario. The transport and distributiosts are avoided. However, a local storage bul&tencan

be required. The gap with the centralized caseasia3 $/kgH by 2040 when compared with the pipeline
or liquid transport case for 1 MW throughput (an252%/kgh with the tube trailer gaseous transport case).
If storage is not included, the gap would represieatcost of the transport and distribution.
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Figure 10: Hydrogen cost at the pump for the decendlized case study

To sum up, the hydrogen cost at the pump for tleermtealized case by 2040 ranges from nearly 6%/kg t
9.5%/kg depending on the region. As for the SMRSICS case study, the costs range between 3 and
4%/kg approximately. However, having lower costshat pump for the decentralized case study does not
guarantee the competitiveness of hydrogen sincergky decentralized production would imply lower
capacities which often mean higher CAPEX per itetlatapacity.

« Injection into natural gas network

Similarly to the mobility case study, the infrasfiure costs are exogenously added to the productists
analysed in section 2.1.
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Figure 11: Hydrogen cost after blending

As shown inFigure 11, the infrastructure costs are negligible compacethe production costs when it
comes to the injection of hydrogen into natural gesvorks. Accordingly, this market segment is ohe
the least capital-intensive ones, since it doegemuire heavy infrastructure investments like riability
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case for example. Technically speaking, as detailetthe methodology section, hydrogen injectioroint
natural gas networks is feasible up to 10% of inpecrate (in terms of volume), however some conser
about the variation of the composition of the tmorged gas in the pipeline have been expressetidy t
industries. No clear regulation has been set stoféix the allowable rate in order to trigger thmearket
segment.

In order to address the penetration feasibilitg, thp-down and bottom-up approaches are confraoted
each other. The market penetration feasibility theodifferent markets is assessed in the nexiosect

V- Market penetration feasibility assessment

- Mobility market

Once the final cost at the pump is assessed, theohithis section is to evaluate the market petietra
feasibility by comparing the costs at the pump wlia market entry costs, evaluated in sectionanidt 11-.
Figure 12 shows the evolution of the two costs ketw2015 and 2040 for the mobility case study. The
hydrogen cost at the pump is presented for thrébwags: i) centralized with tube trailer gaseous
transport, i) centralized with pipeline transp@md iii) decentralized with storage facility. Tbests at the
pump (for the different pathways assuming a hydnogeduction via PEM electrolysis and considering
6,000 hours as load factor) shown in the graphuitelthe value added tax (VAT) since, as detaileithén
methodology section, hydrogen will have to progelang-term competitiveness without any subsidies o
tax exemptions.

A sensitivity analysis is conducted on the markehgiration cost. In Figure 12, the impact of the, CO
taxation is presented via the interval area intliglie. The carbon price is varied between zerotaed
required price to reach the climate targets meatiom the 450 ppm scenario of the IEA [1] (i.e.:
140€/1CQ for USA, EU and Japan, and 125€/tJ0r China).
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Figure 12: Mobility market penetration feasibility in the considered regions

The market penetration feasibility is marked by itmersection of the two curves (cost at the pumg a
market entry cost). At the break-even point, thérbgen cost equals the competitor fuel price aptimap.
However, going lower in terms of cost may be neeiedrder to take into account profit margins and
additional taxes. By 2040, considering the commesgas tube trailer pathway, almost all of the
considered regions show feasible market penetratwere hydrogen can easily compete with the fossil
fuels with no specific need for subsidies. The aestuctions achieved by 2040 give enough room for
hydrogen taxation and even profits except for then€se case where the break-even point cannot be
reached by 2040 without higher carbon prices (fier centralized case). Considering higher carboestax
on the fossil fuels (up to 140$/tG@ the US, Europe and Japan, and 125%ti@@hina according to the
450ppm scenario of the IEA) helps accelerate thek@bgenetration feasibility and advances the break
even point by approximately five years.
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Hydrogen transport via pipelines is more expensiam the compressed gas tube trailer option incidwe
study (50 km travel distance and 1 MW throughputhjch leads to a significant delay of the market
penetration feasibility. However, as detailed ia thethodology section, this depends on differeciibfa
like the transport distance and the hydrogen demahdnes. Hence in the short term, with low volumes
of hydrogen to be transported, pipelines are nefitist pathway to be deployed. A more detailedigton
infrastructure cost is required in order to capttive impact of the delivery pathway on the market
penetration feasibility. Transporting hydrogen iquid form is more advantageous than the pipeline
pathway when considering low and medium throughgagacities, it thus can serve as a transitional
pathway between early market penetration and aeé¢aingdrogen deployment.

The results show that Japan is the first to achiexdrogen competitiveness. The break-even point is
already reached by 2025 for the tube trailers payhewen without carbon taxation on the fossil fu€hss

can be explained by the fact that Japan preseathitfnest tax rates on gasoline compared to ther oth
regions[45] which eases the competitiveness of hydrogen. Nyaograms are already launched in Japan to
trigger hydrogen developmefm], [75], which may lead to an even earlier market penetrat

The US is the second most promising region for bgein penetration. Although it presents low taxgate
on gasoline as a fuel, it shows the lowest eldttrigrices compared to the other regions for tharydo
come (according to the IEA [1]), thus leading terloydrogen production costs and low costs at thegpu

The European case is quite special since the campistdifferent. In Europe hydrogen is competimigh
diesel which, according to the results, is har¢dmpete with, compared to the gasoline. Nevertbeles
seeing the latest controversies about diesel itatefew years, gasoline may become the first etitgp
which would ease the competitiveness, but furtiest ceductions on the hydrogen production sidestlte
needed to ensure earlier market penetration. Téwtriglity prices in Europe are high, hence the need
consider a specific market design where hydrogarbeaefit from lower power prices and/or partiogott
the reserve market. Otherwise, the market penetragi hard to achieve before 2030 even with a earbo
price of 140€/t CQunless decentralized production is considered.

China seems to struggle compared to the othermsguinen it comes to hydrogen penetration. It coe®in
both high electricity prices leading to high hydeagcosts and low fuel taxes not penalizing enotbgh t
competitor. Consequently, higher carbon pricestui?25%$/to,) are required to reach the break-even point
by 2040.

Considering the decentralized production with aragge facility helps achieve the market penetration
feasibility significantly earlier. The cost profdor the decentralized case study cross the market cost
curves approximately 10 years before the tubeetrgiithway break-even point.

- Injection into natural gas networks

Despite the fact that the penetration in the natges market segment does not require heavy initial
investments, hydrogen competitiveness with natgaal does not seem to be easily achievable. Fidgure 1
compares the injected hydrogen costs after thedlsignstep and the market entry costs in the differe
regions. The impacts of the tax (VAT) and the eleity price on the costs of the injected hydrogea
also presented in the graph. The light green apeesents the interval of hydrogen cost assessed af
injection considering lower electricity prices, doto 0$/MWh.
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Figure 13: Natural gas market penetration feasibilly in the considered regions

According to the results, even with tax exemptidngirogen is not able to compete with natural §asce
natural gas is a relatively cheap energy carrteseems to be hard to achieve in the short to emuaikt
Dramatic cost reductions on the hydrogen side rteelle achieved in order to facilitate the market
penetration. These reductions concern mainly ttardgen production costs since in this case, and as
shown in section 111-2.2, the delivery costs argliggble compared to the production ones. This ban
achieved either through a technology-push apprdaetering the costs of the production technologies
(further electrolysis cost reductions) or via a kespull approach involving governmental incentites
ease the market penetration. The sensitivity aisatsows that the carbon taxation of natural gasots
sufficient to ease the hydrogen competitivenessvéver, with much lower electricity prices, hydrogen
market integration can be feasible. This would nexjw governmental support allowing hydrogen
production to benefit from lower electricity priced clear regulation regarding the participationtioé
electrolysers in the provision of ancillary sergagan be a game changer in this case study, ginaé i
allow hydrogen production to exploit its flexibylitpotential and gain profits on the electricity ketr
which is proved to often help achieve lower prodrctcosts through better load factgrs], [77], and
higher revenues than systems engaging in only lggaronarket$9], [78].

Another market-pull support scheme is the possjbith benefit from feed-in tariffs which is alreattye
case for the biomethane injection into the gricstddy conducted by Tractebel and Hinicio and funioled
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the FCH-JU (Fuel Cell and Hydrogen Joint Undertgki79] evaluated the amount of feed-in tariffs that
are required for hydrogen penetration into thergasket segment. An interesting outcome of the stedy
that, besides the fact that the feed-in tariffs m@eded to trigger the market penetration, couplivey
natural gas blending market with the mobility marke other terms considering a system producing
hydrogen for both markets) allows to lower the feedariff needs by 10 to 20% and enhances the
hydrogen system profitability. Hydrogen versatilghiould be taken advantage of, to leverage the most
profitable markets so as to open the other ones.

But together with the financial support, the alloWe/drogen concentration into the natural gas nedsvis
also a key factor in the development of this markince a clear standard needs to be set in aoder t
trigger this market, which can be a huge contridouto decarbonize the energy system.

V- Discussions

Compared to the current and prospective hydrogstscthe market penetration for the mobility segmen
seems to reach more easily the targets. As disgussithe methodology section, the market penetnatio
cost in this case study is based on the fuel colst avhile the total cost of ownership may refleict,a
better way, the choice of the final consumer. TI@OTincludes the car purchase price, the maintenance
costs, the insurance and also the decommissiomsts.cAccording to the literature [26], [34]-[36he
current TCO of a hydrogen vehicle is higher tham tbhnventional mobility one although fuel cell cars
require less maintenance than the diesel engiresetr in the future, the total cost of a hydrogehicle

is expected to drop and be equal to the diesebrar This will mainly depend on the development of
hydrogen mobility in the future creating an econoafyscale effect. According to [34], the TCO break
even between diesel and hydrogen mobility is redatteen at least 50,000 units of fuel cell vehices
manufactured by year.

Another important factor to take into account is #xternal costs [68], [80]-[82], in terms of sd@nd
environmental costs, that are not directly paidthg final costumer, but represent a non-negligible
spending at the national scale. These costs reflecnvironmental damages and adverse effectsmarn
health caused by the emissions of ,Cfhd other greenhouse gad8%]. Substituting the carbonized
transport means by clean hydrogen ones helps gtés direct and indirect benefits that can outeig
short-term costfs2].

However, the expansion of electric mobility mayfaster than expected, following recent announcesnent
of total phase out of internal combustion engineicle sales by 2040 in several countries, like Eeaand
China [32]. This new competition, if it proves ta lbne, since we could also witness technology
cooperation (see for instance the hydrogen rantgndgr technology for electric vehicles that rebesa
small fuel cell to extend the autonomy of a battelgctric vehicle), should be further analyzed.eled,
comparing fuel cell vehicles to the battery electines should not only be based on “fuel cost”disib
include specific aspects. For instance, it is that the electric vehicles consume less electritign the
fuel cell ones to travel one km (from a well-to-ehanalysis viewpoint), however the autonomy of the
vehicle as well as the required refueling timealse key issues to take into consideration, eslhgeiien
tackling the consumer behavior and preference. Amtter of fact, the annual mean travelled distdnce
vehicle that may reflect the need for autonomyesidccording to the driving patterns that are diver
when considering different regions. Another aspeat needs to be further investigated is the setatien

of mobility by type. When it comes to heavy dutgrisport (freight trucks, buses, etc.), autonomy and
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refueling time are key aspects to take into accodeiv customer practices may also emerge like car-
sharing that allows enhancing the usage of a giedaicle as a potential way to reduce the total remat
vehicles, and thus contribute to £@itigation. Such new usage of vehicles, and mamecnlly all the
intensive use (e.g. taxi fleets) could require Emgutonomies and quicker refueling of the vehigiaking
hydrogen the preferred option. Beyond the vehislelfiand the consumer preference, switching tallg f
decarbonized vehicle fleet would require an in-tegualysis of the infrastructure requirements. éugje
fuel cell vehicle deployment is dependent on tHeastructure availability. The latter would alsopéed

not only on industrial investments but also govegntal efforts to reduce the risks for the comparsegh
governmental support has been observed in the tre@ars to trigger the electric charging station
deployment. In addition, regarding the infrastruetuequired for the electric mobility, apart frommet
recharging station installation, advanced electrability adoption may also require a reinforcemeinthe
electricity distribution network and maybe alsongaission network. Hence, a detailed comparisahef
cost of infrastructure deployment for both meansloé carbon mobility (FCEV and EV) should be
conducted. Studies can be found in the literatackling this issue for different countries. Fortarse, a
recent study investigating the German case waeltdd in the framework of H2Mobility project [33{.
inspects the expenses that are required for infietsire deployment for both EV and FCEV considering
different levels of market penetration. The resalew that for early market integration phases @mdo
around 50% of the vehicle fleet, the electric mibbileployment shows economic advantages when it
comes to infrastructure requirements. However, Figher market penetration levels, hydrogen
infrastructure deployment may become more econdnmmaxducing the costs due to the scaling effect.
Nonetheless, as introduced before, complementrdan be searched for between FCEV and EV: in
technology terms such as the “range-extender \ahiabr in economic terms, by bringing the most
appropriate solutions to the diverse market segsédwerall, the decarbonization of the transpoctse
can be reached through different pathways not sadgscompeting with one another.

As for the injection into the natural gas netwotkseems to still have a long way to go to reach
competitiveness. The needed support is not onbnfiral, e.g. via tax or electricity fees exemptana
subsidy such as the feed-in tariff scheme discubséate; it is also required to set a clear tafgethe
maximum concentration of hydrogen into the gas.drtds concentration currently highly varies fromeo
region to another. It can reach 10% (of the voluhke)in Germany for example while it does not eedte
6% in France and 0.1% in the URO], [83]. In Japan it is not allowed at all. A harmonizatiof the
standards at the European level (but not only)rigial to prepare a more suitable market penetratio
environment.

Despite the disparity of the cost ranges, both etarkwould need support schemes in order to beetrégh
hence the importance of governmental involvemeniutih encouraging regulations and policies.

Finally, the results discussed in this paper mayctedlenged once the carbon impact of the elettrici
generation is taken into account when consideriegt®lysis. As a matter of fact, sourcing hydrogen
production with electricity from the grid may noe lihe best environmentally-efficient way to make
hydrogen a low carbon energy carrier. Indeed, @svshin Table 9 the carbon footprint of hydrogen
production from electrolysis can be higher than $MR one (i.e. approximately 10 kg &kgH,) when
considering the electricity from the grid. A carbi@axation is already taken into account in the telsty
prices considered in the NP scenario [1], the irhdaconsidering higher carbon taxes on electrolyti
hydrogen cost is not discussed in this paper.
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Table 9: Carbon footprint of hydrogen generation cosidering the regional electricity mix as stated ifNP scenario [1]

kg CO./kg H, 2014 2030 2040
us 24.4 17.4 14.8
EU 17.9 10.9 7.7
Japan 27.6 17 14.7
Chine 38.4 25.9 21.6

Accordingly, producing hydrogen from low carbonatesity should be further investigated. Two potaht
options can be considered. On the one hand, rehewakrgies allow reaching low carbon intensities a
low electricity cost but induce low load factoradieng to a high hydrogen production cost as preseint
Figure 7. Some exceptions to this fact can take placegions where renewables are abundant such as in
Australia where according to the analysis made8#4] [The cost of electricity in these locations4640
would be less than $47/MWh with the hybrid systempsrating at capacity factors of between 30% and
40% (depending on the optimal combination of s&fdrand wind). This 100 Mtoe of hydrogen could be
manufactured at less than $3/kg H2". Another optlmat can also be considered is the available aucle
energy that is not dispatched due to higher renlnmioduction, for the regions where nuclear isalhesd.
This effect is discussed in more details for thenEh case in [85]. Overall, the electric sourcing f
electrolysis needs to be adequate, to make hyddogecarbon. This can be done by direct sourciognfr
low-carbon power generation plants, or by sourdiogn the grid, provided that the power mix is low
carbon enough, by avoiding peak hours where fpssier plants are the peaking units.

VI- Conclusion

The aim of this paper is to evaluate the hydrogemefration feasibility into the energy-related nesisk
The focus is put on the mobility sector via FCEWW ahe injection of hydrogen into the natural gas
networks considering four regions (USA, Europe,afapnd China). Although the focus was put on
specific regions in this study, other geographiesently emerged in terms of hydrogen deployment
potential. For instance, South Korea has recerglyelbped a hydrogen roadmap aiming at integrating
hydrogen as a pillar for energy security [86]. B}4Q, the government seeks to “increase the curaalati
total of fuel cell vehicles to 6.2 million, raisket number of hydrogen refuelling stations to 1,200m
only 14 today) and also boost the supply of povesregating fuel cells” [87]. Hydrogen deploymentrga
are also emerging in Australia with a view not tdycenhance domestic hydrogen use, but also pogtie
region as a large exporter of hydrogen in the yeaceme [71].

Top-down and bottom-up approaches were comparedrder to assess the timeframe of hydrogen
competitiveness. The results show that the mostiging market among the ones examined here is
hydrogen as a direct fuel for mobility in fuel cethicles, from an economic standpoint. This maiket
easier to penetrate in all the considered regidnsyen presents a potential room for taxationha t
medium to long term. However investments still néede triggered by a clear political positionitig,
order to hinder the uncertainties and the risk gggron. The mobility market is more favourable apadn,
due to the coupling of interesting patterns pemajizhe competitor (high taxes on gasoline) andpsttp
schemes for hydrogen (a clear roadmap for hydrggemtration). On the other hand, the injection into
natural gas networks exhibits much lower marketyecbsts, then harder to achieve. They do not ekcee
2.3%/kg of H, even when a carbon taxation going up to 14&$& considered. Thus, the current policies
are still insufficient to trigger this market segmhend stronger governmental support is requirestder to
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ease the market penetration. A potential suppdwtree that can be envisaged is the possibility teefite
from feed-in tariffs which are already implementémt biomethane blending. Another uncertainty
hindering the development of this market segmetitasuncertainty regarding the allowed concentnatib
hydrogen. Different standards are applied in défércountries even within the same region (for gdlam
among the European countries [51], [88]). Harmawzhe regulations is key.

Regarding hydrogen production, the governmenta iokrucial in order to decrease the electrolgests
and further improve the profitability of hydrogeystems. Implementing a multi-sectorial approachrsee
essential to benefit from the versatility of hydeagas a chemical component and an energy caihies, t
enhancing the margins and gain in profitability drygen production via electrolysis can also paréitg to
the provision of flexibility to the electricity gti This would help hydrogen systems further incegh®ir
revenues than systems engaging in only hydrogekatsarTax exemptions can also be part of the swiuti
to lower the costs and ease the early market paoetr

Overall, different options can be considered ineorid surpass the economic barriers: both indligtrid
political efforts need to be achieved to lower ttasts and prepare a suitable market penetration
environment.
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