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Executive summary

Massive development of renewable electricity production from intermittent sources (i.e. wind and salageésvay

in some European countries (e.g. Denmark and Germang)s expected in a larger extent in Europe in the future
decades Increased capac#és of power production from intermittent sources lead to periods of low spot prices of
electricity, offering an opportunity for the development of flexible elecimdensive processes, and powkr-gas
(hydrogen and synthetic methanpjocesses in particat.

This perspective has recently been fostering the R&D activity and interest in fiowgass in Europe and more
specifically Germany. Around 50 pilot and demonstration projects have been launched worldwide since 2004, most of
them being announced in th@ past years, with a significant level of activity in grid injection applications.

This studyassesss the economicpotential of powerto-gasand other power-to-X applicationswith a technical
economic modelling of six case studies targeting enengykets(i.e. gas injection into the grid, green mobility, heat
production). For each case studywe compared the levelized cost of the final product with the market grife
alternative products on the target marketThis comparison was performed forrée time horizons (2015, 2030 and
2050)offering different set of assumptions regarding prices of electricity and cost of technologies, in order to identify
conditions required for business cases to be viable.

Green mobility is the most promising markebf power-to-gas (with hydrogen fueland should be the first target
for large scale deployment of the technologyAlready competitive with other green fuel options, competitiveness
with fossil fuels will likely remain out of reach without financial incengs. Methanol could prove an interesting
alternative as well with different deployment constrainfs

With a levelized cost a8 tom n g, wfldiStributed hydrogeﬁ hydrogen produced from power already competes
with bioCNGon the égreen¥ dz3nfarketon a fuel cost per kilometer basighis optimal cost is reached fdrigh load
factors (i.e. from6,000 to 8,000 hours/yeardnd does not rely on very low electricity prices (average final purchase
LINA OS 0Si¢SSy .Tobecine campetitvexwitfodsibfuels (ex: gasolinehn a fuel cost perilometer
basis, power-to-hydrogenwill have to bedeliveredat a levelized cost of 3 to & k .] THis could be achieved for
instance if CAPEX and cost of electricity were more than halved. However, halAEX @GAan ambitious target, and
having access to electricity at a final purchase price af 0a 2 K R dzNJ y 3000vhauxslappéaks lunylikelg. As a
result, hydrogen from power will have a hard time competing with fossil foals fuel cost per kilometebasis
without financial incentives

Conclusions on the competitiveness of methanol produced from power (ptoviquids route) are very similar. The
methanol option is however very different from a technical perspective, being a potentiatidrogpla@ment of
traditional fuels when used in blend. Nevertheless, many other options are already in competition for this market such
as biofuels, other synthetic fuels from powtr-liquids, fuels from biomethane (CNG, LNG) or batteries.

Power-to-gas for grid mjection will likely not meet viability without strong financial support,due to its high CAPEX
andthe low market valueof the produced gas

Based on current costs and advantageous electricity pricé § NI 3 S FA Yy | £ LIdzNID, Khe lavBlizedINRA O S
cost of gasfrom-power injected into the gridis 100 and 170€ k a.gy for hydrogen and synthetic methane
respectively. Bwer-to-gas for grid injection ithus far from comgetitiveness with natural gas (about 20k a 3

and remains more costly #mbiomethane (60 to 10@ k a 3, in particular for synthetic natural gas

At the 2030 or 2050 horizons, it is likely that hydrogen produced from power can reach costs comparable to current
biomethane production costst however appears unlikely for shetic natural gas.

! Many other aspects anghobility options out of the scope of the present study would need to be taken into account
to draw a comprehensive green mobility perspective (cost of vehicles,e@@sions and air pollution, autonomy,
G§SOKy2ft238 NBIFIRAYySaazr SF-asS 2F AYLX SYSyidlGA2y X0
% Power-to-methane for mobility is considered in this study as a downstream market of synthetic methane geid inje
tion with CNG filling stations connected to the gas grid.
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Power-to-heat with an electric boilerat an industrial siteappears as a potentially competitive option, able to
develop in contexts exhibitinghort periods of lowcost electricity(typically 1,000 or 2,000 hours per year), but very
sensitive tothe spread between electricity and natural gas prices

Such a spread in favour of electricity becomes likely with possible future increase of taxes on fossil fuelsard CO
increased shares of renewable electricifyhe use of more efficierstssets (i.e. heat pump) for powss-heat would
offer a higher resilience to the price of electricity but would require higher duration of operation.

Based on the case studies considered and the various scenarios analyediutly shows that poweto-gas
technologies have most potential when applied to green mobility markets. As such, their fate wstrdmgly
correlated to policies and incentivesnplemented in the much broader perspective dhe transport sector
decarbonisation
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Context and objectives of the study 9

Context and objectives of the study

Massive development of renewable electricity production from intermittent sources (i.e. wind and saladerway

in some European countries (e.g. Denmark and Germang)s expected in a larger extent in Europe in the future
decades Increased capacities giower production from intermittent sources lead to periods of laspot prices of
electricity, offering an opportunity for the development of flexible elecimiensive pocesses, and powdnp-gas
processes in particular

This studyinitiated by the Tuck Foundation in the frawerk2 ¥ G KS d ¢ KS Quiziacziid cotifdedby S NH & £
KIC InnoEnerggims at assessing the potentialf power-to-gasapplications, as well abe potential of dher power
0-X processes able to seize the opportunity of perioddosf costelectricity. A background reviewf@ower-to-gas
technologies, markets and R&D activity is first provided. The economic potential of pongas is then agssed
based on themodelling ofsixbusiness casagpresentative of thgpower-to-Xlandscape illustratedrigurel.

Electric power
Hy

l HiO l Hzof co

Electrolysis Electroreduction CoeIIQevti/tg)éySIs Heat Pumps
(H;+ CO)
H2 CQ
, Ll Ll
lerect _ ‘ Indirect Fischer
Hydrogenation Hydrogenatio Tropsch
Catalytic
Methanation
Biological
Methanation

Q @ @ @ GasmI/GasoIln ‘ @

Powerto-gas ,’ Powerto-liquids Powerto-heat

| | | ’ N ] 777777777777777

Residential

Electrode

boilers

Heat

Grid Industrial Residential

injection heating hot water heating

—> Processes with +production upstream H,0 +C@ Chemical input

—>» Processes without Hproduction upstream ) Electric power input
— Processes with syngas production upstrea DME DiMethyl Ether

—>» Processes with heat production RWGS : Reverse WatBasShift

Figurel ¢ Powerto-gas, powerto-liquids andpower-to-heat routes andtheir energymarkets

3 Only powerto-X processsproducing an energy vector (chemical or heat) have been dersid in this study.
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1 General background on power -to-gas

This section providea general bakground on poweto-gas with a review of the technologiesder development
and markets considered in our analysis. A literature and project review describes the R&D activity in the field of
power-to-gassince the emergence and the evolution of tbencepi Ay (G KS mdpdpnQa G2 OdzZNNBy i

1.1 Technologies

Hydrogen productionby electrolysis of wateand synthetic methane (SNG- Substitute Natural Gas)production by
methanationare thetwo core process blocks of powss-gas.For waterelectrolysis, Kkalinetechnologyis the only
technologycommercialy available for hydrogen production. PEM electrolysis is still under demonstration but offers
more longterm possibilities forcost reduction than alkaline technologyor methanation, atalytic isothermal
methanation is thanost likely technology to reach commercial stage. Biological methanation is an alternative process
with an interesting potential for cost reductigbut still faces technical barriers for sealp. Detailed fact sheetare
givenin appendix fefer to §3.1) for the most mature technologies.

1.1.1 Water electrolysis

Water electrolysis is the first brick tiie powerto-gas processwhich consists irconvering power to hydrogen and

oxygenby dissociationof water. Thishydrogen productiorprocess isvell known andhas beerused for more than a
century butit is still marginaf when consideringhe global production of hydrogemmainly based on fossil fuels
conversion (natural gasiaphta, coal). However, the possibleproduction ofgreenhydrogen from water electrolysis
with renewable electricitys an opportunity for the process to address a new and large market.

Hydrogen production bydissociation of ater occurs in electrolysis cells containing water, electrodes and an
electrolyte material crossed by an electric current. Hydrogen and oxygen are produced separételywno distinct
sectiors of the electrolysis cell, respectivebt the cathode andhe anode. The electrolyte material ensures the
transfer ofionsfrom one section to the otherwhich are separated bg membrane or a diaphragm. The size of a cell

is limited by the capacity of the membrame the diaphragm to withstand theslectric current. Electrolysis cells are
therefore piled in stacks that compose the core of an electrolyzer. In addition, the electrolyzer comprises auxiliaries
such as a current rectifier, a water demineralization unit, a water pumpaagabling systema hydrogen purification

unit, and instrumentation.

Three water electrolysisechnologiescan be considered for hydrogen productioflkaline Electrolysis Cells (AEC)
Proton Exchange Membranglectrolysis Cell®EMEQ andSolid Oxide Electrolysis CEBOEC).

Alkaline electrolysis is thmost maturetechnology available fothe capacitiesconsidered in our case studi€$ to

10 MW, refer to 8.1.1) and hagherefore beenused in this studyPEM electrolysis a little less mature, anBOEC
electrolysis istill at an early stageof development. These three technologies are described in the following sections
with a focus on alkaline and PEM.

1.1.1.1 Alkaline electrolys is

Alkaline electrolysis is thetate of the arttechnologydeveloped for water electrolysisand currently the only
commercidly available poweto-gas applicationIt uses an alkaline solution (i.e. sodium hydroxide or potassium
hydroxide) as electrolytenaterial to transfer electrons through hydroxide anions according to the following reactions:

Cathode reaction: ¢O0 cQ o0 c¢bO

Anode reaction: ¢ch OO0 006 -0 cQ

* Only 4% of hydrogen produced globally comes from water electrolysis, the majfrityis sharebeing produced as
the by-product of chlorine in water electrolysis with sodium chloride (NaCl).
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Depending on the capacity of the electrolyzer and the pressutkelfiydrogen delivered, the energy efficienaf/the
devices vary between 66% and 74% (4.8 and 5.4 k/Wm°H,) and the installedd CAPEX varies from 1,000 to
2,000e k %, brefer to the factsheet ir§3.1for more detail3.

ReducingCAPEX and energy consumptierof course an objective of alkaline electrolyzer manufacturers,gbugn

the high maturity of the technologytechnology improvement margins remain limited bud dxist For instancean

increase of the diaphragm surfaeeould improve the output capacity of a stactherefore optimizing the use of
auxiliaries and reducing CAPEX and power consumpéidditional @st reductioncan come fromvolume effects
becauseof market growth (haximum reduction envisaged ) to 20% of the final price]1]. In this study, an
ambitious cost reduction scenario was used, with a hypothesis 8b Blecrease of electrolyze@APEXt the 2050

horizon For hydrogen production at 1Bar, energy efficienc(of about 66 % at current stageg could reach69 % with

improvementsof the technology. These two assumptionsre usedin our modeldepending on the time horizan

Hydrogenics and NEL hydrogen are the thargest alkaline electrolyzer manufacturers. Hydrogenics is particularly
activein powerto-gasapplicationswith numerous pilot or demonstration plants. McPhy energy (formerly Eagrt
HyTec and PIEL) also positidssifas a technology provider fohe powerto-gas market.

1.1.1.2 PEM electrolysis

PEM electrolysis is more recent technologythat is currently used for small applications in niche industrial markets
and is under demonstration for larger scales (uRtdW,, per electrolyzer). This technologyses proton transfer
polymer membranes that play the simultaneous role of electrolyte and separation material bettheedifferent
sections of the electrolysis cgith which thefollowing reactionsoccur.

Cathode reaction: G ¢Q © 0
Anode reaction: 00 ° ¢y -0 cQ

PEM electrolyzertave currently higher CAPEX than alkaline electrolysers. Further development of the technology
could however reduce investment cogtelow the alkaline technology thanks tegher compactness and suitability

for stack pressurizatianAccording to technology developers, for a MOV unit the installed cost of a PEM
electrolyzer couldeach1,000e k , & the coming years, 700 k §, b 2030 andeven decreaselown to 400e k 1,2

in 2050 (refer to the factsheet in83.1 for more detail$ [2] [3] [4]. Some CAPEXeductions have already been
achievedby redudng the scace material contenton membranes[5]. R&D activies now focus on the increase of
membrane surface, cell stack throughput and auxiliaries mudatidin [3] [5].

PEM electrolyzer manufacturers are very active in the development of the techn@dogpowerto-gas applications.
The two most visiblare SIEMENS and ITM Power.

1.1.1.3 SOEC electrolyss

Solid Oxide Electrolyzer Cells operates at high temperature-§000C) to reduce electrical input required for the
electrolysis reaction. Ceramic materials that can withstand high temperatures are used as electrolyte and electrode
materials. Electrottransfer between the two sections of the cell is ensured by oxide anionstf®ough the ceramic
material according to the following reactions:

Cathode reaction: 0 ¢cQo0 0
Anode reaction: 0 ©°-0 ¢Q

The main interest othe SOEC technady isits higher efficiencyof the electrolysis processypically 80 to 90%)and
possible usas afuel cellA y | & NB OCARBEXSatget YublRIed in the literature can vary significantly and reach
very low levelslown to few hundreds of euros pd&W,, [6]. However, the costs of solid oxide electrolysers have not
been confirmed yet given the early stage of development of the technolbgg. company Sunfire is developing a

® Installed CAPEX is the investment anfsan equipment including its transport, installation and commissioning costs
(refer to 8§ 2.1.2for more details on cost modelling).
® Note that this figure is irclosethe cost scenario we used for alkaline electrolysers at the 2050 hoiizen

pnned. 2
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200kW stack pressurized at 30 bar for integratizwith a methanation reactoor for powerto-liquids applications.
The coupling of a SOEC electrolyser with an exothermic reactor (ex: metharataws for heat recovery on the
reactor to produce steam for the electrolysis stack.

1.1.2 Methanation

Methanation refers tothe synthesis of methane by hydrogenation of carbon monoxide or carbon dioZigdaon
monoxide methanatiorthrough catalytic processebas beenused for decades for ammonia synthesis, coatto-

gas/liquids processes dor natural gas treatmenin the oil & gas sector. In the case of poviergas applications,
methanation refers to the hydrogenation of carbon dioxide according to the following reaction:

TO 0609060 ¢OU "QnH=-165 kJ/mol

This reaction carhappen throughtwo different techniques:catalytic methanation or biological methanation. The
catalyticoption is the focus of current R&D activity due to its historiogbortancein the industry and has thus been
selectedin the context of ourpowerto-methane case sidy. Biological methanation is an emerging alternative to the
catalyticoption, with interesting perspectivefor cost reduction but it still facesscaleup challenges. Both routes are
described below.

1.1.2.1 Catalytic methanation

Catalytic methanation is a therochemical process operated on a catalyst at high temperafbetween 200 and
700°C) and pressuredetween 1 and 10®ar. The reaction is highly exothermic and temperature must be controlled
in order to avoid thermodynamic limitation of the reaction awdtalystdegradation[7]. In largescaleindustrial
applications andor continuous operatios, this is achieved with a series of adiabatic fbtemtl reactors and inter
cooling of the stream between each reactor. Howev@rwer-to-gasprocessesare implemented atsmaller scales
with intermittent operations, for whichadiabatic reactors are nauitable In this contextjsothermal reactors where

a cooling fluid directly cools the reactor avsually preferred (refer to the factsheet in§3.1 for more detail3 [2].
Other types of reactors such as fluidized bed reactors, tptegse reactors or structureckactors are alsoesearched

but are not mature today7].

Estimations of CAPEXor a methanation unitused in apower-to-gas plantcan vary significantly from 400 to
1,500€ K fesng due to the lack of units under commercial operation so [f&). Isothermal reactors still face
challengesin terms oftemperature control and operational flexibility with regards to powergas requirements.
Current R&D effod focuson reactor designto improve the performanceof the reactor coolingsystem (e.g.KIC
InnoEnergyCQ SNG and DemoSNG projects).

The aergy efficiency of the chemical reaction is close t&8@nd the overall energy efficiency of the plant can be
improvedthroughthe recovery of the reactoneatand itsinternal reuse or external valastion.

1.1.2.2 Biological methanation

Biological methanation produces methane from hydrogen and carbon diaxddey methanogenic microorganisms
operating as biecatalysts.The reaction occurs under anaerobic conditions in an aqueous sojwtoatmospheric

pressureor under pressurebetween 20 and 70C.Biological methanatiorhas the potentiato dramatically reduce
costs thanks to a simplereactor design and convenieptressure and temperatureonditions[2]. However,several

barriers willhaveto be overcomeIn particularthe gas/liquidinterfaceof the reaction mediums a strong barrier for

mass transfer within the reactor and limits dramaticalhe effective kinetics ofthe reaction [7]. Moreover, the

reaction must occuiin specific pH conditionswhich restrict the control of its kinetics ly increasing hydrogen or
carbon dioxide concentration in the reactf][7]. The Biocat ProjedDenmarh aims at testing the technology in
actual conditions (raw biogas stream and pure, @&m biomethane plant) with a 1MW, electrolyzer to be provided
by Hydrogenics and a biological methanation reactor to be provided by Electrochaearoject completed the

permitting processn August 2015andhas now entered thengineering phase.

C:jenea 89, rue Réaumur 75002 Pari$+33 (0)1 82 83 83 8Bwww.eneaconsulting.com

Z CONSULTING



General background on pow#rn-gas 13

1.2 Markets

Two power-to-gasmarkets are considered in ihstudy: hydrogen omethane(SNG)njection into the natural gas grid
and hydrogen mobilityMethaneinjectionin the grid given it can be done economically, could represantsiderable
volumes, since&SNGcomplieswith grid specificationsHydrogen injection represents a small@nd hardto-quantify
market due totechnicallimits on the maximum allowable content of hydrogentime grid. The hydrogen mobility
marketis still atan early stageand its developrant will dependon national strategies and policies fdeanmobility.

1.2.1 Gas injection into the natural gas grid

Gas injection into the natural gas grid representsugemarketgiven thefinal consumption of natural gas in Europe
(4,722 TWh in 2013 in thEU28 [8]). Moreover, natural gas grids offer substantial storage capacities with possible
pressure variation in the pipelines atitkir connectionto natural storage caverns (e.g. more than 100 TWh in France
[2]) that allowa decoupling of gas production and consumption.

National gas grids are generally composed dframsmissiongrid connected to supply points, storage facilifies
distribution grids and some large gas consumergfowver-to-gas plant can inject gas intbe transmissionor the
distribution grid by connecting the plant to the grid with a pipeline and an injection station similar to those used for
biomethane injectio. The gas must be compresstedsufficient pressue to be injected ito the grid, typically 40 to

60 bar in thetransmissiorgrid and 5 to 1®ar in the distribution grid.

Powerto-methane plants aim at producing a synthetic natural gas witmposition similato natural gas. Therefore,

no particular costraint shall be expected on SNG injectiotoithe gridin contrary tohydrogen. Pipelines used in the
natural gas grid have not been designed to withstand the specific properties of hydrogen such as higher permeation
and corrosion than natural gas. Fafety reasons, hydrogen concentration in the gas gndist be controlled. In
Europe the maximum hydrogen content allowed by national standards for biomethane injection into tre grid
generally varies from 0.1 td0% in volume depending on the counti§]. According to ongoing work on European
standardization of poweto-hydrogen applications, most of the European natural gas infrastructure can withstand a
volume concentration 106 of hydrogerj10]. More investigation is still requiretb assess the tolerance to hydrogen

of several gas grid componeniacluding storage caverns, surface facilities, storage tanks, gas flow monitors and gas
analysis instrument$10]. Downstream uses of gas also impose constraints on hydrogen mixture in the gas. For
instance, Gmpressed\atural Gas (CNGyehicles and gas turbines are currently designed for a fuel gas containing less
than 2or 3% of hydrogen in volumis].

As a result,ie development of a large market of powtr-hydrogen for grid injection requires further wot& define
and standardizehe maximum amount of hydrogen acceptable in thesgaids Proper siting of plantsaccounting for
the grid structure (flowrates, types of consumers, other posw@hydrogen plants) angrecisemonitoring of injected
volumeswill alsobe necessaryo comply withthesespecifications.

Natural gas and biomethane are the two produthst are currently injectel into European grids. Natural gpsice
fluctuates on the marketswhile biomethane injection currently benefitfrom feedin tariffs or premiums.f no
support mechanisnis implementedfor power-to-gas, wholesale atural gas pricesiill set the price (on a MWh basis)
of H, or SNG produced by powsr-gas plants

1.2.2 Mobility

Hydrogen and SNGcan be used as a mobility fuel in hydrogen or CNG vehicles respectively. CNG refuelling stations are
expected to be connected to the natural gas gtite CNG mobility market therefore being a downstream market of
grid injection for powetto-methane plants.

Hydrogen mobility cannot rely on existing pipeline infrastructud@fuelling stations integrating hydrogen production
through water electrolysishydrogen compression and storagad finaly vehicles refuellingnfrastructure will most
likely be developedThis model of hydrogen refuelling station thus represents a market for ptaveydrogen.

" For hydrogen injection he injection station must be suited for pure hydrogend the pipeline has to have enough
capacity for hydrogen injection without exceeding the maximum hydrogen fraction according to the natiomal sta
dards
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The hydrogen mobility market is currently at an gastage of development. Even though hydrogen fuel cell vehicles
and hydrogen refuelling stations are technically proven, their commercial implementation will need joint investment
of public and private entities. Several initiatives and projects are plargredngoing in Europe with the most
ambitious being the Clean Energy Partnership in Germany targeting a nedivd@0 statiors by 2019 and of 200 to

400 stations by 202B11]. National policies, regulations and support meclsam on hydrogen mobility are expected

to play a predominant role in the development of this market which reliesationalstrategic plans for mobility.

Direct competitors of hydrogen as mobility fuels are fossil fuels (gasoline, di&Nél, biofuels (llbethanol bioCNG)

and electricity for electric vehicles. To be fully comparable, the cost of mobility solutions should be assessed over the
complete value chain (from well to wheel) and for the final functionality provided (distance of transport). firathe

of our analysis we will assess the market price of hydrogen considering the market price of competing fuels excluding
the cost of vehicles.

1.3 Historical R&D activity

¢KS INBgAYI YrddzZNRdGe 2F a2t N I YR 6 Ay RemiclheesSidhtiolisSOK Y 2 f 2
hydrogenbased electricity storage for staralone power supply{12] [13] [14]. Such systems involve hydrogen
production with water electrolysisipower production periods (sun or wind), hydrogen storage and conversion back

to electricity with a fuel cell in power shortage periods. The emergence of the PEM technology allowing faster
response time of the electrolyzer compared to alkaline technolpgbably contributed to the growing interest in
powerto-gasto-power systems for direct coupling with solar panels or windbines [15]. At this time using

renewable hydrogen producethrough water electrolysis wsalso envsagedfor mobility applicationd16] [17]. The

use of methanation also emerged in this period as a solution forré@@e. Massivgroduction of methane in the
Middle-Eastin powerto-gas plantsuppliedwith solar power produced in the neighbouring desert and, Gl@pped

from Asia washen envisaged as a world scale mitigation solutionCQ emissiong18].

The use opower-to-gasas a mean to storenassiveamountof electricity in highwind penetrationcontextsemerged

Ay GKS SI NI @& Hnann wasthen adsRIS@ AsSefonomiadlly moe atiractiveit@an stationary power
generation but still not viable due to high CAPEX of electrolyzers and the neeshydow prices of electricitfd9]. In

the meantime, hydrogen injection into the natural gas grdsidentified as a storage mean for hydrogen amds
investigated at laboratory scalR0] [21] [22]. Figure?2 illustrates the R&D development of powedp-gas concepts
from laboratory to industrial demortsation.

1993 1996 1999 2004 2006 2009 2013 2014
\ \ \ \ \ \ \ \

Exploration of the PtG concept o Industrial
. S Industrial pilot plants .
and its applications demonstration plants

|
- — 1stpilot projectin
Operation of an PubIlcatlo.n on the Netherlands for _ _ _
autonomous methanationfor H2 injection(6 kW EnergiepariMainz project for
renewable energy world-;cale CO2 electrolyzer) H2 injectionandmobility
systembased on recycling (2x3MW electrolyzer)
hydrogen storage
i UL Lahoratary test and Egas projectin Germany
electrolyzer and fuel modellingfor H2 Ay
Il (few kW) injectionin the grid Wdn CELENUIS [mISdnEENIe
ce (2x3 MW electrolyzer)
Publication on PtG for 1stpilot projectin 1stcatalytic Biocatproject in
renewable electricity Denmark for methanation Denmark with
storage andi2 mobility domesticCHP use e dnker=inEu VAR biologicalmethanation
on Adriatic islands. of hydrogen (25 kW electrolyzer) WERYAVREEEeVZ4=))

Figure2 ¢ Historical development of poweto-gas from concept to industrial demonstration

First pilotprojectsof powerto-gaswere launched between 2004 and 2009 with operational testing of technologies
between 2007 and 2012. The pilot project in Lolland (Denmaésjone of the first tess of hydrogen production and
use at domestic scale with micro electrolyzers and GE®&mbined ldat and Powerjuel cellsMost oflater industrial
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General background on pow#n-gas 15

R&D activity on poweto-gaswas oriented on grid injection or mobility applications rather than on autonomous
energy systems. In 2005 and 20@dot projects of poweito-hydrogenfor mobility and grid mjection were launched

in the UK andn the Netherlands respectively. The first pilot project of poviermethanewith catalytic methanation
wasbeen launched later in 2009 in Germany.

12

10

Number of
projects m Methane

m Hydrogen

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Year

Figure3 ¢ Number of pilot and demonstratiorprojects of powerto-gas launched worldwide in the past decade

The technical validation of powso-gas at pilot scalghanks to the first series of projegtsombined with increasing
targets for renewable electricity integration in Europe are two likeyses for the boom observed in the number of
R&D projects launched since 2012 ($égure3). Powerto-gas forgrid injectionand mobilitywasthen seen as avay

to bring flexibility to the electricitygrid, given the perspective dhcreasingamounts of wind and solar productions
Among these projects, two emblematic demonstrators are curreintlpperationin Germany for hydrogen injection
into the grid (Enagiepark Mainz) and SNG production for mobiliygés project).

R&D activityfor powerto-gashas beenextremely concentrated in Europe with 44 projects over the 49 launched
worldwide since 2004. Even though Japan is particulactjve in hydrogenechndogiesdevelopment it focuses on
consumptionside technologies, such &sel cell technologies for vehicles or stationary power produttimore than

on electrolyzersThe USA are just entering the sector witheffirst powerto-gas projectannounced in 205 for
testing hydrogen injection in a simulated natural gas pipeline.

Even though Denmark and the Netherlands were pioneers in ptovgas and are still active, Germany is now leading

the European RR activity with 17 pilot and demonstration projects launched since 2004 Kapeedd) @ DSNX | y & Q
interest for powerto-gas is directly linked with inergewendeand high target§ of renewable electricity production.

R&D activity in France and the UK is much less important than in Germany and started recently in France with most

of projects launchedfter 2012.

Regarding poweto-gas routes, projects on pow#o-methane mainly focus on the developments of improved
methanation technologief23]. On the oppositeprojects onpower-to-hydrogentend to focus on the demonstration

of integrated plants at commercial scale from hydrogen production to grid injection, the later part being a challenge
with regards to the control of hydrogen content in the gjad] [25].

840 to 45% of electricity should be producedfm renewable sources by 2025 and 55 to%dy 2035.
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Figure4 ¢ Mapping of pilot and demonstration projects of poweto-gas in Europe
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Powerto-X business cases 17

2 Power-to-X business cases

The objective of th section is © assess the potential of a particular powergas or poweito-X process. For this
purpose,we compared the levelized cost of the final product (refer 2182 with the market price of alternative
productson the target market (refer to21.4.

This compason was performed for three time horizong2015, 2030 and 209@&nd for six case studieThese case
studiesfocus on potential mass market applicatior(gas injection into the grid, green mobility, heagind involve
technologies with proven technicaldsibility, which costs can be estimated with satisfactory level of accuracy (refer
to 82.1).

2.1 Methodology

2.1.1 Case studies

Three case studiefocus ongrid injection (see Figure5). The first one is a small scaleMW, input) power-to-
hydrogenplantinjecting hydrogeninto the distribution grid It is composed of a power grigenectionto anHV line,

an alkaline electrolyzer producing hydrogen atkid, a gas pipeline andn injection stationconnected to thegas
distribution grid. Additional compression of hydrogen is not required due to the low pressure of distribution(§rids
to 10bar).

The second case targetdaxger scalgpower-to-hydrogenplant (10 MW, input) injecting into thetransmissiongrid.

Thetechnical feasibilityof this case studgtill needs to be validateddfer to § 1.2.1). Theplant comprises the same
blocksasthe previous case with higher capaegand an additionalcompressr, to compress hydrogen to @far in

order to comply with thdransmissiorgrid pressure (4660 bar).

The third case is power-to-methane(or SNG) plant with a capacity b MW, input connected to thdransmission
grid. In the case of SNG production no constraints are expected regarding injgefiemto § 1.2.1). Downstream the
alkaline electrolyzermydrogen reactsat 10bar with CQ into a catalytic methanation reactdo produce SNGAs for
hydrogen injection, the gas is compressgdnsported in a pipeline and injectedtithe gridat an injection station.

Two case studiefocus ongreenmobility applicationsThe first one is representative of gdrogenrefuelling station
with onsite hydrogen production (W). It is composedof a power grid connectionto an HV line, an alkaline
electrolyzer producing hydrogen at bar and a refuelling station. The refuelling statiocludes a compression train
up to 700bar, hydrogen storage and all the infrastructure requitedrefuel vehicles. This refuelling stationcan
produce up to370kg,/day, allowingthe supply of a fleet of,000 light duty vehicles. Refuelling stations currently
operationalin Europe or Californiand to be installed in the next 5 yeaase smaller(typically100to 200kgy/day).
This case studis thus representative of refuelling statioisat would beinstalledlater on, typicallybetween 2020
and 2030 in Europe.

Multiple power-to-liquid processesan synthesiz© 2 Y LJS (i A y Huidif@NBs3Igséribed Figurel. Synthesis of
methanol by direct hydrogenatiohas beerchosenfor the second mobility case studgue to its simpler process and
higher maturit;? than other outes [26]. This processonsists inthe production of hydrogen and the catalytic
conversion of hydrogen and carbon dioxide in a reactor to produce meth@iheinost likelymarket for methanol as
a mobility fuel is theolending with gasoline to be used in conventional internal combustion enfjines

Finally,a powerto-heat case targets heat production for industrial plantih a base load heabtg demand A
10 MW, electrode boiler is used for steam production alternativto a gas boiler when loprices ofelectricity allow
for areducedsteamproduction cost

°The technology is at industrial demonstration staGarbon Recycling International (CRI) is opega demonstrator
in Icelandfor several years and recently launched a second demonstration projiiet Mitsubishi Hitachi Power
Systems Europe
®The use of pure methanol in fuel cells can also be envisaged even though it faces challenges due the high toxicity of
pure methanol.
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1MWe Alkaline H, @ 10 bar H2 injection Natural gas
) —>| distribution
electrolyzer station grid (510 bar)
1OMWe: NS H. @ 10 bar H2 H. @ 60 bar H2 injection I Natural gas
. ) transmission
electrolyzer compression station grid (5060 bar)
Power
1MWe Alkaline H, @ 10 bar Refueling H, @700bar :;g:irc?g:n
—> .
electrolyzer station (700 bar)
Power grid [E=ITeYg grid Power CO @ 10bar
[GQY2B connection
10MW,, (SIS H, @ 10 bar RV SNG @ 10 bal SNG SNG @ 60 barieSNry A N t’:‘:;i’;'igzn
electrolyzer methanation compression station grid (4060 bar)
CQ @ 70bar
10MWe! R  H; @ 10 bar H2 He @ 60 bar MeOH AR Gasoline
electrolyzer compression synthesis blend
1OMWe Electric Steam Steam network Industrial
h . steam
boiler connection network

Figure5 ¢ Block flow diagram of the case studies modelled

2.1.2 Cost modelling

For a givenpower-to- X case studythe levelized cost of XLCOXrepresents the breakeven selling price of the
product. For a particulaplant'2 ¥ f ATFTSGAYS ys GKS [/ h-5 SELINBaaSR AY €k dz

B 0 €108 'QdN
p w000
060G —
B 000w ¢ WoE Qo WTEEQ G
p w066

In this study, a weighted average cost of capital (WACBYwifiasassumed. Costwere separated into CAPEX and
operational costs, and both operational costs and yearly produatiere assumed constant over time.

CAPEXvascalculated as the total project capital expenditures as described below
"Yé OGN0 ‘OG0 | 0 BDD@@ | £ "BBWHO O

With,

(<4

DL i 0 DBODDBONDOOND@R i 6 QQQ0 Qé ¢ &
And,
01 ¢ BHOOGis Ot § O @D DD

Installed CAPEX incluslthe factory gate cost of equipments and additional costs comprising transport, civil work,
installation, balance of plant and commissioning costs.

1 To take into account differentiated equipment lifetimes, the LCOX is actually computed based on the levelized cost
of intermediary products established for each block and on intermediary consumptions.
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For most of the process blocks, installed CARED¢ directly estimatedfrom the feedback of technology pviders

and project developersFactory gate costs and additional cestere estimated separateljor methanation, methanol

synthesis and compressioEstimatesverederived fromfeedb 01 2 F G SOKy2f 23& RS @Sdf 2 LISNA
econonics onthesetechnologies. Additional costgere estimatedat:

A 50% of the factory gate cost for methanation and methanol synthesis
A 15% of the factory gate cost for compress.

Project CAPEX comprisdesign, engineering, overheaahd permitting costs. Depending otechnologiesinvolved
plant scaleand project environment, project costs a plant can vary from 10 to 108 of theinstalled CAPEXBased
2y 9b9! Q& SELISNASYOS 2y Ay Ruajed dbktdvére asiNBedoSapriesent3D 46 oftihek S
installedCAPEX

w»
w»

y

CAPEX decreas@as consideredfor the 2030 and 2050horizons for the electrolyzer, hydrogen compressor,
methanation reactor injection station, hydrogen refuelling station, and methanol synthesis reactor. Amslétigets

of CAPEX reduction were chosen for the 2050 scenario in order to assess business cases in optimistic conditions.
Intermediate values between 2015 and 2050 were set for the 2030 scemafar o § 3.2). Except for the poweto-

heat case with @onstantCAPEXor the three time horizonsthe total CAPEX of business cameseduced from 18%6

to 36% in 2030 and from 3% to 48% in 2050 compared to 201&efer to § 3.3for details.

Operational costsare composedof operation and maintenance (O&M) cosaed inputcosts(e.g. electricity, C&
water). AnnualO&M costsvere assumed to ba fraction of the CAPEKndependently of the annual production)

Input costswere calculated based on the price (or levelized cost) of inpuite input consumptionwas calculated
from energy and mass balaneeof the plantaccountingfor chemical and energy efficieil®s Assumptionamade
regardingthe price of electricity are described §2.1.3 A conservative assumption ddQ pricewasmade,and the
CQprice was seat50e k G 2 Yy T 2 NJa¥sniing Cgpurdhads@fydm a biogas plant including Q@ssurization

at 10bar and transporf. The price of CQronsumed for methanol production was set at a higher pricéaffe k (i 2 y
assuming Copurchase from industrial or fossil power pla}?tincluding C@pressurizationat 70bar and transport.
Based on previous ENEA studiés tvater consumptionvasneglected given its low impact on the overall LCOX.

Numerical assumptions are summarizad 3.2

2.1.3 Load factor and electricity price

Figureé6 illustrates that the price of electricity significantly fluctuates on a daily time scale, even reaching zero during
some offpeak hours. As a resufipwer-to-X plants should be operated prefably whenthe price of electricity is at its
lowest value to minimize theCOXHowever, operating the plant only during these periods would not allow for CAPEX
amortization. Consequently, a compromise must be folnetiveen CAPEX amortization amdnningthe plant only
duringthe cheapest hours.

In practice, finding this compromise consists of determining the load factor H (in hours/year) that minimizes the LCOX.
Indeed, for a given load factor of H hours per year, the best strategy to minimize the  @®@yérate the plant only
during the H cheapest hours of the y& Ly LIN} OGAOSs (KS&aS Kz2daNB OFy 68 A

2 A 10MW,, power-to-SNG plant consumeit Nm3/h of CQ, compatible with COflowrates of typical biogas plants
(114Nmh or 205kg/h [2]). CQ for methanation could then be recovereat reduced cost from biogas plants
capturing C@for biomethane production. The price of €@ould then comprise conditioning and transport costs
only.

B The powetto-methanolcase ignodeledbased ona 10MW,, input but commerciatarget capacities range fron70

to 140MW,, (equivalent to 50 to 10@tpa) [34]. Thiscorresponds to a GOconsumption of 8.6 to 17.8&o/h
(1.38kgeoskgmeor). Methanol plants are thus likelip be suppliedwith CQ coming from large scale industriplants

or fossil power plants

*In this study, poweto-X plants are assumed to be idigaflexible, with no start up or shut down constraints and
costs.
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where hourly electricity prices are sorted from the cheapest to the most expensive. Price duration curves of some
European countries including France, Denmark, Sweden and Norway in 2014 are stgumé?ilS.
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Figure6 ¢ Spot NordPool prices of electriyiin Denmark (DK1 zone) during the first week of January 2014

The averageprice ofelectricity overthe H cheapest hoursf the yearthus represens the lowest average electricity
price apower-to-X plantcan pay Figure8 shows that this average electricity price varies with the load factor at
different locations. For example, a plant running 2,0@@rs in West Denmark (zone DK1) would buy electricity at a
minimum average costof 187k a2 K A Yy Figore8n 6 4SS

Renewable energy sources represent an important fraction of the mbeimmark €.g.wind represents almost 4%

of the electricity consumed). Even if strong interconneasiovith Norway and Germany dampen electricity price
variations, the DK1 curve exhibits the lowest prices undeed hours of operatiorfseeFigure8). In this studythe
DK1 profile waghosen for the 2015 horizon to assess the competitivenegsowfer-to-X plants having access to
electricity at a particularly low price fer limited number ohours peryear.
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Figure7 ¢ Electricityspot price duration curve for selected European zones in 2014

15 Negative prices are a consequence of renewable injection priority on the electricity grid
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Figure8 ¢ Minimum averageelectricity spot price for selected European zones in 2014

Forthe 2030 and 205Morizons prospective scenariosf electricity price weraused Figure9 showsseveralprice
duration curves found in the literature and derived from models of electricity markets with increased shares of
intermittent renewable capacities for Germany (DE) or Great Britain (GBgse curvedave beenextracted from

three publicly availabldocuments

A Athesis published in 2011 by Marco Nicolisi (EWhiversity of KéInj27],

A A presentation performed in 2013 by Alfred Voss (ERiversity of Stuttgart)28],

A A report published in 2014 by DNV GL in cooperation with the Imperial College and NERA Economic Consulting
[29].

Figure9 ¢ Prospective price dration curves derived from models and published in the literatur€urve names
mention the country, the share of intermittent renewable capacity (wind and solar) and the source.

These price duration curves arahe result of complex models developed by the authors of the documérdsed on
numerous hypothesegelated tooffer and demandregulationsand incentivesstoragecapacities and technologits

'® The use of poweto-gas might be included in these prospective scenarios but is not mentionéte previously
guoted documents.
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