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1. Gonclusion

The purpose of this report is to illustrate the value of flexibility, specifically for electrolyzers.
The value of the flexibility is quantified as a reduction in the cost per produced unit of hydro-
gen (LCOH), also considering added costs to unlock xitglie. The calculations are based on

a set of assumptions (sectibrll), and it is important to stress that these are associated with
uncertainy and that the results are sensitive to changes in the inphésaim is to initiate a
dialogue between Energinet and relevant parties on how the potential flexibility from electrol-
ysis is optimally introduced to the energy system. The flexibility ialdmicostefficiently in-
tegrate the massive variable renewable capacities necessary to meet the climate goals.

The value of flexibilitptroducesa significantreduction forthe levelized cost of hydrogen
(LCORH) fioelectrolysismore thanl EUR/kg Hn average across different scenarioe realize
the potential reductiorthe electrolysis plant must be able to ramp the input electricity (the
faster, the larger potential) aretiditional electrolysis capacityrejuired When minimizing

the LCOH he capacity factor of the electrolysis plarften decreasefurther and the

weighted electricity price increases when including revenue from explicit flexibility services
compared toconsideringmplicit flexibilityonly. The reason is that the revenue from explicit
services more than counters the effect of higher electricity précel the increased invest-
ment costs, both in electrolysis capacity and storage.

The value of the implicit flexibility is also significant. The effect enhances the more the electric-
ity prices are fluctuating, as the weighted electricity piicehe consimption of the electroly-

sis can be reduced substantially if consumed in the cheapest hours. Again, the reason is that
the decrease in the weighted electricity price gained from the implicit flexibility more than
counters the effect of increased investmeosts in electrolysis capacity and storegterage

or flexibility in the processes consuming hydrogen is needed, as the tmw@stondenomi-
natorwill be limiting.On the contrary, the value of flexibility increases significantly when hav-
ing unlimited andree access to storage (i.e. pipelines), whitdwsflexible consumptiomo

be even more flexible anfilom a system perspective assist the integration of variable renewa-
bles.

Thisreport clearly indicates that the lowgstssibleLCOH is achieved byésting in additional
electrolysis capacityand hydrogen storage if necessary to unlock the flexitidityarvest the

full valueof flexibility, compared tdhe widespreadxpectationof approximately 6000 full

load hours or moreHowever, there exists a large predicament as the investment costs in-
crease and so do the risks. To exploit the value of implicit flexibility, one must be exposed to
the variations in the daghead and intraday electricity priceClassical PPAs and other types

of hedging strategid#mitsthe incentive to provide implicit flexiity, unlessralued bythe bal-
ancingparty9 lj dz t t 8 3 G2 SELX 2A0 GKS @FtdzS 2F SELX AOAG ¥t
the variations in the explicit flexibility markdisgeneral, the market design for explicit flexibil-
ity services procured by TSOs is moving towards shorter market time unitsgifTadictions

the day before operation.

Hence, the potential upside shiaé thoroughly compared to the added risk&is cannot be
emphasized enough.

The value of flexibility and the impact on the L@@Hanalyzed in a model. They aemsitive
to changes in the input data, i.e. dalgead electricity prices and the markeicp for the ex-
plicit flexibility products. Specifically, those two are associated with high uncertainty as they
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are dependent on the development of the energy sysfieral prices,CQ-quota price, produc-
tion and consumption capacities, technology develepts,electricity and gas infrastructure,
weather datamarket designsgtc.).Because of thatdifferent variationdave beerevaluated
to define an expected range of the value of the flexibHtywever, the results shall still be
used withcautionand Energinet cannot be held responsible for the accuracy afethdts the
use of theresultsas a basis for decisianaking or any other use, regardless of form or con-
tent.
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2. Introduction

The purpose of this report is to illustrate the value of flexibility, specifically for electrolyzers.
The value of the flexibility is quantified as a reduction in the cost per produced unit of hydro-
gen(LCOH)also considering added costs to unlock the fityibThe calculations are based on
a set of assumptiorexplained in sectioB.1, and it ismportantto stress that these arassoci-
ated with unertainty and that the results aensitiveto changes in the inputs

Again, he aim of the report is tmitiate a dialogue between Energinet and relevant parties on
how the potential flexibility from electrolysis is optimally introduced to the energy system. The
flexibility is crucial toostefficiently integrate the massive variable renewable productien ¢
pacities necessary to meet the ambitious climate goals.

When discussing flexibility in the electricity system, the primary focus is often implicit flexibil-
ity. Implicit flexibility is reacting on price signals, i.e. to consume electricity when thbedaly
prices are low. Howevegxplicit flexibility frormelectrolyzers is anticipated to enaldesteffi-
cientbalancing of 100 % renewablgectricity systenwhile maintaining the high level of se-
curity of supplyExplicit flexibility is active particigat in markets where a specific flexibility
product is traded. This report focuses on reserves procured by the TSO (transmission system
operator, specifically Energinet the Danish)T 8&he reserve marketare the only existing
explicit flexibility marts in DenmarkOther products and markets are likely to occur in the

near future, i.e. local flexibiligemanded by both the TSO and DS they are not consid-

ered in this report

Furthermore, if engaged with green hydrogen in the Danish energyrspitase see:
https://energinet.dk/Brini(Danish) ohttps://en.energinet.dk/Hydroge(English), where Ener-
ginet has tried to establish an overview of relevantesttbjn the domain of Energinétd be
aware of when working with green hydrogen.

Energinet is open to discuss this specific report,imamggnerahow to assist the integration of
electrolysisandgreen hydrogenincludinghe potentialflexibilitythat follows.
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3. Implicit flexibility

In short, energy and electricipyices are dynamic and reflect the balance between demand
and supply and/othe available capacity of theectricity grid This creates a financial incentive
for electricity consumers and producersstaift electricitydemand to moments in time when
prices are lowand electricity production to moments in time where the prices are high.

When introducing more variable renefta production capacity to the electricity system, then

the supply side will have larger variations as the production from renewables will vary depend-
ing on the weather. As the short run marginal cost of power production from wind turbines

and PV is cloge zero, then this will impact the electricity price, as the pricing mechanism in
the dayahead electricity market is marginal pricing.

Historically, electricity consumption hlasen price insensitive, and the production has simply
followed the consumpdin. This mighteverse ascontrollable production is phased otiie
electricity prices are increasingly varying, and new, potentially flexible, electricity consuming
technologies are introduced to meet the climate goals.

3.1 Historical prices and simulatgatices

Historical and modelled future electricity prices are shown in sorted curves for 2020, 2021,
2025, 2030 and 2040 Figurel andFigure2. The modelled future prices are based on

-1nt2030,)600 MW/ of electrolysis is assumed
for DK1 and 400 MW for DK2.

Sorted curves for the electricity price in DK1.
Historical prices for 2020 and 2021, simulated prices for 2025, 2030 and 2040.

700
=
; 600
=
[0
S 500
w,
0} 400
Q
s
> 300
S
g 200
@
H 100 \
. \
-100
N’QQO\Q qog\ﬁ) %00\0 cb(/;\o q>QO\Q /\og\o «00\0 Q()g\() b00\() <9(/?\() <900\0 b((g\c §\° ’)§§\0 ’))QO\O P\(:g\o %QO\Q 6\0 N’QO\() <§\0 QO\Q
2020 2021 — 2025 — 27030 2040

Figurel: Sorted curves fohé hourly electricity price in DK1, shown for historical values in 2020
and 2021, and simulated values in 2025,288d 2040. The simulated values are a
result of a model based on the expected future energy system, and the prices are re-
flecting themarginal costs of the cheapest unit with available capacity.

1 if interested in the priceplease read more about thenderlying assumptions and the prices héréps://energinet.dk/Analys®g-
Forskning/Analyseforudsaetninger/Analyseforudsaetni2@@l & ELPRISER AF21, NOTAT FEBRUAR 2022
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Sorted curves for the electricity price in DK1.
Historical prices for 2020, simulated prices for 2025, 2030 and 2040.
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Figure2: Identical toFigurel, but without the exceptional year of 2021, where the electricity

prices were extraordinarily high.

In Figure3 the average electricity price is shown as a functiazaphcity factor. The capacity
factor describes how many hours of the year a specific electricity consumer will consume. Fo-
cusing orelectrolysis, a capacity factor of 50 % means that 1 MW of installed electrolysis ca-

pacity wil
year.The

| consume 0.5 MWh electricity in average, or 1 MWh per hour in half of the hours in a
average price as a function of capacity factor, assumes thatrtbgnaption has

been in the cheapest hours possible. This might of course be difficult to fulfil in reality, but it
illustrates the value of flexibility.
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Sorted curves for thaverageelectricity price in DK1 as a function of "capacity factor".
Historical prices for 2020 and 2021, simulated prices for 2025, 2030 and 2040.
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Figure3: Average electricity price as a function of capacity factor, basEigjurel.
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It is visible from the figures that the historical prices from 2020 and 2021 have been very dif-
ferent. 2020 is often referred to as a lgsice year, ad 2021 as an exceptional highice

year. The simulated prices are of course reflecting the nature of the inputs and optimization
algorithm, meaning that redife effects and variations are not necessarily captured.

Similar is available for DK2, andgidoring price areagastern Denmark, i.e. east of the

Great Belis demoted a®K2 while western Denmark, i.e. west of the Great Bellenoted
DK1.Denmark is electrically divided, where DK1 is part of the continental European synchro-
nous area, and DK2 is part of the Nordic synchronous area.

These prices are the input to the analysis in this report, and the results shall therefore be used
with caution andEnerginet cannot be held responsible for the accuracy afethdts the use
of theresultsas a basis for decisignaking or any other useegardless of form or content.

32 ahLWGAYIFEég OFLIOAGE FIFOG2NI

If the electricity price & CAPEX are assumed to be the only expenses to pronuae élec-

trolyzer,then the "optimal” dimensioning to achieve the lowest cost of H2 can be found as a

function d the capacity factorThe H demand is assumed to be fully flexible, as thisdro-

duced when the electricity price is lower than the threshold price (being approx. the crossing

of the average electricity price & CAPEX curVés.is illustrated forG20 electricity prices in

Figured®d ¢ KS /!t 9. F2NJ (K BydSderSptodustBri via alkabne dle@trol¥ 2 dzy R T2 NJ a&
ysis (AEC) for 100MW plant A yeclin&ldy Data for Renewable Fuaking the 2030

value.

¢KS a2LIGAYIFEE OFLIOAGE FILO02NI YR KSyOS RAYSyaarzyay3
to the electricity pricend also the CAPEX of the electrolysis plamseen ifigured, the op-

timal value for 2020 electricity prices becomes approximatéBt4rhe same consideration is

shown for 2025 itfrigureb, also illustrating the effect of doubling the CAR&Xch is large!)

In general, lower electricity prices will result in a higher amount of full load houtkeaed

fore a highercapacity facto Few variations in the electricity price (from high to low and vice

versa) can have the same effect. Hence, performing the same considerations for the electricity

prices of 2021 will reduce the capacity factor significantly compared to 2020.

2 https://ens.dk/en/ourservices/projectionsindmodels/technologydata
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DK1, 2020 H2production costas a function of capacity factor
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H2 production cost

Figured:¢ h LJG A Y I f ¢  Goundlatheiminim@nHyad@ctith cost based on CAPEX
(divided per produced:Hand OPEX (assumed to be the cost of electricity).

H2 production cost as a function of capacity factor
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Figure5: Similar toFigure4bdzi a K2 gAy 3 GKS a2LIAYEFE€¢ OFLI OAGE FIF OG2N T3
tricity prices and with double CAPEX for both years.

An increase@APEX shifts thuptimal @apacity factor to be higher, as it becomes harder to

counter the increased investment costs by a reduced OPEX due to lower average electricity

prices.Even though the assumptions behthé CAPEX and OPEXifd¢ A & G 2 LJGA Yl £ ¢ OF LI OA (e
factor calculation ar&oo simplistic tdully reflect reality, it still indicates a large value for im-

plicit flexibilitythat should be considered’he optimal capacity factor is sensitive to both the
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electricity prices and the investment costs, and even when assuming the toAREXUbled,

the value of implicit flexibility is significant for years with variations in the electricity price (the
modelled year of 2025 shows little variation in &hectricityprices, and this is most likely not
realistic when comparing to the pés of the last yeaend the expected rapid development of
the energy systeijn

Hence, tiis clearly shown that the lowest possible LCOH is achieved by investing in additional
electrolysis capacity to harvest the full value of flexibility (and hydrageags if necessary to
unlock the flexibility)compared to the widespread expectation of approximately 6000 full load
hours or moreThe optimal full load hours for almost all tested scenarios falls below 4380
hours (half the year).

3.3 PPA/ Nsdag

Thereexists but one issughenthe investment costs increase do the risks. To exploit the
value of implicit flexibility, one must be exposed to the variations in thaliegd and intra

day electricity prices.lo manage the risks emerging from the dynaming of electricity one
could perform hedgingy making an agreement that sets the price level for electricity for a se-
lected time frameThis willimit the incentive to provide implicit flexibility and decrease the
value hereof but will reduce electitic price exposuré¢for both consumer and producer)

An increasingly popular way of doing sBasver Purchase AgreemsiiPPA)A PPAs a power
offtake agreement between two parties, being&dn green) electricity producer and an
offtaker of this eletricity, such as an electricity consumer or tra&milarly, Nasdaq can be
used.Nasdaq is a global electronic marketplace for buying and selling secNasesqg Com-
modities offers a broad range of power futures and options that help power tradedsiqs
ers, distributors and retailers to manage price risks.

Sincea PPAs a bilateral agreement, a PPA can take many forms and is usually tailored to the
specific applicatiorA PPA can be both physical and finaneRA defines the conditions of the
agreement, such as the amount of electricity to be supplied, negotiategspaccounting, and
penalties for norcompliance.

As an example,n@ could imagine that the balancing fee reflecting the costs to match con-
sumption and production (for financial PPAs) would be tailored to the new tyjz@geand
flexibleelectricityconsumers, especially when paired with variable renewables. The balancing
party, when managing large PPA portfolios, could actively manage risks if agreed so with the
flexible consumer and hence reduce the balancing costs. It is therefore not necessarily

that PPAs reduce the value of implicit flexibility while reducing electricity price exposure.

3 https://www.nasdaqg.com/solibns/nordiceuropeanpower
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4. Explicit flexibility markets in Denmark

In any power system, a balance maistays be maintaineldetweenproductionandconsump-
tion of electricityto avoid black/brown outsChanges iproductiondemand and disturbances
affect the system balance and cause grid frequency deviatimhshanges of loading of grid
components Energinet buys ancillary serviceslways ensure accesssuchresourceghat
are necessary to ensure the stable and reliable electricity system opefatidraperators
across the world are in similar fashion ensuring access to similar services.

The demand for ancillary services is dependent on the nature ofdbtieity system. Larger
systems have a relative lower demand, and smaller system often requires faster services as the
stability is more challenging to maintain.

The ancillary services which are procured from electpedglucersand consumers in Den-

mark and in neighboring countries are used for various purposes, and different requirements
therefore apply to the supply of the various servi€esthermore, the equirementsand ten-

der conditiongo be met by suppliers of ancillary services vary, depgra whether the ser-
vices are to be supplied in eastern Dennm(@K2) or western Denmark (DK1).

For simplicitthe emphasis is put cactive power reserves iYm a4 GKSNB SEAa(GA a2yf éé

active power reserves, while there exists five in 2. DK1, and the rest of the continental
European synchronous area ttieee types of reserves (with almost identical technical re-
quirements in each country, but varying tender conditions). The reservdsrzoed

U Frequency containment reserve (FCR)

U Automatic frequency restoration reserve (aFRR)

U Manual frequency restoration reserve (mFRR)

The Danish demand for the reserves and the amounts procured on the explicit markets for the
reserves are described in an annual publication by Enefgirret.mairtakeaways are de-
scribed inTablel, as are market specifications.

4 For further information please seeiips://en.energinet.dk/Electricity/AncillariServicesSpecifically, the tender conditions and tech-
nical requirementgprequalification and test).

5 Energinet has created introduction materialancillary services, as the topic is not #athwn and complex at the same time. Please
see the following in Danishttps://energinet.dk/El/Systemydelser/Introduktigifr Systemydelser/Oversigiver-systemydelser
& https://energinet.dk/El/Systemydelser/Introduktigif- Systemydelser/Introduktioamnateriale

6 https://energinet.dk/El/Systemydelser/Markedsgoeretegbehovsvurdering
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DK1
Purpose

FCR

lize the frequency wheimci-

dents occur

aFRR
Automatically contain and stabi- Automatically restore frequency Manually restore frequency and
and balance in a specific geo-
graphic area (bidding zone)

mFRR

balance in a specific geographi
area (bidding zone)

Technical specifications

Reaction time

Maximum 30 seconds

Maximum 15 minutes

Maximum 15 minutes

see Figure6 (5 minutes from 2024) (10 minutes from 2024)

Minimum Approx.20 minutes Continuously in the contracted Continuously in the contracted

endurance period period

Characteristics The provider measures fre- Energinet continuously forwards Energinet activates providers pg
quency and provision is requiret an activatdbn signal based on re- market time unit (MTU), cur-
when frequency deviates outsid quested activation. rently per hour, but per quarter
given thresholds. in ultimo 2023.

[ 21 R 7FI Net-0% Net~12 % 100 % as the reserve is either g
~1 %both down and up ~38% down and ~&% up tivated or not. Activation is per-

(@smFRR in 2033 formed via the separate energy
activation market.

Market specifications

Minimum bid 1 MW 1 MW 5 MW

size

Maximum bid N/A 50 MW 50 MW

size

Procured as

Symmetrigproduct

Symmetric product
(asymmetric for both upand
downwards regulation in 2024)

Asymmetric for upwards regula;
tion only, seen from the power
system perspective.

ket, with limited exchange possi (willbe common Nordic in 2024,
bility for DK1 due to grid con-

straints.

Market time 4 hour block6 blocks a day) 1 month 1 hour

unit (MTU) (asmFRR 2024, GC7.30 a.m)

Gate closure 8 a.m. the day before operation 2ndlast working day before the 9.30 a.m. the day before opera-

time (GCT) (before dayahead) coming month tion (before dayahead)

Danish demand +/-20 MW +/-100 MW + 284 MW

procured (upto 584 MW when sharing
with DK2 is not possible)

Capacity market Yes Yes Yes

Market size Common central European mar National National

(will be common Nordic ultimo
2022)

Energy activa-
tion market

No

No
(expected in 2024)

Yes
(the regulating power market)

Pricing mecha-
nism for capac-
ity market

Marginal pricing

Payashbid

(marginalpricing in2024)

Marginal pricing

Pricing mecha-
nism for energy

Settled as imbalances (as the n Dayahead price +/. 100

energy activation is insignificant DKK/MWh

The balancing price
(marginal price on the regulatin

activation (asmFRR in 2024) powermarket)
Balancing re- No Yes Yes
sponsibility

Tablel: Maintechnical and market specifications for reserves i@kt coming changes)

7 Load factor is defined abe required average historical provision of energy per sold amount of reserve capacity. 1 % load factor and 1
MW of ®ld reserve capacity will in average result in 0.01 MWh of energy per hour. For FCR this is calculated with the allowed
deadband around 50 Hz.

8 When DK1 and the resf the Nordic synchronous area enters the common European energy activation platfafRfey PICASSO.
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mFRR
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Figure6: lllustration of FCR, aFRR amERR maximum activation times (presently for DK1)

4.1 Future market design for mFRR and aFRR

Nordic power grids areloselycoupled,and Nordics have a long history of cooperatiorbfds
ancing. The Nordic power system is transforndmgardsmore unregulated production like
wind and solar and increased crdmsder exchangelherefore, narkets get a finegranularity
(both time and gography)and more trade is taking place closer to the operational hour. To
meet these changeg&nerginet andhe rest of theNordic TSOs are developing the Nordic Bal-
ancing Model (NBM).

New common capacity markets are planned for aFRR and mFRRboathdp&1 and DK2 will

join. The common capacity markets will allow ddohdicTSO on an hourly resolution to pro-

cure reserve capacity for aFRR and mFRR cross border. The result of the auatioriowill
minimize the total cost on a Nordic level to mdet teservedemands, also considering the

costs of allocating interconnector capacity to exchange of reserves (that could have been used
to transmit energy if not reserved for exchange of reserves).

Common energy activation markets are also planned fdR @R mMFRR (for mFRR it will be an
update of the current common Nordic regulating power market). The aim is to minimize the
total Nordic costs for the required activation of balancing energy, taking grid constraints into
considerationSimilarly, Europeagnergy activation platforms for balancing energy are being
developed, denoted MARI for mFRR and PICASSO for aFRR.

4.2 Capacity and energy activation markets

For the reserves with significant energy activation, aFRR and mFRR, capacity and energy activa-
tion aresplit into two marketg?®

The capacity markets are to ensure sufficient access to balancing energy in the energy activa-
tion markets. Hence, a given minimum is procured in the capacity markets. The procured re-
serve capacity is obliged to submit bids te émergy activation marketsherefore, the capac-

ity markets function as an availability paymédat the TSO to ensure access to bids on the en-
ergy activation markets.

9 https://nordicbalancingmodel.net& https://energinet.dk/El/Systemydelser/NorelBalancingModel

10 For aFRR when entering PICASS024.

Dok22/041341 Til arbejdsbrug/Restricted

13/28


https://nordicbalancingmodel.net/
https://energinet.dk/El/Systemydelser/Nordic-Balancing-Model

14/28

The energy activation markets are to ensure the activation of the cheapest balamsigg e

when necessary. The pricingesfergy bids that have received a capacity payment is com-
pletely decoupled from the pricing of the capacity bid. Energy bids, that has not received a ca-
pacity payment in the capacity markets, are denoted voluntary Hefsce, when the TSO ex-
perience an imbalance, the cheapest balancing er@ggcan be activatetb restore bal-

ance.

The technical requirements are technology neutral, and consumption, production and storage
units are all allowed to participate in thapacity and energy activation markets.

4.3 Cost of providing reservder electrolysist

When providing reserves, one must consider the cost of doing so. This is closely linked to the
market desigrand expected activation pattern.

The pricing mechanism for all the capacity and energy activation markets is marginal pricing
(for aFRR in 2024). The bidding strategy is therefore to bid the short run marginal costs and
gain a profit when a more expensive bid sets the price of the market.

4.3.1 Capacity markets

When selling availability of capacitgrir an electrolysigplantone should consider if the plant
would operate at the needed loading without the expected revenue from reserve provision.

To exemplify, hydrogen is assumed to be soll@mmodity in an existing hydrogen infra-
structure or sold in a longerm contract Hence, a given price of the hydrogen is known. If the
electricity price is below a given threshold value, therstigt run marginatost of the hydro-
genproductionfor this specific electrolysis plant is lower than the market priberefore, the
electrolysis plant would be consuming even without a revenue from selling reserve capacity.
The cost of providing upwards regulation (the ability to reduce consumption) esaieezero,

but the cost of providing downwards regulation (the ability to increase consumption) is the lost
profit of producing hydrogen equal to the difference between the short run marginal cost of
the hydrogen production and the market price for theltogen.For symmetric products, the
electrolysis plant would have to operate at partial loading with sufficient capacity in both direc-
tions to provide the sold reserve capacity.

If no commodity market for hydrogen exists, one would have to compare thefqueducing
hydrogenat different hours. Assuming a constant hydrogen demand, one would also have to
include the cost of storing hydrogenthe loss of not providing the hydrogérhis is more
complex as the aim is to meet the hydrogen demand irchieapest possible way, but this is
dependent on the variations of the electricity and reserve prices, etc.

Toincrease the complexity even furthéhe dayahead electricity price is not known at the

time of bidding for the reserve markets in DK1. Evémtive known future changes to the ca-
pacity markets, the GCT of both FCR, aFRR and mFRR will be bedbeadalif the electroly-

sis plant is exposed to the dakiead electricity price, one would have to rely on forecasts. Sim-
ilarly, when bidding for FG& 8 a.m. before the day of operation) the prices of mFRR are not
known. Hence, the pricing of bids for FCR should also include considerations for the pricing of
mFRRetc.

1 Energinet has developed a specific case for electrolysis based on fictive data to describe what provision of exlitycisflexibi
https://energinet.dk/El/Systemydelser/Introduktigit-Systemydelser/Cadeeskrivelser
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For the reserves with a capacity market only, which is FCRh(B¥Kthe energ activation is
insignificant) the expected activation pattern found from historical data should also be consid-
ered. The grid frequency is converted to activation requests and historically this has resulted in
a very low amount of energy but with many orictivations. If minor activations stress the

plant and perhaps has an impact on degradation and lifetime, the estimated costs of this
should also be included in the bidding price for the specific reserve.

4.3.2 Energy activation markets

Again, when sellingnergy activation from an electrolysis plant one should consider the costs
of changing the loading of the plalithat is the profit or loss when increasing or decreasing
electricity consumption at a given electricity price?

l.e., f the short run marginatost of hydrogen productiomased on the daghead electricity
priceis competitive with a given hydrogerarketprice, thenthe cost of providinglownwards
regulation is zero (assuming the eatyead price to be theeference). On the other hand, the
costof providing upwards regulation will be equal to the lost profit of producing hydrogen.

For the energy activation markets, the deyead electricity price is known and therefore the

considerations become simpler. Again, for the case with no commodikgtnane would

have to compare the cost of producing hydrogen at different hours. When providing upregula-

GA2Yy AY | LISNA2R 6KSNB (KS K@RNRISY LINPRdAzOGA2Y A& NBRAZ
should be recoveredt another period. A profit will only learned if the total cost of produc-

ing a given amount of hydrogen is reduced.

12 3FRR will have a separateesgy activation market, expected in 2024 wiemmak joins PICASSO.
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5. Modeldescription

To be able to thoroughly analyze the value of both implicit and explicit flexibility, a model has
been developed. The model is formulated $is@aroptimization problem with the objective
function to minimize the total cost of providing a specified hydrogen deriand.

The model has multiple possibilities to define different variables and constraints, as well as var-
iations in input parameters.

The model can simulatehydrogen demand that must be met either with an isolated hydro-
gen production, or that in combinationittya commodity market for hydrogen with a given
price (where hydrogen can be traded at a specified price).

The model can work with investment variables for the dimensioning of the electrolysis plant,
grid connection capacity, hydrogen storage, and loptsad renewable capacity behind the
meter. The investment variables for the storages are split in energy and charge/discharge ca-
pacity.The plant dimensioning can also be specifiea fixed value.

Furthermore, hourly variabldbat the model can freglchoose within the given constraints
are the electricity consumption for the electrolysis, the reserve proyigbtechnology
charge/discharge of storages, etc.

The main constraint is the energy balantat production and consumption of energy must

be equa Both for electricity and hydrogen. The plant dimensioning must of course be re-

spected, equally the grid connection constraint wherediogvnwardsNS 3 dzf | G A2y OF y Qi
vided if the full grid connection capacity is already allocatednsumpton for the electrolysis

as the total plant camot increase the offtake from the grid any further. Similarly, upwards reg-

ulation camot be provided if there is no consumptitar the electrolysis or other technologies

that can provide the reserve.

5.1 Assumptons
5.1.1 Perfect foresight

The model is built to solve for a year at the time. For the full year, the modettiest fore-

sight meaning thait knows the hydrogen demand, electricity prices, reserve prices, etc. for all
hours of the year (before it startptimizing). This is of course unrealistic, apartial solution

is to introduce a fixed hydrogen demand and an upper fomtiydrogen storageto force the
model to consider shorter periods at a time. However, the complexity concerning chronology
of the GCT of the reserve and elyead markets and the dependency on forecasts is not re-
flected.

5.1.2 Price taker

08
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The model is assuming thattReS FA Y SR LI I ydi Aa | WLINAOS GF1SND 2y | ff

size of the plant, this reflextealitymore or lessThe procurement of reserves in DK1, as
stated inTablel, is presently 20, 100 and 284 MW for FCR, aFRR and mFRR respedsvsly.
expected to incrase in the future, butdr large plants (i.e. 1 GW electrolysis) the assumption is
definitely challenged. Similarlytilizing the historical prices for both reserves and-alagad
electricity as input to the model will also be increasingly challengéddd anergy system

13 The model to perform the analysis is developed by Energinet in close dialogue with Green Hydrogen Systems, as pant of an inte
ship. The model will be made availabieEnerginet webpagd,desired by stakeholders. The input data are puldicjlableand
the software i©pen source.
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changes in the future. Again, if multiple GW electrolysis plants are implensmdedoviding
reserves, then it wihaveanimpacton the future pricegspecially for reserves as the liquidity

on the markets will increase significantence, multiple scenarios are investigated using sim-
ulated dayahead electricity prices for the expected future energy system and variations in the
reserve priced-or reserves a constraint on maximum reserve capacity that can be sold is also
implemented m the model.

In general, larger plants must be more wary of this assumatidrall if the flexible electrolysis
capacity increases rapidBpecifically for the pricing of reserves as these markets are easier to
cannibalize than the larger energy maskdiowever, the reverse situation can also occur, i.e.
that the current providers of reserves are slowly phasing out while no new providers replace
them. Similarlyor the dayahead electricity pricghat more renewable production capacity is
introduced than forecasted and not met by an equal increase of consumption.

5.1.3 Reserve markets

The markets are modellaxh hourlyresolution both for dayahead and for reserve capacity.
Similarly for hydrogerif used. Energy activation markets are notudeld in the model, athe

profit gained from energy activation markets for electrolysis is expected to be much lower than
the capacity markets. Furthermore, perfect foresight in the energy activation markets is unre-
alistic as the activation éeterminedby the systemimbalanceswhich are stochastic.

5.1.4 Input data

The input data consists of historical or simulated prices, which all are public and accessible at
the Energinet webpagé.including renewables behind the meter, then hourly load factors are
alsoused to find the maximum production per technology per lithgse also vary per year)

The CAPEX values for the investment variables are fouB@30in the Energy technology
catalogue'4, which are also publidhe ones used ardraospheric AEC for 0OMW plants

andsteel tubedor hydrogen storagdznergy consumption for compression for the storage is
also found here.

ForpressurizedAEC the overall plant electricity to hydrogen efficiencgriservativelyas-

sumed to be 60 %not changing withihe loading) and the recoverable heat at temperature

levels sellable to the district heating grid is assumed to be 20 % of the electricity input. The lat-
ter is however not included as a revenue in the base scerahigher efficiency would impact

the LAOH, but not the value of the implicit flexibility significantly. Hence, a conservative esti-
mate is used.

To reflect the expected changes of the tariffs in Denthagkbest guess is used. The tariffs are
expected to be divided into a capacity and energy. @ he capacity pais per MW of grid
connection, and the energy part is per MWh of consumed electricity from the grid. For larger
electrolysis plants (aboi0 GWlyear of electricity consumption from the grid) taeergy

tariff isreduced and simildy if connecting with limited access (not allowed to consume if the
grid is overloaded) the capacity tariff is reduced

As the tariffs are not affecting the results significantly for the main scenario with a fixed hourly
hydrogen demand and no renewalpleoduction behind the meter, it is loosely assumed to be

50 DKK/MWh and 27.500 DKK/MW/y (a mix of full and limited grid connection access).

14 https://ens.dk/en/ourservices/projectionsindmodels/technologydata

15 https://energinet.dk/Omnyheder/Nyheder/2021/11/04/Energinefil-aendreelforbrugernessystemtarif
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As the model runs for a year the investment costs are founfDya/MW/¥ equal tothe
CAPEJOKK/MW] divided bthe technicallifetime [y], summed with the annual fixed OPEX
[DKK/MW!/y]. As depreciation is not accounted for\tW&CQweighted average cost of cap)tal
is set higher than usual, at 15 Pheeconomic lifespan could have been used instead.

The last inpt data is the regulating capability for each technology per reserve. l.e., how much
can 1 MW of electrolysis provide of FCR, aFRR and mFRR considering the activation times per
reserve? Minimum loading and forecast precision (only for renewables) arecils®d in

this consideration. For electrolysis, 80 % of the nominal capacity is assumed to possible to pro-
vide as mFR&symmetric)40 %as aFRR (symmetric) and 20 % as FCR (symmetric).

5.1.5 Reserveand dayahead electricityprices

In Figure?, Figure8, Figure9, Figurel0and in theAppendk an overview of thehistorical re-
serve prices and the historical and simulated-alagad electricity prices, that are used as in-
put to the model, is given as distributiofi$ie distributions @ created from the hourly prices,
given per hour for both the electricity and reserve prices.

2020 was a lowprice year considering the electricity prices, and 2021 was an extraordinarily
high-price year, as seen Figurel0. This had an effect on the mFRR prices, as sédgure9.
HoweverFCR has an opposite pattern as DK1 joined the continental European market for FCR
in early 2021, which lowered the prices as sed¥igare?7, despite the increase iay-ahead

prices. aFRR has been roughly the same for 2020 and 2021, as skayune® DK1 has pres-

ently a monthly market, hence the costs atgo influenced by emadng of risksAs the model
assumes hourly markets for reserves, an aFRR price distribution is constructed for 2021 based
on the expected future market design per hour with potential cross border exchange if the
aFRR price delta between the bidding zisdarger than the deghead price deltadence,

the monthly price in DK1 &ssumed to be the hourly price, unless outcompeted by the hourly
aFRR price in neighboring bidding zones + thabasd delta and a margin of 2 EUR/MW.

FCR Historical reserve prices in DK1, distributions
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Figure7: Historical FCR prices DK1 for 2020 and 2021
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aFRR Historical reserve prices in DK1, distributions
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Figure8: HistoricalaFRRprices ér DK1 for 2020 and 202The * indicates that the pritas
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been constructed based tre expectation$or the future market design, imple-

mented on the historical prices. The future design is a common capacity market in

the Nordics, where aFRR carekehangedross border but only if the aFRR capacity
price difference is larger than the elyead price differece plus a margin (set to 2
EUR/MWh)Germany is included in the calculation, and it is only performed for 2021
as there does not exist sufficient aFRR market prices for neighboring bidding zones in
2020.

mFRR Historical reserve prices in DK1, distributions
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Figure9: HistoricaimFRR pricesdr DK1 for 2020 and 2021
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Dayahead electricity prices in DK1, distributions
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Figurel0: Historicalday-ahead electricityprices 6r DK1 for 2020 and 2021, and simulated
prices for 2025, 2030 and 2040 based on expected developments of the Danish en-
ergy system.
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6. Modelling results

The results are very sensitive to the input data, as there are large variations in the prices of the
electricity and the reserves depending on the modelled yida .results in this section are

based on a defined fixed hourly hydrogen demand, that muptdndded by onsite electrolysis

with the possibility to utilize storage, as defined per scenapan example of the hourly dy-
namicsof a modelled yeaplease see thAppendk

Figurell shows the resulting hydrogen production costs for two {reserves) scenarios per
different electricityprice-years. The fat scenario is with the possibility to invest in onsite H
storage (if feasible), and the second is with free unlimitestdtage, mimicking hydrogen
pipelinesThe two different scenarios show the difference between having perfect foresight
and anunlimited amount of storage, compared to limited storage and hence to be forced to
operate based on short term decisions and expectations.

AsFigurell shows thetotal cost of electricity (shown as theeighted electricity pricen Fig-

ure 12) consumed I the electrolysis is significantly lower for the pipelnenario, as ex-

pected. Especially for years with large fluctuations in the electricity price, 2021 anas2040
shown inFigurel0, which also are the years with the largest invested storage capacities for the
onsitestoragescenarios.

H, production cost- DK1
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B CAPEX (H2 storag
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1. m Cost of electricity
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0-5 I .
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Onsite Pipeline Onsite Pipeline Onsite Pipeline Onsite Pipeline Onsite Pipeline
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Figurell: The resultingptimalaverage ost of producing hydrogen for the electricity prices of
2020, 2021, 2025, 2030 and 2040 respectively. The scenarios per electricity price
year are shown, one where CAPEX for onsite hydrogen storage is included in the opti-
mization, and one where limitlegsrmge can freely be accesqdedmicking a pipe-
line).

Figurel2 shows the optimatapacityfactor for the 10 runs ifigurell. Thecapacityfactor is
calculated as the invested electrolysis capacity relative to the fixed hourly hydrogen demand.
The optimaktapacityfactor is correlated to the distribution of the electricity price. The more
distributed, the lower theapacityfactor.
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Figurel2: The resulting weighted averadedricity price and capacity factor the electrolysis
plant for he scenarios shown Higurell..

When analyzing the specific electrigityce-year of 2021, preletermined capacity factors are
defined to see the impact on tteverage cost of hydrogen. Five scenarios are chosen, 100, 80,
60, 40 and 20 % capacity factespectively, as shown Kigurel3. Naturally, he CAPEX of the
electrolysis increases when the capacity factor decreases. More storage is invested in to har-
ness the value of the flexibility with the lower capacity factor thadost of electricity de-
creases as a result of this. As founBigurel2, the optimum capacity factor is 36 % which is
also indicated bfrigurel3.

6.0

5.0

4.0

3.

EUR/Kg H
o

2.

o

1.

o

0.0

H, production cost- DK1 2021Pre-determined capacity factor
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Figurel3: The resulting averag®st of producing hydrogen for the electricity prices of 2021,
when locking the capacity factor and hence not allowiagnodel to invest in an
optimal electrolysis capacity
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Wheninvesk 3 GAy3 GKS @I tdzS 2F SELXAOAG ¥t SEAOAfAGE ol a
GF 1 SN | thededzMihgdost dfiytrogen is compared for 2020 and 2021 based on
pre-determined capacity factorsinsilarly toFigurel3. The revenusfrom the capacity mar-

kets are summed and shown as a negative contributi&iguwrel4. Fa 2020 the optimal ca-
pacity factor is pushed down towards 2@féém 65 %)and theresultinghydrogen production
cost isevennegative.The 2020 prices for FCR and aFRR were very attractive for electrolysis,
hencethis should be taken with cautioRor 2021 the constructed aFRR price based on the
expected future market design is useqid the FCR price is atscesult of the common Euro-
pean market as DK1 joined in January 202lalso seen on the revenus feserves for 2021,
this is significantliower compared to 2020Furthermore, the resulting absolute reduction in
hydrogen production costs a function of the capacity factisrequally smaller for 2021.

H, production cost- DK1 2020 & 202Pre-determined capacity factor, with reserves
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Figurel4: The resulting averagest of producing hydrogen for the electricity prices of 2020
and 2021, when locking the capacity factor and hence not allowing the model to in-
vest in an optimal electrolysis capacity. The electrolysis can provide reserve and earn
the prices shown iRigure?, Figure8 andFigure9. For 2021 the constructed aFRR is
used.

In Figurel5 the optimalresults for different scenarios for 2021 are shown. The basenitse
andwithout reserves, anavith and without reservefr double CAPEX for electrolydike hy-
drogen production cost is reduced with @7d 0.552UR/kd+ whenincluding the revenue
from reservesdr the twoscenariosFigurel6 shows the capacity factor, whetlge inclusion
of reserveseduces the optimal from 36 to 28 %he capacity factor & 53 and43 % &en
with double CAPEX for the electrolysighout and with reserves respectively
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H2 production cost DK1 2021
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Figurel5: The resulting averag®st of producing hydrogen for the electricity prices of 2021 for
different scenarios, i.¢he referencevithout reserves, and the reference with re-
serves as well unlimited free hydrogen storage and double CAPEX for the electrolysis
plant The electrolysisan provide reserve and earn the prices shoWigure7, Fig-
ure8 andFigure9. For 2021 the constructed aFRR is used.

Weighted average electricity price and capacity factor for the
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Figurel6: The resulting weighted averagdedricity price and capacity factor the electrolysis
plant for the scenarios shownRkigurel5.
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7. Discussion

Theresultof this report is purely to stress the potentialue of flexibilityparticularlyin a fu-
ture 100 % renewable electricity system. In a Danish systentesdthermal power and much
more wind and PV, the flexibility wikk essential to enable@steffectivetransition.The

value of the flexibility is difficult to quantify, and the numbers in this regfmtild be taken

with caution and theinderlyingassumptions taken into consideratidrhe method of this re-
port couldcertainlybe improved butwould probably become more complex and difficult to
follow. Hence simplicity is favored above precisiontlas major uncertaintgfuture market
prices)neverwill be eliminated anyway-However, emeconcerns are briefly addressed below.

The model does not ihade the energy activation market as thgds to the issue of having

perfect foresightThe energy activation marlksatouldimpact thehydrogenproduction costf

other units set a marginal price higher than the one for the electrolysis plairtio refect re-

ality this should be based ongivenoperational scenaritor the currentday of operationlt

could be modelled as poetteatment of the resultising historical imbalance prices but has not

been prioritizedSimilarly, counter tradeegpecially between DK1 and Germany) could also be

considered, asth®2 ya dzy LJiA 2y OFy 06S WwWaz2fRQ & R2¢yNB3IdA FGA2Yy | YF
the dayahead marketo acieve lower electricity price$hecurrent market design for coun-

ter trade is proposed to be changed and is therefore not included.

The model does not include any costs associateddyithmic operatiomr actual activation

of reservedor electrolyzes as this is an unknown parameter. It should not be neglected as in-
creased maintenancand shortened lifetime of the cellsexpected if the electricity consump-
tion iscontinuously shiftedt might vary for different electrolysischnologiesAs might he
regulating capabilities, particularly for the faster frequency reserves

Electrolyzers caprovide reserves as a part of a portfolio, i.e. as a hybrid plant together with
renewables and a batterfforsymmetric reservethis can be a benefit as the feifent tech-
nologies can covex singleegulating directionwhichever is the most feasiblEhe possible
plant constellations are mangnd other scenarios could definitely be analykédkewise, reve-
nue fromexcesseatand other assumptions could also have been varied.

Again,t should also be mentioned that the perfect foresight and price taker assumptions are
simplistic.One wouldheed precise daghead forecastand alike for the reserve markdts
optimally exploithe value of the flexibilityThe market prices for electricity and reserves used
in this report should also be taken with caution, as the aftiate supply and demand of im-
plicit and explicit flexibility of the whole energy systeithhave an impaatn the future mar-

ket prices. Large changes to the market designs arelatsdg to be implemented, and it is

very difficult to say what the resulting prices will be.

However, he result of tlisreport shows that the value of flexibilityore than countershe
costs of unlocking the flexibility, atttht the optimal capacity factor in almost every scenario
modelled is below 50 %hich means that the electrolysiapacity (in hydrogeoutput)

should be more than double the average hotgidrogen demantb minimize theaverage

cost of producing hydrogen.
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