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Abstract

Low-carbon hydrogen is expected to be crucial to the energy transition in the coming years. However, its production
is not yet competitive with fossil-fuel-based hydrogen production. This paper proposes an economic analysis of an
electrolyzer providing grid services combined with multi-market participation to fully exploit the flexibility potential
of this technology. Optimization under uncertainty is combined with a rolling horizon algorithm to simulate the day-
to-day trading decisions of the plant, first in a deterministic, then in a robust fashion. The impact of the multiple
uncertainty sources on the production cost reduction is assessed. The case of German markets combined with the
ENTSO-E harmonization project for secondary frequency reserve is considered. The effects of the 2021 energy
crisis on the different strategies is also analyzed. The results show that both uncertain approaches behave similarly
when adding the reserve, with a cash flow increase of around 10% before the crisis but a higher exposure to risk.
The addition of reserve provision during the crisis drastically improves the performance of uncertain strategies with
close to a 300% increase in cash flow. The robust approach greatly reduces the imbalances caused by wind power
generation uncertainty compared to its deterministic counterpart. Finally, the addition of reserve provision induces a
notable decrease in the green H2 breakeven price, but not enough to compensate for the costs associated with high
electricity market prices.

Keywords: Ancillary Services, Robust Optimization, Low-carbon Hydrogen, Multi-market Electricity Provision,
Industrial Flexibility

1. Introduction

With the increase in global warming and natural resources depletion, an energy transition has become inevitable for
society. Increased renewable energy penetration in the energy mix is a major part of this energy transition. Variable
Renewable Energy (VRE) sources introduce additional volatility into energy production. Power system flexibility has
already been identified as one of the main levers to manage this supply volatility. In addition to reducing the amount of
flexibility that can be provided by generators in the power system, VRE introduces increasing generation uncertainty
and seasonal dependency into power generation Dudurych (2021).

Green hydrogen (H2) has been identified as critical for the ongoing energy transition IEA (2021b). However, as
of today, means of H2 production are mostly carbonated and represent around 830Mt CO2/yr (2.5% of global CO2
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emissions) IEA (2019). Hydrogen currently has multiple uses, the main ones being oil refining and industry. However,
to meet its “Net Zero Emissions by 2050 scenario, the IEA is expecting H2 demand to multiply almost sixfold by
2050 IEA (2021a). The goal is therefore not only to decarbonize existing means of H2 production, but to also increase
the overall volumes produced. Among the solutions considered to decarbonize H2 production, two main techniques
stand out, each with their own drawback. The first solution is water electrolysis powered by low-carbon electricity.
The production costs of this type of green H2 are high, due to its dependency on electricity prices IRENA (2020). In
addition, this solution needs to deal with supply volatility. The second solution is Carbon Capture and Storage (CCS),
which retains the CO2 output at the cost of reducing the efficiency of the process Martinez-Rodriguez and Abdnades
(2020). In addition, SMR plants are themselves dependent on natural gas, which clashes with the objectives set by the
European Commission regarding the reduction of dependency on natural gas imports Commission (2022).

In this paper, we put the focus on water electrolysis and the potential means of increasing its financial viability for
green hydrogen production. In this context, two main technical challenges emerge.

First comes electricity supply volatility. The industrial consumer have to reduce its imbalances to the minimum,
especially when considering grid services provision. Adding uncertainty in the form of a volatile energy supply
brings difficulties in the management of the plant electricity profile.

The second challenge regarding water electrolysis is its production cost. The price of one kilogram of H2 produced
from electrolysis is currently higher than one kilogram produced from fossil-fuel-based technologies (SMR for in-
stance). While investment cost reduction can be expected as technology matures Seck et al. (2022), this requires time
and heavy investments. In the meantime, cost reduction strategies have to be developed to facilitate the transition
toward low-carbon H2 production.

The interest of building tools to exploit electrolysis flexibility with VRE supply is therefore twofold. First, it brings
additional flexibility levers needed in the network to facilitate the increasing share of VRE in the electricity mix.
Second, the revenues yielded by the provision of ancillary services from an electrolyzer powered with green electricity
reduce the cost of producing green H2 and narrow the competitiveness gap with fossil-fuel-based H2.

H2 production is usually considered as a means to hedge the uncertainty resulting from VRE production Scolaro
and Kittner (2022); Massana et al. (2022), rather than for the production of hydrogen itself. However, this results in
small electrolysis plants not producing enough for large H2 consumers. Regarding larger plants producing H2 for
industry, the question arises of the advantages of optimal flexible operation. In this paper, we simulate the day-to-day
scheduling of electricity and the provision of grid-balancing services for a large-scale industrial electrolyzer powered
by variable wind energy in order to assess the potential revenues of such a set-up and the impact of the various
uncertain quantities on the achievable production cost of green H2.

1.1. Related Research

The ability of electrolyzers to provide Ancillary Services (AS) is extensively discussed in the literature. While the
theoretical ramping of an electrolyzer could allow the provision of primary frequency reserve (or Frequency Contain-
ment Reserve, FCR), as investigated in Baetens et al. (2020); Dadkhah et al. (2021); Dozein et al. (2021); Samani et al.
(2020), the impact of such a dynamic operation on cell degradation is not very well known. In Bergen et al. (2009)
an electrolyzer is subject to large changes in power consumption for 30 seconds, with a 10 min frequency between
events. This type of operation shows large amounts of degradation in the cell if the electrolyzer has no operating floor
in terms of current, and normal degradation otherwise. Similar conclusions are drawn in Weil3 et al. (2019). Based
on the assumption that the activation of a secondary frequency reserve (automatic or manual Frequency Restoration
Reserve, respectively aFRR and mFRR) will not require ramp changes within less than 30 sec when activating an
asset, there is no need for a degradation model accounting for the dynamic operation of the electrolyzer.

In Dadkhah et al. (2022), the comparison of potential revenues coming from the three types of frequency reserve
(FCR, aFRR, and mFRR) is considered in the context of investment in a hydrogen refueling station. Under the authors’
assumptions regarding uncertainty and market modeling, it appears that automatic secondary reserve (aFRR) is the
most profitable of the three options. These assumptions do not however consider the sequential uncertainties resulting
from the interactions between the various markets and services. These sequential uncertainties can be handled in
several ways.
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In Wu et al. (2021), an H2 refueling station uses multi-stage stochastic programming to handle the sequential uncer-
tainty resulting from multi-market and reserve participation. The authors do not however consider the possibility of
not being scheduled for reserve. In Al-Lawati et al. (2021), a set of two-stage stochastic optimization problems is
used to operate a VRE plant in a sequential energy market context. Running the multiple problems together allows the
re-actualization of the data used for decision-making within the process but induces a heavier computational burden.

Rolling horizon approaches can also be used to manage sequential uncertainties. In the context of scheduling the
operation of a plant, a rolling horizon approach allows simpler models to be run consecutively over time in order to
decrease the computational costs Sahin et al. (2013). The same simpler optimization problem can be run consecutively
simply by changing the input, therefore actualizing the uncertain quantities as the lead times change Ziarnetzky et al.
(2018). Applied to sequential electricity markets, this approach allows for the modeling of known and unknown
information regarding the gate closure and positions on the various markets and mechanisms. It also accounts for the
changing lead times in the forecasts that affect decision-making when it comes to VRE Ding et al. (2015). Thanks to
the use of rolling horizon methods, the varying forecast lead-times can be handled and the uncertain parameters can
be managed through the repeating optimization problem.

Optimization under uncertainty is a well-researched field. Stochastic optimization can be used to manage the uncertain
inputs, either through synthetic scenarios Dadkhah et al. (2022), or using past data Wu et al. (2021). This method
however involves a large computational burden and requires scenario reduction techniques. In addition, it computes
an average revenue over a period. When considering plants with operational constraints, one also needs to make sure
that the operation of the plant will be feasible regardless of the realization of the uncertain parameters. To do so,
robust optimization can be used. In Wang et al. (2017), robust optimization is applied to manage the uncertainty of
wind and solar power in the context of a microgrid with joint energy and reserve participation. In Gu et al. (2019),
a robust formulation handles wind power uncertainty in the context of power-to-gas hydrogen injection into natural
gas pipelines. Robust optimization tends to represent less of a computational burden due to the absence of scenarios,



which makes it more appropriate in the context of a rolling horizon algorithm with multiple iterations of similar
optimization problems.

To summarize, sequential uncertainties can be modeled inside the optimization model itself through multistage
stochastic optimization, or outside by running the optimization model within a rolling horizon algorithm. The lat-
ter has the advantage of being less computationally heavy and more tractable. In addition, the rolling horizon allows
an easy switch between deterministic robust optimization problems, which presents an advantage when comparing
both methods. The rolling horizon combined with an optimization problem approach will therefore be used in this
work.

1.2. Key contributions

The main goal of this work is to simulate the day-to-day trading of a large-scale industrial Proton Exchange Membrane
(PEM) electrolyzer providing secondary reserve to reduce the production cost of green hydrogen. Using close to real-
life market modeling assumptions, we assess the impact of market quantities and wind power sourcing uncertainties
on the overall revenue generation. The rules of the ENTSO-E aFRR framework PICASSO ENTSO-E (b) are used to
model the secondary reserve provision, including the possibility to participate with non-contracted energy bids. This
framework is presented in Section 3.2. The main contributions of this paper are:

e By considering a large-scale electrolyzer (hundreds of MW) producing H2 for industrial use rather than the
usual smaller-scale plants considered for either refueling stations or to hedge wind power plant uncertainty,
we assess how profitable secondary reserve provision could be when operating a plant large enough not to be
limited by rules of participation in the market and services.

o A robust optimization problem is embedded in a rolling horizon algorithm to handle the evolution of information
throughout the day and hedge the risk associated with forecasting errors. The trading behavior and decision-
making of the plant are represented in a close to real-life way. Each market and service is modeled following
the related gate closure and bid rules, and the PPA modeling is set to correspond to a potential PPA contracting
for industrial application.

e The competitiveness of green hydrogen is analyzed based on various production and trading strategies. Ap-
plying evolving uncertainty management, we assess the impact of unknown quantities, which allows us to
formulate green H2 break-even price ranges that can be compared to the price of gray hydrogen.

e Risk management analyses are performed to assess the exposure to extreme events for each trading strategy and
optimization approach.

This paper is organized as follows. Section 2 presents the methodology of the work. In Section 3, the modeling
assumptions and rules associated with the multi-market participation and balancing services provision are introduced.
The deterministic and robust formulations of the optimization problem are then presented in Section 4. Section 5
describes the use-case considered in this work. Finally, Section 6 presents the results of the simulation and their
analysis.

2. Methodology

This section presents the methodology used to model the day-to-day operation of this electrolyzer. First, the model of
the electrolyzer itself is described, followed by the characteristics of the PPA contract and the electricity markets and
services. Finally, the optimization and rolling horizon approaches are presented.

2.1. Electrolyzer model and H2 production

When modeling the behavior of an electrolyzer, it is important to consider the non-linearities of this process. In the
literature, the relationship between the electricity input and the hydrogen output for this type of plant is very often
simplified to a constant value regardless of operating modes. In Baumhof et al. (2023), the authors challenge this
simplistic modeling approach. It is shown that adding segments of piece-wise linearization does indeed increase the
final revenue. However, it also adds new binary variables and increases the computational burden. Here we keep the
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Figure 1: Trading timeline

constant ratio assumption to ensure tractability of the problem, but it is worth noting that increasing the complexity
of the electrolyzer modeling while ensuring tractability of the simulation would add a worthwhile perspective to this
work.

Regarding the power ramping of the electrolyzer, the PEM water electrolysis technology is highly flexible and we
assume that the available ramp is similar to the rated power. In other words, we can change the set point of the asset
from 0 to 100% of the rated power almost instantaneously.

1
Pi= -0 Kf; (1)

The power coming from renewable sources produces green H2, while any other source of electricity (grid or reserve)
will count toward gray H2 production.

2.2. Wind power PPA contract

As the main electricity source, direct access is granted to a wind farm producer in the form of a Power Purchase
Agreement (PPA) contract. PPAs can take many forms depending on various contractual aspects. The wind power
production is forecasted using numerical weather predictions combined with a random forest approach. The assump-
tions regarding the contractual aspects of the PPA production and the production forecast are investigated in Section 5.

2.3. Electricity markets and balancing mechanisms

A multi-market approach is taken when looking at electricity sourcing other than the PPA. The plant participates on
the day-ahead market and in intraday continuous auctions to benefit from low prices when producing gray H2. It
also provides secondary frequency reserve. This reserve mechanism is modeled following the German rules for the
capacity auctions and the rules of the ENTSO-E PICASSO project for the energy auctions. The trading timeline
with the various gate closures is represented in Figure 1. The rules and modeling assumptions regarding markets and
balancing mechanisms are presented in detail in Section 3.
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Figure 2: Optimization problem organization

2.4. Optimization and rolling horizon approach

The day-to-day scheduling of the plant is modeled using an optimization problem. This optimization returns optimal
positions on the various markets, based on the imperfect knowledge used as input. The formulation is presented
in Section 4. One should keep in mind that uncertainties vary depending on the lead time and the time of day
considered. To account for this and the impact of the different market gate closure times, we develop a rolling horizon
algorithm. Its goal is two-fold. First, it provides a model with realistic knowledge patterns. By running the rolling
horizon over multiple periods, we simulate the chain of decisions the plant operator would have to take during the
day. The algorithm can therefore adapt market bids and operational set points in line with the knowledge unlocked
by passing a certain gate closure (as shown on the right side of Figure 2). Second, it simplifies the modeling for the
analysis because the horizon of the optimization will be shorter and the separation between what is known and what
is uncertain can be done beforehand while running the algorithm. A flowchart of the algorithm is shown in Figure 3.
The chain of decisions changes based on which timestep is considered first in the algorithm to account for market
positions after gate closure. Similarly, the forecasts are set accordingly, depending on which time of day the algorithm
is considering (not shown in the algorithm flowchart for the sake of readability). In addition to the first trading period,
an additional period representing the last known realization is added to compute the effective energy activation for the
aFRR mechanism.

3. Electricity Markets and ENTSO-E Balancing Framework for aFRR

With the various changes coming to electricity trading and networks all over Europe, mostly due to an increasing share
of VRE, electricity markets and ancillary services are evolving. This evolution brings new opportunities for industrial
flexibility, with a general lowering of product resolution, and an opening of markets to demand-side participants.

In the past, European countries had their own way of providing balancing services for their own network. Most coun-
tries keep the same general structure (primary, secondary, and tertiary reserves), with different clearing mechanisms,
standard products, settlement period length, and only certain types of actors admitted in the market as participants. In
recent years, the ENTSOE (European Network of Transmission System Operators for Electricity) has developed a set
of guidelines for a pan-European electric network that would ensure stability of the interconnected power system, in
all time frames. Some, like the primary reserve, are already running at a European scale, while the others are expected
to come online in the coming years. This paper focuses on Automatic Frequency Restoration Reserves (aFRR). In
addition to system services, electricity markets are also considered in this work.

3.1. Day-ahead and intraday markets: rules and modeling assumptions
DA market participation is mainly characterized by the gate closure time (D-1 12:00), the bid energy, and time granu-
larity (1-hour periods with a 1 MWh bid resolution). After the gate closure, the positions chosen by the plant are fixed

6



- ID Positions until t + 7

: - DA Positions until t + 95 E
: - aFRRc Positions until t + 95 . E
E - aFRRe Positions fort+1 ! N J7 I

. Optim init run
N over 48h

Fixed quantities for
Optim(t=0)

Updated Fixed Quantities for
Optim(t)

Optim(t)

v

-DA:
-ID:
-aFRR energy:

- Observe actual realisation for t

- Compute imbalance costs

- Actualise input data (storages, revenue, ...
t=t+1

Fix DA Positions

From t+48
to t+144
Fix aFRRc Positions
From t+ 64
to t+160
Fix: aFRRe Positions for t + 1

ID Positions fort + 7

08:00 AM D-1
12:00 AM D-1
t- 2 hours

t - 25 minutes

Figure 3: Rolling horizon algorithm flowchart showing the blocking of the positions on the various markets and mechanisms

________________________________________

Gate Closure Information:
-aFRR capacity:



and have to be respected. The intraday market constraints are similar but more flexible, with a bid energy granularity
of 0.1 MWh, a period length of 15 min, and a gate closure time set at T-5 min. In addition to the rules relative to the
participation on the markets, grid usage also has to be considered (see Section 5 for the specific use-case).

3.2. ENTSO-E aFRR framework: rules and bidding

In this section, the ENTSO-E aFRR framework is introduced. A particular feature of this aFRR framework is the
combination of contracted (C) and non-contracted (NC) participation. This is a major aspect of the new framework,
as it allows the Balancing Service Provider (BSP) to participate with balancing energy without a prior capacity reserve.
It also means that the capacity price and energy price are decoupled and have two different gate closure times. First,
the capacity reserve mechanism is presented for contracted participation. Next, the energy reserve bids and the energy
activation mechanism are presented. Figure 4 shows an overview of the aFRR mechanism for both contracted and
non-contracted participation.

Contracted capacity bidding: The ENTSO-E aFRR mechanism only considers energy activation. Therefore, the
capacity reserve mechanism is still dependent on the country considered. German rules are considered in this work.
The Gate Closure Time (GCT) for capacity bids is set at D-1 08:00. The bids take the shape of the following tuple:
(Reserve Power (MW), Capacity Price (€/MW)). The bid validity period is 4 h. Capacity reserve acceptation follows
a merit order clearing process driven by the capacity price. When a capacity reserve bid is accepted, the BSP must
send contracted energy bids for each 15-min period within the 4h reserve period. The remuneration for capacity
reserve is set in a pay-as-bid fashion.

Energy bidding: Regarding energy bids, both contracted and non-contracted bids follow the same rules. The gate
closure time is set at T-25 min. Energy bids take the shape of the following tuple: (Reserve Power (MW), Energy
Price (€/MWh)). The bid validity period is 15 min. For contracted bids, the reserve power in this tuple must be the
same as the reserve power of the accepted capacity bid if the contracted bid were accepted. Non-contracted energy
bids can be sent or not for any given period, as long as the gate closure constraint is respected.

Energy bid activation: The ENTSO-E framework runs a real time optimization for aFRR energy activation. As of
now, the optimization cycle is set at 4 sec. An activation signal is sent to the BSP every 4 sec to indicate whether
they have to activate their asset or not to balance the system. The energy bids are gradually activated based on the
real-time imbalance needs of the system. This gradual activation follows the merit order curve formed by the prices of
the energy bids (both contracted and non-contracted). Depending on its position in the merit order list, each bid has a
certain imbalance threshold past which it is activated (if a bid is placed at 600 MW in terms of cumulative volumes on
the merit order line, then it is activated if the imbalance reaches 600 MW or more). Every 4 sec a certain number of
bids are activated based on the target signal. The full activation time is 5 min (supposed to be enforced by December
2024 ENTSO-E (2021)), which means that for a given order, the BSP has a maximum of 5 min to reach the total
capacity offered. Energy bid remuneration is based on a pay-as-clear fashion. A different clearing is done every 4
seconds based on which bids are activated due to the real-time imbalance. Therefore, the marginal price for a given
15-minute period is the volume weighted average of the marginal prices for each 4-second period in which a given
BSP is activated.

3.3. ENTSO-E aFRR framework: modeling assumptions

When modeling aFRR participation and bid activation, a few assumptions have to be made and fixed policies have to
be set.

The two assumptions presented in this section are related to the energy activation mechanism. They are as follows:

e The activation signal data is not available, as the framework itself has not been put into place yet. A simulated
signal has to be used.

e An assumption has to be made regarding whether a BSP can be only partially activated for its energy bids, or if
the activation signal automatically activates all of the available reserve.

Activation signal: In order to simulate the activation signal, the second based aFRR target signal published by the
German TSOs is used. This signal is averaged every 4 sec, resulting in a 4-second-based signal. This second based
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Figure 4: aFRR bidding and activation process

signal represents the real-time imbalance of the German grid, and is therefore the closest to the actual aFRR signal
sent by the TSO. This signal is available on the German balancing website Regelleistung.

Fartial activation: In this work, the assumption is made that if a bid is activated for energy balancing, it is fully
activated.

4. Optimization Model

This section presents the deterministic optimization model used to produce the optimal scheduling of the electrolyzer.

4.1. Objective function
In the objective function, the costs of electricity transactions are minimized, while the revenues from hydrogen and
secondary reserve provision are maximized.

minimize § CELEC _ RUFRRTL _ pH2 2)
Q
t

Q = {PPA, E9FRR pID o2 c R~ PRI e )

4.2. Electricity markets transactions

The electricity transactions include the day-ahead and intraday markets participation, the amount of electricity re-
ceived from the PPA, and the imbalance costs. It should be noted that the imbalance costs are both considered positive
to penalize the objective function should they occur. The imbalance price A/”8 cannot be known when running the
optimization and is therefore set to an arbitrary amount high enough to only consider putting the system out of bal-
ance as a last resort. The actual imbalance costs are computed in post-processing when extracting the results of the
optimization.

CfLEC — I’l(/ltDAPtDA + /lf)PAPf)PA
+ A{D(P{D,Buy _ PfD,SeH)) (3)
+/11MBP:MBTl
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4.3. Electrolyzer operational constraints

The power consumed by the electrolyzer is represented by Equation (5). Equations (7) and (8) represent the power
boundaries of the electrolyzer. In these two equations, the power imbalance is added to allow the system to go out
of balance. This imbalance power is penalized in the objective function, as previously mentioned. Equations (9)
and (10) represent the relationship between both green and gray H2 outputs. Downward reserve electricity cannot
be counted as green supply, it will therefore count toward gray H2 production. A symbolic split between green and
gray electricity is however made to represent the fact that the power sent to the grid for upward regulation can impact
either green or gray H2 output. This split does not represent any physical differentiation of flux and is only used for
modeling purposes (green certification is based on guarantees of origins accompanying the PPA volumes). The energy
activation formulation is presented in the next section. The ELY ramping constraints are presented in equations (11)
and (12).

Pfu — PtDA + P,ID‘B“y _ P,’D’Se” @)
pReb = pRel.C  pRel.NC 5)
phRel = pfel.C | pket. NC ©
PM y pPPA 4 pRel _ pIMBL < pELY %
PG PP P Pl ®
H2. grav g H2 _ jypDA 4 plD-Bu

; eff
+ Efeel _ Eng- gray (9)

Q;ﬂ, Green KZ%‘ = h(PPPA- P'{D,Sell) w0
_ Efm’ Green
PR, > (Pl + P + Pl o
— (P + PPPA — pieTy
PRy =z (P + PP+ pRey 12
= (Pl + PIT = PEED)

4.4. aFRR energy activation and revenues

The energy activation constraints are presented in equations (13), (15) and (16). The ratio 8 represents the activation
ratio for a given period ¢ which, once multiplied by the reserve power and the factor A, gives the exact energy activation
for period ¢. The aFRR revenue is represented by Equation (17). And finally, Equation (18) represents the revenue
earned from the production of both green and gray H2.
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4.5. Market rules

When considering 15-minute periods, both the day-ahead and capacity reserve markets have to be considered due to
their larger trading time blocks. Equation (19) ensures that for all ¢ within a given hour, all the power consumptions
have to be the same. Similarly, Equation (20) ensures that all the offered power reserves are the same for each 4-hour
trading block.

1
PPA=PPY L N1]1% 5 #0 (19)
4
pReTl-€ - Pfj}c Vilt% . #0 (20)
-8

4.6. aFRR/ID direction

Finally, the ELY can only participate in one direction at a time in both the secondary reserve and intraday markets.
This is represented by equations (21) to (24) using binary variables ¢.

PfeT < 5Re, dirM (21)
PR < (1 = sRedinym (22)
PiD,Sell < (SID' dirM (23)
N )| (24)

4.7. Locked market positions

To model the settled positions on a given market past its gate closure time, additional constraints are introduced to
ensure the correct power levels for the corresponding time window. The information regarding which position is
locked for which market and the position itself are stored in the matrices ®“CT and ®F°sifons respectively, both of
dimension TxN with T the number of timesteps and N the number of markets considered.

©UCT — 1 ifr> GCT for market n 25)
| 0 Otherwise

Using this information, the fixed positions for each market are forced to match the scheduled amount through the
constraints shown in (26).
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Pl =@, Yn, O >0 (26)

4.8. Robust reformulation
A robust reformulation of the optimization problem is done to account for the uncertain generation of the PPA Gorissen
et al. (2015). The uncertain generation is associated with a box uncertainty (obtained from probabilistic forecasts) as
follows:
= —PPA
Pf)PA € [ﬁPPA, Pt ]
The reformulation can be simplified to remove the dual variables and additional constraints, leaving only eqs. (27)
to (32) (Only the constraints containing the uncertain parameter P and PP/4):

—PPA
CELEC > p(APAPPA 4 \PPAP,

+ ﬂfD(PfD'Buy _ PfD’Se”)) (27)
IMB
+ AIMB pIMBTL

Q;IZ, GreenKZ%C < h(&PPA _P{D,Sell) (28)
P 4 P 4 pRet _ pIMBL ¢ pELY (29)
Pfl/[ +&PPA _ PtReT + P{MBT > Pf/[L[% (30)

ELY M B PPA | pRel
PRampTZ(PHI + Py +P[+el) G1)

—(Pf” +&PPA —PfeT)

—PPA ”
PRbY = (PY + P+ PR )
= (Pl + Pt = PR

5. Use-case Presentation

In this work, a large-scale Proton Exchange Membrane (PEM) electrolyzer integrated into an industrial H2 network
is considered noa. Certified green hydrogen produced by the plant can be sold as such in the industrial processes con-
nected to the H2 network. This network is mainly fed through gray hydrogen production units such as SMR plants. It
is assumed that the flow of H2 in the network is constant, large enough, and has sufficient other H2 production tech-
nologies for the output flow of the electrolyzer to be injected seamlessly without a need for storage. This electrolyzer
is connected to a wind power plant through a PPA contract. Only the electricity procured through this contract will
produce green hydrogen. In addition, the electrolyzer is connected to the grid and has the ability to buy electricity
from the day-ahead market and to buy and sell from the intraday continuous market, and can provide secondary re-
serve (aFRR). Any MWh obtained from the grid will produce gray hydrogen. The considered use-case is presented
in Figure 5. The left side of the picture represents the electricity bought (from the markets or the PPA) to power the
electrolyzer. This electricity is consumed in the electrolysis process to produce hydrogen (right side of the figure). In
addition, the electrolyzer can adjust its consumption profile to respond to the grid signal when providing secondary
reserve. This is represented at the top of the figure. Any additional electricity consumed in this context participates
toward gray H2 production. Regarding the value of hydrogen, a different price is set depending on whether the hydro-
gen can be qualified as “green” or not. The selling price of gray hydrogen is set at 2 €/kg, while the price for green
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Figure 5: Electrolyzer use-case representation

hydrogen is set at 6 €/kg. Both prices are identified in ref Ji and Wang (2021) (The price for gray H2 is set at the
same price as gray H2 produced using SMR units).

5.1. Component and market participation dimensioning

Regarding the size of the components, the electrolyzer has a rated power of 200 MW. Its minimal consumption is 10
MW, with the assumption that this operating power maintains the minimum current requirement Chardonnet (2017).
The efficiency of the electrolyzer is set at 57 kWh/kg Proost (2019). The PPA contract is “as produced”, meaning that
a certain percentage of the rated power of the wind farm will be allocated to the electrolyzer. The size of the PPA
contract is set at 200 MW. The plant has to manage its profile to follow this power input, or pay the corresponding
imbalance fee if it cannot. The PPA contract price is set as an indexation of the spot price (discount to market with
collar WBCSD (2021)). Each MWh of PPA is bought at 80% of the current spot price. To protect both producer and
consumer, it is assumed that the PPA price is bounded within [40, 100] €/MWh against extreme electricity prices.

The secondary reserve allowed is set at 20MW combining contracted and non-contracted bids.

For the DA and Intraday markets, it is assumed that the plant will always manage to buy energy as long as the gate
closure constraints are respected. For the day-ahead market, the clearing price will be the buying price. The plant
cannot sell energy on the DA market.

A mixed pay-as-bid approach is assumed for the intraday market. The least favorable option between the bid price
on the intraday market and the index price is taken when considering energy transactions. This is closest to reality
since if the wanted price was not in line with the market but the plant still had to take a position on it, the market
price would have to be accepted anyway. In this work, the German electricity markets and reserve mechanisms are
considered, therefore the grid fees have been taken from one of the four German TSOs, SOHertz. This grid fee amounts
to S€/MWh bought or sold on any electricity market noa (2020). This fee is included in the electricity price for every
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transaction performed on the two electricity markets. The price relative to installed capacity is not considered in this
work, as the investment costs of the assets are not considered.

Intraday participation is also constrained in both time and power. By allowing intraday participation too far in the
future, the optimization problem can consider it a better option than day-ahead participation. It is however not the
goal here to use intra-day market participation in a day-ahead fashion. Rather, the goal is to reposition the plant by
following the evolution of the forecast errors. To do so, intraday participation is only allowed from 1 to 6 hours ahead
of the current time-step. This prevents the optimization problem from replacing a day-ahead participation with an
intraday bid perceived as better at the time of the day-ahead gate closure. The theoretical gate closure time for the
intraday continuous market is T - 5 min to delivery. In this paper, we assume that the plant will not participate in the
intraday market less than 1 h before delivery. The closer to gate closure, the lower the liquidity of the intraday market.
This last constraint makes it easier to assume that the plant will always be able to buy power on the intraday market.
Following the same reasoning, the maximal bid volume is set at 20 MW when participating in the ID market.

5.2. Data

Historical data for the year 2021 is used for the simulation. The wind power generation profile is built using open
source data from Belgian offshore wind power plants, provided by Elia Elia. It is assumed that a fraction of the
Belgian offshore production is bought using a PPA contract. The global offshore wind power output is normalized and
scaled to have a power generation profile. The Belgian offshore wind production was chosen because it is the closest
open data set to Germany. The goal is to capture as much correlation between wind generation and market quantities
as possible. In addition, the Belgian offshore is all aggregated in a small geographical area, which makes it possible
to forecast with weather data.

The secondary reserve bids and prices and the second-based aFRR data are extracted from the German TSO’s reserve
platform, Regelleistung.net Regelleistung for the year 2021. The spot and imbalance prices (Rebap) are obtained from
the ENTSO-E transparency platform for the year 2021 ENTSO-E (a). Finally, the intraday prices for the year 2021
are obtained from the EPEX spot platform EPEX.

5.3. Forecast methods

Electricity market forecasting: This work considers many uncertain sources of information. On the first hand, market
quantities are forecasted. This includes spot market prices, continuous intraday index prices, aFRR capacity prices,
and energy activation ratios. On the second hand, the wind power provided by the wind farm is forecasted using
meteorological data. The market quantities are forecasted using persistence approaches coupled with knowledge
relative to the seasonal behavior of each market. Spot market prices are forecasted using prices from the last known
day for each hour (the price at hour 08:00 for day D will be the price at hour 08:00 for day D-1). The intraday price
will be constant over all time periods and will be equal to the last known intraday index price.

aFRR capacity reserve price forecast: Due to the pay-as-bid nature of this auction, a compromise has to be made
between the absolute error regarding the price and the fact that if the forecasted price is higher than the marginal
price for a given period, the plant will not be scheduled and the revenue will be zero. Therefore, purposefully aiming
below the marginal price would increase the error and decrease the revenue while increasing the probability of being
scheduled at the auction. To assess this, two persistence methods are compared to forecast the aFRR capacity price.
The prices of the previous period are used (i.e. POS_00_04 for D-1 is used to forecast POS_00_04 for D). These two
methods use the previous marginal price or the previous average price for a given period. They are respectively called
“Marginal” and “Average”. Since the average price is lower than the marginal price, using it to forecast the next day’s
marginal price increases the probability of being scheduled, but reduces the revenue when scheduled.

Wind power production forecast: A probabilistic forecast of wind power production was derived using a state-of-
the-art quantile regression approach known to be effective for wind forecasting, namely Quantile Regression Forests
(QRF) Camal (2020). The model predicts the production of the target wind site depending on two types of explana-
tory variables known to be relevant for hours-ahead to day-ahead horizons, recent lags of observed production, and
Numerical Weather Predictions Petropoulos et al. (2022). The QREF is trained for each horizon in the horizon range
H={15 min, 30 min, ..., 48 h} and predicts the following quantiles of the expected distribution: {5%, 10%, ..., 50%,

14



Table 1: Spot and intraday price forecast comparison for the year 2021

Bias MAE RMSE
Spot Market 0.1 2533 43.79
Intraday Market 0 14.86 24.24

Table 2: Positive aFRR capacity price forecast comparison for the years 2020 and 2021

hed. Av. Rev.
Sched.Av.Rev. | g © MAE RMSE

(%) (E/MW)
Perfect 100.0 21.66 0 0 0
Marginal | 34.2 3.28 0 18.89 107.13

Average 72.8 6.47 -11.36  12.62  81.51

..+»95%}. The regression model parameters i.e. number of trees, and the number of variables considered per split are
tuned by cross-validation in a training-validation set spanning over the year 2020, then predictions are issued for the
year 2021.

The model predicts the total production of the multiple offshore wind farms in Belgium, concentrated in a geographical
area small enough to be approximated as a single large production site. The predicted wind speeds and the air
temperature across the NWP grid points covering the different offshore farms are retrieved from ECMWF HRES at
00hOO0 runtimes and hourly lead-times up to the maximum horizon in the horizon range H. The target variable of
the regression is the total active production. It is scaled by the total installed capacity, which is reported to increase
monotonously in the training and testing set but is not affected to the different farms in the offshore portfolio. The
uncertainty on this affectation creates significant bias in the model, but further forecasting improvements are out of
the scope of this paper and the results reported below are sufficient for the considered application.

5.4. Forecast analysis

Electricity markets forecast: The quality of the electricity market price forecasting is assessed using the bias, MAE
and RMSE metrics. The results are presented in Table 1. For both markets, the bias is very close to zero, most likely
due to the persistence nature of the forecasting method. In addition, the forecasting is better for the intraday market.
This can be explained by the fact that the prices for the intraday market are all forecasted one hour ahead, when the
decision regarding the placement of the bids is final. The bids on the spot market on the other hand have to be placed
at 12:00 D-1 for the whole day D, therefore the lead time goes from 12 to 36 hours ahead.

aFRR forecast: The comparisons of the results for the two aFRR capacity prices forecasts are presented in Table 2
and Table 3 for positive and negative aFRR prices respectively. Forecasting these prices using the previous average
price consistently performs better than using the previous marginal price. For both directions, the bias indicates that
we are under-evaluating the price using the previous average price, but this increases the amount of time the bid is
actually accepted, therefore increasing the average capacity revenue.

Table 3: Negative aFRR capacity price forecast comparison for the years 2020 and 2021

Sched. Av. Rev. .
Bias MAE RMSE

(%)  (€/MW)
Perfect 100.0 23.04 0 0 0
Marginal | 43.4 341 -0.01  24.01 290.42

Average 78.7 5.57 -13.97 16.10 210.07
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Figure 6: Probabilistic wind forecast reliability diagram

Wind probabilistic forecast: In this section we analyze the quality of the wind forecast using QRF with NWP. A
reliability diagram can be found in Figure 6 and sharpness and NRMSE diagrams in Figure 7. It can be observed that
the forecast tends to under-evaluate the quantiles (more values are observed below a given quantile than would be
expected). This under-evaluation increases as the quantiles become less extreme. This bias also generally increases
with the lead time. The quantile interval size and NRMSE quickly rise up to a 4 h lead time, and then continue to
increase less sharply. This leads to a better performance of the forecast for shorter lead times, hence increasing the
quality of repositioning on the intraday market.

5.5. Market price distribution and month selection

A set of months representing the possible state of market prices is selected for the analysis. The goal is to represent
both extremes in terms of electricity and reserve prices. To do so, the monthly distributions of the spot and intraday
market prices are represented in Figure 8. We can observe the impact of the energy crisis that started at the end
of 2021, reflected in the increase in the average price and the variance of the prices as the year goes by. A similar
distribution analysis is performed on the capacity prices for the aFRR in both directions, shown in Figure 9. For the
reserve prices, no particular trend can be observed in the distributions. However, the capacity reserve prices can vary
greatly from one month to the next.

For the analysis, four months have been selected: January, February, October, and December. The first two are months
presenting low electricity market prices, while January presents low reserve prices and February high reserve prices.
The last two months show high electricity market prices, with October presenting high reserve prices and December
low reserve prices.
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Table 4: Statistics on the cash flow per period for the base case for the year 2021

h Fl
Cas f)w Perfect | Det. | Robust
(€/15min)
Mean 735 682 670
std 872 900 884

95%-Var -1365 | -1402 | -1407
95%-CVar | -1437 | -1790 | -1684

Table 5: Statistics on the cash flow per period for the full case for the year 2021

Cash Fl?w Perfect | Det. | Robust
(€/15min)
Mean 1600 900 845
std 2061 1168 1159

95%-Var -1184 | -1459 | -1496
95%-CVar | -1331 | -1801 | -1813

6. Results

For each month of 2021, we run the algorithm for two cases. The base case will serve as a reference. It will only
consider the electrolyzer powered through the PPA, with a day-ahead market participation to handle the volatility of the
renewable power source. The full case will consider that the participation comprises all the market and services (PPA,
day-ahead, intraday, and secondary reserve). For each case, three uncertainty management strategies are considered.
First, the perfect knowledge approach will consider no uncertainty, therefore putting an upper limit on the potential
of each market participation strategy. The deterministic and robust runs will then be compared to assess the pros and
cons of each approach.

6.1. Cash flow analysis

The cash flow for each monthly run is extracted and averaged per 15-min period over the whole year. The correspond-
ing results are shown for the base case and the full case in Table 4 and Table 5 respectively. When comparing the
average cash flow for a given strategy in the full case with the corresponding strategy in the base case, the addition
of the reserve and intraday participation presents better results. The standard deviation of the average cash flow also
increases accordingly. This can be explained by the higher volatility in revenues due to the changing reserve prices.
In addition, a higher increase in standard deviation is observed in the perfect knowledge strategy compared to the
uncertain strategies, due to the better utilization of the extreme reserve prices. Regarding exposure to risk, the Var
and CVar are higher when adding the reserve and ID participation for the uncertain cases, but lower when considering
the perfect knowledge approach. This shows that reserve provision reduces the risk exposure with a perfect knowl-
edge assumption, but increases it when accounting for the uncertainty. Overall, the robust approach appears to show
slightly worse results when compared to the deterministic approach. This is to be expected, as the robust approach is
more conservative, and focuses on avoiding imbalances, at the cost of lost opportunities.

Figure 10 shows the monthly averaged cash flow for each strategy in both the full case and the base case. We can
observe that the difference between strategies is limited when considering the base case. When considering the full
case, the uncertain approaches show similar performances and follow a similar trend to the one observed in the base
case. The perfect knowledge strategy makes the most of the revenue potential of the reserve, therefore drastically
increasing the cash flow. This is especially true in October, which shows extreme reserve prices, as previously seen in
Figure 9.

To assess the performance of the full case against the base case, Figure 11 shows the cash flow increase per month,
for each of the strategies, as a percentage of the base case cash flow. The perfect knowledge strategies once again
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Figure 10: Cash flow comparison between uncertainty management approaches for both the full and the base cases
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drastically outperform both uncertain strategies, except for the last two months of the year. This shows that the addition
of the reserve provision is a good tool to compensate lower revenues due to large electricity prices. To illustrate this,
the same data has been averaged over two periods of the year. First, before the crisis until August, when the spot
and intraday prices were still within the expected market price range. Second, after August, when the market prices
started skyrocketing, and finally over the whole year. These results are shown in Table 6. This table shows an increase
in performance of around 10% before the crisis for both uncertain strategies, whereas the same strategies show an
increase of more than 290% on average during the crisis. The perfect knowledge approach also shows a large increase
during the crisis, but this is to be expected, as the algorithm can take advantage of extreme market prices (both high
and low).

6.2. Imbalance analysis

The revenue analysis shows slightly worse performances when considering the robust approach compared to the
deterministic approach. However, the revenue analysis does not account for the behavior of the algorithm in terms of
imbalances. Indeed, due to the one-price settlement of the balancing mechanism, the plant can generate profit when
out of balance. This however is not a situation in which an actor wants to be, as it is very hard to forecast which
way the prices will go, therefore exposing the plant to large imbalance costs. In addition, plants subject to frequent
imbalances can receive additional penalties. The robust approach focuses on reducing the risk of imbalance when
running the optimization, at the cost of higher conservatism and lost opportunities. Table 7 and Table 8 show statistics
on the imbalance averaged per period for each strategy for the base case and the full case respectively. As expected, the
perfect knowledge approach shows no imbalance. Regarding the uncertain strategies, the robust approach drastically
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Table 6: Average percentage of increase per month between full case and base case, before the crisis, during the crisis, and over the whole year,
using the data shown in Figure 11

h FI

Cas ow Perfect | Det. | Robust
Increase (%)

Until August 83 12 10

After August 450 297 292
Whole Year 205 107 104

Table 7: Statistics on the imbalance count and average volumes per period for the base case for the year 2021

Imbalance
(MW)
Occurence (%) 0.0 2.24 0.78
Av. Imb. Vol. 0.0 9.33 4.47
95%-Var 0.0 1543 | 10.75
95%-CVar 0.0 26.02 | 18.08

Perfect | Det. | Robust

reduces the percentage of occurrence of periods when the plant finds itself in imbalance, as well as the average volume
of imbalance. The risk exposure is also reduced when looking at the volume of imbalance.

6.3. Green Hydrogen Strike Price Analysis

Finally, we compare the breakeven price for green H2 for each case and strategy with the formula shown in Equa-
tion (33).

Tot
Vstrike _ Vgreen _ R (33)
- ZT H2.green
t t

Figure 12 shows the monthly average value of the H2 breakeven price for both the full case and the base case, for
each of the three strategies. For the best case, all three strategies behave similarly, as they are mostly driven by
market prices. This induces an increase in the breakeven price as the year goes by and the crisis appears. The perfect
knowledge strategy and both uncertain strategies show this price to be above the originally fixed price of 6 €/kg for
5 and 6 months of the year 2021 respectively (most of them after August). For the full case, the uncertain strategies
show 5 months with a breakeven price above 6 €/kg. The perfect strategy drastically outperforms the other two,
with most of the breakeven prices being negative (meaning that the revenue obtained through the reserve provision is
greater than the cost of the electricity used to produce H2).

Table 8: Statistics on the imbalance count and average volumes per period for the full case for the year 2021

Imbalance
(MW)
Occurence (%) 0.0 1.49 0.28
Av. Imb. Vol. 0.0 6.01 3.40
95%-Var 0.0 18.22 | 12.00
95%-CVar 0.0 26.58 | 16.78

Perfect | Det. | Robust
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Figure 12: H2 breakeven price comparison between uncertainty management approaches for both the full case and the base case
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Table 9: Absolute decrease in the green H2 breakeven price for the full case compared to the base case (to account for negative breakeven prices)

Breakeven price
Perfect | Det. | Robust
Decrease (%)
Until August 56391 | 10.08 | 25.21
After August 185.77 | 7.55 -1.11

Whole Year 301.34 | 8.47 8.55

The percentage of absolute decrease (to account for negative value) in breakeven prices between the full case and the
base case before and during the crisis as well as for the whole year is shown in Table 9. As expected, it shows a
very large improvement for all three periods. Both uncertain strategies show an improvement before the crisis, with
the robust approach showing better performances. However, the robust approach also shows a negative performance
compared to the base case in time of crisis, which means that the robust approach actually increases the breakeven
price of the green H2 in this period and therefore has a negative impact.

7. Conclusions

This paper proposed an economic analysis of an electrolyzer providing grid services combined with multi-market
participation. Optimization under uncertainty was combined with a rolling horizon algorithm to simulate the day-
to-day operation of the plant. Multiple uncertain sources were considered and market rules were implemented to
model the expected trading behavior as close as possible to real life. Deterministic and robust formulations were
used to account for uncertainties in renewable generation and market prices, and the results of both approaches were
compared. This algorithm was run over the year 2021 for two market participation strategies both in perfect knowledge
and uncertain contexts. The cash flow, the imbalance volumes and frequency, and the green H2 breakeven price are the
three performance indicators considered for the performance analysis of each scenario. The revenue analysis shows
that the addition of secondary reserve provision increases the mean cash flow of both uncertain approaches, with a
slight advantage going to the deterministic approach. However, it is also observed that adding the reserve provision
increases the risk exposure when accounting for uncertainties. Regarding the performances in times of crisis (at
the end of 2021), the addition of reserve provisions greatly increases the performances of the uncertain strategies
(~ 300 % cash flow increase for the full case compared to the base case, against ~ 10% before the crisis). The
imbalance analysis shows much better performances from the robust approach in terms of percentage of occurrence,
average imbalance volumes, and risk exposure. In terms of the effect on the breakeven price of green H2, both
uncertain approaches show similar yearly performances of around an 8.5% decrease in price compared to the base
case. However, the robust approach performs much better before the start of the crisis (25% reduction against 10%
for the deterministic approach), whereas it shows a negative performance compared to the base case with a 1.1%
increase in the breakeven price, and the deterministic approach still shows an improvement with a 7.55 % decrease
in the breakeven price. Finally, the perfect knowledge strategy shows a very high potential in all the performance
indicators, with much better performances than its uncertain counterparts. This approach even shows a negative green
H2 breakeven price, meaning that the perfect knowledge participation in the reserve alone more than compensates the
cost of buying renewable power to produce hydrogen. This shows the potential benefits that would come from higher
forecast quality, especially in the secondary reserve quantities.
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