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Optimization of Hybrid Power Plants:
When Is a Detailed Electrolyzer Model Necessary?

Manuel Tobias Baumhof, Enrica Raheli, Andrea Gloppen Johnsen, and Jalal Kazempour
Department of Wind and Energy Systems, Technical University of Denmark, Kgs. Lyngby, Denmark
{mtba, enrah, anglopj, jalal} @dtu.dk

Abstract—Hybrid power plants comprising renewable power
sources and electrolyzers are envisioned to play a key role in
accelerating the transition towards decarbonization. It is common
in the current literature to use simplified operational models for
electrolyzers. It is still an open question whether this is a good
practice, and if not, when a more detailed operational model is
necessary. This paper answers it by assessing the impact of adding
different levels of electrolyzer details, i.e., physics and operational
constraints, to the optimal dispatch problem of a hybrid power
plant in the day-ahead time stage. Our focus lies on the number
of operating states (on, off, standby) as well as the number
of linearization segments used for approximating the non-linear
hydrogen production curve. For that, we develop several mixed-
integer linear models, each representing a different level of
operational details. We conduct a thorough comparative ex-post
performance analysis under different price conditions, wind farm
capacities, and minimum hydrogen demand requirements, and
discuss under which operational circumstances a detailed model
is necessary. In particular, we provide a case under which a
simplified model, compared to a detailed one, results in a decrease
in profit of 1.8% and hydrogen production of 13.5% over a year.
The key lesson learned is that a detailed model potentially earns
a higher profit in circumstances under which the electrolyzer
operates with partial loading. This could be the case for a certain
range of electricity and hydrogen prices, or limited wind power
availability. The detailed model also provides a better estimation
of true hydrogen production, facilitating the logistics required.

Index Terms—hybrid power plants, electrolyzer, hydrogen,
mixed-integer linear programming

I. INTRODUCTION
A. Background

In order to limit global warming to a maximum of 1.5 °C,
greenhouse gas emissions must be reduced to net zero by 2050,
as called for in the European Green Deal 2019 [1]. Renewable
hydrogen produced through electrolysis could aid in two
major challenges on the path towards the net zero goal. First,
electrolyzers can act as flexible loads and therefore potential
frequency restoration ancillary service providers, contributing
to maintaining the power balance in power systems with
increased penetration of renewable energy sources. Second,
renewable hydrogen can be further synthesized into other
green fuels, eventually enabling decarbonization in the hard-
to-abate sectors, such as heavy transport and industry.

Hybrid power plants comprising of renewable power sources
(wind and/or solar) and electrolyzers are the key components
to accelerate the current energy transition through hydrogen
[2]. Nonetheless, uncertainties in terms of the cost-benefit of
electrolyzers in the long run have challenged the widespread

investment in said technologies and thereby large-scale pro-
duction of renewable-based green hydrogen [3]. In Denmark,
there is currently a special focus on green hydrogen at the
governmental level and also, among the regulator, system
operator, and many industry stakeholders, envisioning a large
deployment of electrolyzers and other power-to-X facilities in
the coming years. In 2021 the Danish government published
a strategy for the national power-to-X development, aiming to
build 4 to 6 GW of electrolysis capacity by 2030, doubling the
current Danish peak demand [4]. This emerging trend is not
limited to Denmark, and many other countries both in Europe
and globally see hydrogen as a key solution for the realization
of green societies of the future [2], [S].

B. Aim and Literature Review

It is a common practice in the current literature to use a
simplified operational model for electrolyzers e.g., by using
a constant power-to-hydrogen conversion ratio irrespective of
whether the electrolyzer operates in full capacity or not [6]—
[9]]. In addition, some papers do not consider operational states
of the electrolyzer [6], [9]]. This paper challenges these simpli-
fication practices. While a simplified model works satisfacto-
rily under certain operational circumstances, there are several
other circumstances under which a simplified one yields a
sub-optimal operation of electrolyzers, underestimating their
value. This paper answers when a detailed operational model
should be applied, and to what extent the profit and hydrogen
production can be increased by using a detailed model. We will
also discuss to what extent a detailed model brings additional
computational burden.

In general, two main physical aspects of electrolyzers need
to be modeled for operation in the day-ahead time stage:

1) Electrolyzer efficiency: The power-to-hydrogen conver-
sion efficiency is a function of the power consumption
of the electrolyzer. To accurately model the hydrogen
production of the electrolyzer, the varying efficiency
should be captured, which introduces non-linearities to
the model. The simple models usually use a constant
efficiency, while more accurate modeling incorporates
the non-linearities, which can be later linearized.

2) Number of operating states: Proper operational modeling
of electrolyzers may require introducing three states,
namely on, off, and standby, to ensure no hydrogen pro-
duction below a given minimum allowed partial loading,
for which additional binary variables are needed. Many



papers in the literature do not even model states, thus
assuming the electrolyzer is always on, or model two
states only, i.e., on and off, similar to conventional power
generator

Various studies have incorporated different levels of opera-
tional details of the electrolyzer into their optimization prob-
lems. In [7] and [8]], a constant efficiency is applied but two
and three states are modeled, respectively, by adding binary
variables. In [10], three states are modeled, while assuming a
linear hydrogen production curve, despite showing that the
production curve is not well approximated by a first-order
interpolation. A hybrid power plant including an electrolyzer
is modeled in [[11]], where the non-linear hydrogen production
is linearized between two points, with a single binary variable
representing the on/off state of the electrolyzer. In [12] a
quadratic production curve is applied and the resulting non-
linear program is eventually solved by a heuristic. In [13]],
three states are included, and differently from the other papers,
the operating temperature is considered as a variable, provid-
ing an extra degree of freedom in the electrolyzer operation.
This model allows to take into account the temperature impact
on the conversion efficiency and the quality of the generated
heat. The non-linear hydrogen production is then linearized
around a fixed reference operating point to formulate the
problem as a mixed-integer linear program (MILP).

C. Contributions and Paper Organization

To the best of our knowledge, there is a lack of a com-
prehensive analysis in the current literature, identifying the
operational circumstances under which a simple model ends
up in a sub-optimal operation of electrolyzers, resulting in a
reduced profit and hydrogen productio This paper bridges
such a gap through the following contributions:

o To embed constraints describing the physics of electrolyz-
ers while keeping the final model as a MILP,

o To thoroughly investigate ex-post the impact of the in-
clusion of different operational details on the final profit
of the hybrid power plant and the amount of hydrogen
produced,

o and finally, to provide a set of recommendations in
terms of including operational details of electrolyzers,
depending on the application, the range of electricity
prices, and the hydrogen price.

Without loss of generality, this paper focuses on alkaline
electrolyzers, as they are currently the most mature tech-
nology [14]]. The proposed model can be extended to other
low-temperature electrolyzers, such as polymer electrolyte
membrane (PEM). More operational characteristics may be
necessary for modeling solid-oxide electrolyzers (SOEC).

'We will discuss later in Section|[V|that under some operational conditions,
a two-state model including on and standby states works well too. In contrast,
the two-state model on-off is not satisfactory neither in terms of dispatch
decisions nor the computational performance.

2Reference 13| provides a similar analysis, however, the Faraday efficiency
is assumed to be one. The consequences of this assumption will be further

discussed in Section

The rest of the paper is organized as follows. Section
describes the electrolyzer physics, focusing on the operating
states and the hydrogen production curve. Section [lII| provides
the proposed MILP, representing all three states of the elec-
trolyzer. Section discusses the impact of the electrolyzer
modeling choices by means of a test case and a thorough
sensitivity analysis. Section [V| concludes the paper. Finally,
Appendices [A] and [B] provide two MILPs (simpler than the
one proposed in Section [[II), both representing two states of
the electrolyzer only, where one is a model with on-off states,
and the other one is a model with on-standby states.

II. ELECTROLYZER PHYSICS

The core of the renewable-hydrogen hybrid power plant is
the electrolyzer, where water is decomposed into hydrogen
and oxygen by means of electrical power. The physics and
operating characteristics of alkaline electrolyzers are described
in this section and will be formulated as a set of mixed-integer
linear constraints in Section [}

A. States

To describe and model the real operation of an alkaline
electrolyzer, it is necessary to distinguish three different states:

1) On state: the electrolyzer operates within its feasible
load range, consuming power and producing hydrogen with a
conversion efficiency that depends on the partial load, which
will be explained in Section The minimum operating
power for alkaline electrolyzers is around 15-20% of the
nominal power, below which the electrolyzer must go into
standby or off.

2) Standby state: the electrolyzer does not produce any
hydrogen but consumes the power needed to maintain the
system temperature and pressure so that it can rapidly resume
production. The value of the standby power consumption is
not usually disclosed by manufacturers, but values between
1-5% of the electrolyzer full load capacity have been adopted
in the literature [7]], [8]], [10]. The time needed to switch from
standby to on, i.e., a warm start-up is of the order of 30 seconds
(8]

3) Off state: the electrolyzer is shut down completely and
does not consume any power nor produce any hydrogen. How-
ever, to switch back to on, a significant amount of electricity
is needed, corresponding to a cold start-up cost. Moreover,
at least 20 minutes are necessary before resuming hydrogen
production [8]. Apart from the introduced cold start-up cost
and start-up time, the frequent shut down of the electrolyzer
may have a negative impact on the device degradation and
lifetime [[15]].

B. Efficiency and Production Curve

The conversion efficiency of electricity into hydrogen is not
constant but depends on the partial load, i.e., the ratio between
power consumption at a specific time and the nominal power
of the electrolyzer. The variation of the efficiency based on the
operating set-point is mainly due to two phenomena: (i) the
current-voltage relationship, also called the polarization curve,
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Fig. 1. Plot (a): the efficiency curve, and plot (b): the hydrogen production
curve of a 52.25-MW alkaline electrolyzer, as a function of the electric power
consumption, working at 90 °C and 30 bar. The black curves represent the
original non-linear curves. Approximated by two segments, the red curve in
plot (b) is the piecewise linearized hydrogen production curve. The non-linear
efficiency curve corresponding to this piecewise linearization is represented
by the red curve in plot (a). In our formulation, we will only use the red
piecewise linear production curve in plot (b). The inner plot of (b) shows
the hydrogen production discrepancy Ah between original and approximated
curves, for a given power consumption level.

and (i7) the Faraday efficiency. We explain both phenomena in
the following.

The current-voltage relationship describes the voltage in-
crease (also called over-voltage or over-potential) with increas-
ing current density, due to different losses, as explained in [|16]]
and [[13]]. Ulleberg [17] introduced a widely adopted empirical
formulation that describes the relationships between voltage,
current density, and electrolyzer operating temperature. To fur-
ther take into account the operating pressure, this formulation
was modified by Sanchez et al. [18]. For a given temperature
and pressure, this can be formulated as

Ucell(i) =U" + Kyi + Kzlog(K3Z + 1)7 (1)

where U°!(4) is the cell voltage as a function of the current
density ¢. In addition, U*®V is the open-circuit voltage (i.e.,
voltage corresponding to current density equal to zero). The
parameters K, K5, K3 are constants obtained from experi-
mental data and can be found in [18]. Voltage U™ can be
calculated for a specific operating temperature according to
an empirical equation that can be found in [18]. The power
consumed by the electrolyzer p°(i) can be calculated as

pe(i) = U (i)iA, 2

where A is the total area of the cells composing the elec-
trolyzer. The Faraday law calculates the hydrogen production
h(%) of the electrolyzer as
. n¥ (i) MH25A
h(i) = 3600 - ¥a ,
where h(i) is the hydrogen production rate in kg/h, M2 is the
molar mass of hydrogen in kg/mol, F' is the Faraday constant,
and 7Y (i) is the Faraday efficiency as a function of current
density. The latter is defined as the ratio between the actual and
the theoretical maximum amount of hydrogen produced. The
difference between actual and theoretical output is explained
in [17], and it increases significantly when the electrolyzer
is working at low-current densities. In [18]], an empirical

3)

expression that captures the relationship between the Faraday
efficiency and the current density at a given temperature is
provided: 1 (i) is close to one for higher current densities, and
it drops to zero when reducing the current. The electrolyzer
efficiency is defined as

< “4)

where generally 7(i) is expressed in kg/MWh. For different

values of i, the black curve in a) shows efficiency 7(4)
versus power consumption p°(7). In addition, the black curve

in [Figure 1[b) shows the hydorgen production h(i) versus
power consumption p©(¢). For notational clarity, we drop ()
in the rest of the paper. The black curves in show that
the model is non-linear. The efficiency has a peak at around
30% of the load. This characteristic peak in the efficiency
curve is not captured when a constant conversion efficiency is
used, as done in [6], [8]], [[10], or when the Faraday efficiency
is assumed to be equal to one in the entire feasible operating
range, as done in [13].

To keep the final problem a MILP, but describe the hydrogen
production with more details, we use a piecewise linearization
of the hydrogen production curve as shown by the red curve in
[Figure Ib), for two linearization segments. For each segment
s € S, the A, (slope) and B; (intercept) coefficients of the
line can be calculated such that the approximated hydrogen
production is A,p® + B,. Later we will define a binary
variable indicating which segment is active. The proposed
approximation is exact only at the segment endpoints (i.e.,
linearization points), otherwise, it is an underestimation of
the original non-linear curve. For example, the optimal power
set-point p°" in the inset of b) corresponds to the
hydrogen production h* according to the proposed piecewise
linear model with two segrnent However, the actual hydro-
gen realization based on the electrolyzer physics is h". The
hydrogen production difference Ah is reduced by increasing
the number of segments, and the effect of the hydrogen surplus
obtained when choosing only one segment, as done in [10], is
discussed in Section [[V]

According to this piecewise linear formulation for the
hydrogen production curve, the efficiency n for segment s
can be calculated based on (@), resulting in n = A + %.
This is depicted by the red dotted curve in [Figure Tja), given
two linearization segments used. Note that it does not present
a linear behavior. However, this non-linear efficiency curve
does not appear in our optimization problem. The hydrogen
production curve is used instead, which is linearized through
segments, as illustrated by the red dotted curve in [Figure T|b).

III. PROBLEM FORMULATION

We consider a hybrid power plant, as depicted in
consisting of a wind farm, an electrolyzer, a hydrogen com-

pressor, and a hydrogen storage. The generated wind power
can be either sold to the grid at the electricity market price,

3Symbol * refers to the optimal value.
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Fig. 2. Schematic representation of a hybrid power plant.

or consumed by the electrolyzer to produce 100% renewable-
based green hydrogen. The hydrogen produced can either be
directly delivered to the demand or temporarily stored in an on-
site hydrogen storage, with an associated cost for compressing
the gas. The dashed blue line in represents the option
to buy electricity from the grid only to supply the electrolyzer’s
standby power when there is no wind power.

The hydrogen price is assumed to be a single-value constant,
and the hybrid power plant serves a minimum daily hydrogen
demand. We assume the plant has perfect foresight of future
wind power production and electricity price. Given the 1-hour
time resolution in our model, we neglect the ramping limitation
which are typically around +20% of the nominal power per
second [10], as well as the warm and cold start-up times of
the electrolyzer.

For the optimal operation of the hybrid power plant, we
develop a complete MILP in Section accounting for
three states of the electrolyzer and then provide two simplified
counterparts in Section [[II-B| each with two states of the
electrolyzer.

Notation: All parameters are upper-case or Greek letters,
whereas all variables are lower-case letters. All binary vari-
ables are noted by z.

A. Three-state Model

The most complete MILP includes the objective function
() constrained by (7)-(29).

1) Objective function: Over the set of hours t € T, the
objective function (6) maximizes the total profit of the hybrid
power plant as

max Y AP+ dA = pIAT — 2, (6)
teT

where the variable set x will be defined later. The first term
corresponds to selling power p; to the grid at the day-ahead
electricity market price AP“. The second term pertains to
delivered hydrogen d; at a fixed price A". The third term
represents the cost for purchasing standby power pi® to support
the electrolyzer’s standby state in case the wind power is
insufficient. The corresponding price is Ai* = APA 4 \TSO,
where ATSC is the grid tariff imposed by the Transmission
System Operator (TSO). Finally, the fourth term corresponds
to the cold start-up cost of the electrolyzer, where the binary
variable z;" indicates the start-up at hour ¢, associated with
the cost per startup AS".

2) Power balance: In every hour ¢, the power p; sold in the
day-ahead market is equal to the wind farm power production
P} plus power pi* bought from the grid to support the standby
state of the electrolyzer, subtracted by the power consumption
p; of the electrolyzer and the power consumption pj of the
compressor, such that

VteT. @)

3) Limit on pi*: The input power pi® is limited by the
standby state consumption of the electrolyzer, implying that
power cannot be bought from the grid to produce hydrogen:

VteT, (8)

pe =P +p" —pf —p§

p;n S Psbsz

where the parameter PSP is the standby consumption, and the
binary variable 23" indicates whether the electrolyzer is in the
standby mode in hour ¢.

4) Electrolyzer operational states: Constraint (9) ensures
that the electrolyzer can take only one out of three states at
any hour ¢, namely online, standby, or off:

2+ 2T 4 P =1 VieT, ©)

where similar to z5P, binary variables 2¢® and z¢f indicate
whether in hour ¢ the electrolyzer is on and off, respectively.
The states are activated based on the electricity consumption of
the electrolyzer. In the online state, the electricity consumption
py of the electrolyzer can neither exceed the capacity C° nor
go below a minimum load limit P™", In the standby state, the
electricity consumption must be equal to the standby power
consumption P*®. These constraints are enforced by

ps < O + PSP VteT
pS > pmingon 4 psbysb vVteT.

(10)
Y

To represent the cold start-up of the electrolyzer, the binary
variable z;“ is defined, taking the value 1 in the case of
a transition from off to on state in hour ¢, as enforces by
constraints (I2) and (I3). Further, constraint (I4) ensures
that the transition from an off-state to a standby-state is not
allowed, to avoid bypassing of the start-up cost.

250 > 200 — 20 — 5P VteT\l, (12)
zi2, =0, (13)
20 4P < VieT\1. (14

5) Electrolyzer hydrogen production: The hydrogen pro-
duction £ is a function of the electricity consumption of the
electrolyzer. As explained in Section for each segment
s € S, a linear function of the segment power consumption
ps, with slope A and intercept B is defined, such that

he = (A, + Bazfy) VieT,
SES

15)

where the binary variable 2} defines which segment s is active
in hour ¢. Each segment is valid within a pre-defined interval
of upper P, and lower P, power consumption levels, i.e.,

PP < po, < P2l VteT,s€S. (16)



Constraint ensures that hydrogen production happens
in the online state only, while one segment only can be active
at any hour t. In addition, (I8) computes the total power
consumption of the electrolyzer:

Z0 =2, VteT (17)
SES

p=_ Py, + PP VieT. (18)
seS

6) Hydrogen storage: Constraints (I9)-(25) represent the
storage operation:

hy = b + i VteT, (19)
dy = h{ 4 52Ut VteT, (20)
sout < gout VteT, 1)
pS = K°sin VieT, (22)
si—1 = 5™ 4 s — s (23)
Sy = S4_1+ Sitn — s9ut Vite T\, (24)
sy < C® VteT. (25)

The hydrogen produced h; can either go directly to the demand
h{ or be injected into the hydrogen storage s, as enforced
by (19). The total hydrogen d; delivered to the demand is
equal to the sum of hydrogen directly from the electrolyzer
and that from the storage sP“*, as per (20). The storage
output of every hour is limited by the output flow capacity
S°U in ([21). Further, the compressor consumes power p° to
compress the hydrogen injected into the storage. Assuming
adiabatic compression, the compression coefficient K¢ can be
calculated, as proposed by [13]. The power consumption for
compression is then (22). The state of charge of the hydrogen
storage in the initial and following hours is calculated by
and (24), where S™! is the hydrogen initially stored in
the storage at the beginning of time horizon 7. The storage
hydrogen mass capacity C® is enforced by (23). Note that we
do not impose any constraint for the energy stored at the end
of time horizon 7. Therefore, pursuing profit maximization in
this time horizon, the hybrid power plant will leave the storage
empty in the last houlﬂ

7) Hydrogen demand: Imagine within the underlying time
horizon 7, which could be, for example, a year, there are N
number of time subsets, e.g., 365 days, indexed by n, such
that there is a minimum hydrogen demand for each n:

Z dt Z Dg}in

teEHn

Vne{l,.,N}, (26

where H,, is the set of hours within time subset n.
8) Variable declaration: Constraint (27) declares the non-
negativity conditions:

dtah’tah?7pt7p§7pinaﬁ§svStasinvschmt ER+~ (27)

4One can enforce a constraint on the minimum stored hydrogen at the end
of the time horizon, or add a value for this stored energy to the objective
function.

Constraint (28) lists binary variables:

h

maom 29 2P e £0,1). (28)

su
2, 7

Therefore, the total number of binary variables is |7|(4 +
|S|) binaries, where |7 | and |S]|, respectively, are the number
of hours and the number of segments used to linearize the
hydrogen production curve. Finally, the variable set x is
defined as

X = {dt7 ht7 h?vptap§7pin7ﬁ§s’

in out
st 5 Sty St

su Jh on _off _sb
)Rt s Rts Rt 1Rt 9 Rt } (29)

Accordingly, in addition to |7|(4+|S|) number of binary vari-
ables, we have |7|(9 + |S|) number of continuous variables.

B. Two-state Models

The optimal operation problem (6)-(29) of the hybrid power
plant accounting for three states of the electrolyzer can be
simplified if two states only are considered, either on-off states
or on-standby states. Both result in MILPs.

In the latter, i.e., the MILP with on-off states, one binary
variable (instead of three) per hour ¢ is sufficient, such that it
indicates whether the electrolyzer in the given hour is on or
off. The resulting MILP is provided in Appendix A. The total
number of binary variables in this MILP is |T|(2 + |S]).

Similarly, a single binary variable per hour ¢ is enough
in the MILP with on-standby states, indicating whether the
electrolyzer is online or in standby mode. Also, the start-up
binary variable is not needed. The corresponding MILP is
given in Appendix B, where among three MILPs, we need
the lowest number of binary variables, i.e., |T|(1 + [S]).

IV. NUMERICAL STUDY

We apply the proposed MILPs of Section [I1I| to a case study
and investigate how the optimal operation of the hybrid power
and the resulting profit change by adding more operational
details of the electrolyzer. All source codes and input data are
publicly sharecﬂ We consider several options for the number
of linearization segments, i.e., |S|, used to approximate the
hydrogen production curve of the electrolyzer, including 1, 2,
4, 8, and 12 segments. Also, we consider three options for
the number of electrolyzer states: three states on-off-standby
(O0S), two states on-standby (OS), and two states on-off
(OO0). In the rest of this section, we will refer to various
models as, for example, OOS-12, implying we consider three
states (OOS) with 12 segments. Finally, we conduct a sensitiv-
ity analysis to explore the impact of various input parameters,
such as wind farm capacity, hydrogen demand, and hydrogen
price, on the operation of the hybrid power plant.

A. Case Study

We consider a hybrid power plant whose structure equals

the one in and its input data is provided in
The capacity of the wind farm is 104.5 MW, corresponding to
11 V164-9.5 MW Vestas turbines, located in Kgge Bay,

SGitHub: https:/github.com/mtba-dtu/detailed-electrolyzer-model
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TABLE I
INPUT DATA FOR THE CASE STUDY

Wind farm Capacity cv 1045 MW
Capacity ce 50% of CV
Standby load psP 1% of C®
Minimum load pmin 15%  of C°
Electrolyzer Pressure 30  bar
Temperature 90 °C
Max. current density 5,000 A/m?
Start-up cost At 2,612.50 € [10]
TSO tariff ATSO 1506 €/MWh
Capacity cs 22,000 kg
Storage Maximum output gout 912.13  kgh
Inlet temperature 40 °C
Compressor Inlet pressure 30  bar
P Outlet pressure 200  bar
Mechanical efficiency 75%
Hvdrogen Price AR 210 €/kg
ydrog Minimum demand Dmin 3,667  ke/day

Denmark. The electrolyzer capacity is set to 50% of the
wind farm capacity, amounting to 52.25 MW. The modeling
horizon spans one year with an hourly temporal resolution.
We apply hourly electricity price data for 2019, as price data
for the following years might be distorted by macroeconomic
impacts, such as COVID-19. Day-ahead electricity prices for
the East Denmark area (DK2) are obtained from ENTSO-e
Transparency platform [19]] and hourly historical wind capac-
ity factors at the given location for 2019 are retrieved from
the Renewable.ninja web platform [20]. The average yearly
capacity factor for the selected location is 43.7%. The hybrid
power plant is only allowed to buy power from the grid to
keep the electrolyzer in standby mode, in case the wind power
is insufficient. In that case, the electricity is bought at the
hourly day-ahead market price plus the grid tariff of the TSO.
Since the wind farm is located in DK2, the consumption tariff
imposed by the Danish TSO, Energinet, is applied [21]. The
minimum daily demand can be met by the full-load operation
of the electrolyzer for around four hours. The hydrogen storage
is scaled to store all hydrogen produced if the electrolyzer
operates at full capacity for 24 consecutive hours.

B. Impacts of the Number of Segments

Let us consider the OOS case with three states, for which
we solve the proposed MILP (6)-(29). We start with OOS-1,
where |S| = 1. This means the original non-linear hydrogen
production curve, depicted in [Figure T|b), is approximated by
a single linear curve. Here, the minimum power consumption
P™in and the capacity C° of the electrolyzer are taken as
two endpoints. By moving to OOS-2, where the number of
segments |S| is 2, we consider an additional point P™7™a,
which refers to the power consumption level corresponding to
the peak in the efficiency curve in [Figure Ifa). By increasing
|S| to 4, and then to 8, the mean load value between existing
points is added, splitting one segment into two. The same
procedure but only on the right side of P"7™#* is applied
when we move from OOS-8 to O0OS-12, as this side covers
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Fig. 3. The power consumption schedule of the electrolyzer (pg) in an

example high-wind day when its hydrogen production curve is linearized
by (a) 1, (b) 4, and (c) 12 segments. These three plots, from left to right,
correspond to cases OOS-1, OOS-4, and OOS-12, respectively.

over around 70% of the feasible operating range. With the
adoption of this procedure, all cases from O0OS-2 to OOS-12
include the point P""™#*  In addition, points are not removed
when refining the discretization. By adding more segments, the
hydrogen production curve and thus the electrolyzer efficiency
with partial loading is more accurately represented.

The increase in the number of segments |S| enables the
electrolyzer to consume power more flexibly, as depicted in
where the optimal power consumption schedule of
the electrolyzer for one example day of the year is shown
for three different numbers of segments (1, 4, and 12). It is
observed that when the optimal power consumption of the
electrolyzer is not constrained by wind production shortage,
as on the chosen day, the optimal consumption level is always
one of the piecewise linearization points. There are instances,
e.g., hour 5 in where OOS-1 goes into the standby
state as the day-ahead price is too high for profitable hydrogen
production. In contrast, OOS-4 and OOS-12 continue the
operation in the on state, but at the power consumption level
corresponding to the maximum efficiency, where hydrogen
production is still profitable.

The number of segments |S| plays an important role in the
optimal dispatch decision when the day-ahead price lies within
a specific price range. The upper bound of this price range
corresponds to the highest price for which the production of
hydrogen is still profitable. The lower bound is the price below
which the optimal dispatch decision is always the maximum
electrolyzer consumption. [Fig 4] shows the distribution of
the day-ahead price APA over 8,760 hours of year 2019 in
DK2 with the bounds of the price range of interest are marked
by the red and green dotted lines. The upper bound is found
as the day-ahead price for which the hydrogen production is
only feasible at the maximum efficiency, denoted by « in the
inner plot of The lower bound corresponds to the
efficiency at the full load, denoted by . If the day-ahead price
of a given hour lies outside of this range, the dispatch decision
for any number of segments would be the same; produce at
the maximum possible load or cease the production, and there
would be no added value of a detailed production curve El
This will be further investigated in Section

These two price thresholds are calculated by multiplying the hydrogen
price and the efficiency at points 3 and «, respectively.



350 -
300 g/
250 2%
g 52 2
] 200 Power [%]
g150
™ 100
50
0 25 30 35 40 45 50 55

Day-ahead price [€/MWh]

[ Price

— Price mean ceen Mg ceen g

Fig. 4. Histogram of the day-ahead electricity price over 8,760 hours of year
2019 in DK2. Prices Ao and Ag correspond to electricity prices for which
the electrolyzer operates at points « and (3, indicated in the inner plot.

C. Impacts of the States

We consider three cases OOS, OO, and OS, each for both
1 and 12 segments. Recall that their corresponding MILPs
are differentﬂ Comparing the results of MILPs with the same
number of segments, we observe OS and OOS perform almost
equally, as observed in The reason for this is the low
frequency of consecutive hours of too high day-ahead prices,
where a complete shut-off would be preferred over the standby
state. Over 8,760 hours, OOS-1 starts up only 2 times, with a
total of 286 hours offline. The difference in results obtained for
OS and OOS increases if a higher standby power consumption
or lower cold start-up cost for the electrolyzer is assumed,
which would lead to more frequent shut-offs. On the contrary,
OO earns the lowest profit, mainly due to the high start-up
cost, which decreases the operational flexibility as even a short
pause in production incurs a high cost.

D. Ex-post Performance Analysis

Recall that three MILPs solve the problem based on the
linearized hydrogen curve. Through the following ex-post
performance analysis, it is seen that this leads to both sub-
optimal dispatch decisions and an underestimation of the true
amount of hydrogen produced. We have already observed in
[Figure T{b) that the linearized red curve is below the original
black non-linear hydrogen production curve, implying that the
hydrogen production might be underestimated. This means that
we can expect to produce more hydrogen than what MILPs
calculate. Such a difference is expected to be reduced by
using more segments |S| to approximate the original non-
linear hydrogen production curve.

Pursuing a fair comparison among models, we conduct an
ex-post performance analysis. Once the MILPs are solved and
the optimal power consumption p¢ of the electrolyzer ob-
tained, we re-calculate the true amount of hydrogen produced
based on the original non-linear hydrogen production curve.
Note that we do not re-optimize the problenrﬂ We refer to
the amount of extra hydrogen and its corresponding profit as

"While we solve the proposed MILP (6)-(29) for OOS, the MILPs
presented in Appendixes E] and E] are solved for OO and OS, respectively.

8To avoid re-optimization, we assume the extra hydrogen is directly sold to
the demand and is not stored in the hydrogen storage. Otherwise, one needs to
re-optimize a posteriori to optimize the operation of storage and compressor.
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Fig. 5. Estimated and realized surplus profit. The first five bars from the
left correspond to OOS-1 to OOS-12. The next six bars show the results for
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“realized surplus”. We assume that all extra hydrogen is sold
at the same constant price, i.e., €2.10/kg.

provides the estimated and realized surplus profit
among different cases. The estimated profit (gray area) is
the optimal value obtained for the objective function of the
corresponding MILP, while the realized profit (dark area),
calculated ex-post, takes into account the profit of selling extra
hydrogen. Similarly, shows the total estimated and
realized surplus hydrogen produced. Note that the compressor
would need to consume more power (around 1 MWh/ton) due
to extra hydrogen. We draw two conclusions from Figures [3]
and [6}

(1) Realized surplus: This surplus for profit and hydrogen
production is reduced by increasing the number of segments,
due to the improved approximation of the original non-linear
curve. The realized surplus profit decreases from €71,199
(0.44%) for OOS-1 to €602 (below 0.01%) for OOS-12.
Similarly, the hydrogen production surplus is significantly
decreased, yielding a realized surplus of ~ 34 tons (1.27%) for
0OO0S-1 and only 0.3 tons (0.01%) for OOS-12. By choosing
a low number of segments, the hydrogen production is under-
estimated which may lead to logistic issues and inefficiencies
in the real-life operation of the hybrid power plant.

(2) Ex-post profit and hydrogen production: Adding more
electrolyzer details (segments or/and states) always leads to
an increase in the ex-post profit. To compare various models,



TABLE II
COMPUTATIONAL ASPECTS

Case Computational time [s]  No. of binary variables
OS-1 14 2x8760
0S-12 12.7 13x8760
00S-1 137.8 5%8760
00S-2 135.8 6x8760
0054 236.3 8x8760
00S-8 350.3 12x8760
00S-12 473.7 16x8760
0O0-1 767.1 3%8760
00-12 1,763.1 14x8760

0OO0OS-12 is taken as a benchmark, as it leads to the highest
profit. First, the impact of the number of segments is examined,
while keeping the number of states fixed and equal to 3. The
ex-post profit reduction applying 1 instead of 12 segments is
0.72%, corresponding to around 117.6 k€ for the entire hybrid
power plant. The ex-post hydrogen production is increased by
8.32%, corresponding to around 241 tons. This percentage
deviation is notably higher in part because the increase in
hydrogen profit is dampened by the reduction in electric-
ity profit (3.86% electricity profit increase for 1 segment
compared to 12 segments). For OOS-1, the profit share of
selling hydrogen is much lower than the profit share of selling
electricity (around 34%). By introducing more segments, the
contribution of hydrogen sales is increased to 38% at the
expense of electricity sales. More profit and different business
models are therefore unlocked by including more electrolyzer
details in the MILP formulation. Figures 5| and [6] show that the
errors are considerably reduced by implementing 4 segments
instead of 1. Second, we assess the impact of the states on the
ex-post profit and hydrogen production. While OS performs
just as well as OOS as described in Section[[V-C| OO with 12
segments results in a 1.22% lower ex-post profit, and in a 4%
lower hydrogen production. For OO-1, a profit reduction of
around 1.8% and a reduced hydrogen production of 13.5% are
observed, compared to the benchmark. Finally, we observe that
neglecting the standby state in the model formulation leads to
the worst outcome in terms of profit and hydrogen production
potential.

E. Computational Analysis

All MILPs have been solved using the Gurobi solver in Julia
on a MacBook Pro M1 2020 with 16 GB RAM. The optimality
gap is fixed to 0.01% when we solve every MILP. The
increase in the number of linearization segments |S| leads to an
increase in computational time due to introducing more binary
variables. For OOS, the computational time is increased from
138 seconds for 1 segment to 474 seconds for 12 segments,
as reported in Removing the off state significantly
reduces the computational time, with OS-1 being by far the
fastest MILP to be solved (1.4 seconds). The OO models
require the highest computational time, although they embody
fewer binary variables than their OS and OOS counterparts.
We hypothesize the reason is that the start-up cost constraints
with inter-temporal nature are more often active when the

option of standby state is not present. Therefore, we do
not recommend using OO as its corresponding profit is the
lowest among all cases (Figure 5), and it is being solved
comparatively slower. Further, if computational efficiency is
crucial, it may be beneficial to neglect the off state and run
the OS model for improved computational performances. In
general, the computational time increases with the number
of segments but is deemed reasonable for the OS and OOS
models, considering that our optimization problem is run over
8,760 hours. As operational problems are typically solved
for a shorter time horizon, e.g., 24 hours for day-ahead
scheduling, the computational cost of adding more details to
the electrolyzer would be minimal.

F. Sensitivity Analysis with Respect to Input Data

In the previous sections, we have shown that adopting a
simplified electrolyzer model can lead to an underestimation
of the profit and hydrogen production for the hybrid power
plant. We have also shown that the benefit of added details is
case-specific, and depends on the input parameters. We now
aim at assessing the impact of input parameters and system
configuration on these results, through a sensitivity analysis.
In particular, we will focus on wind over electrolyzer capacity
ratio, hydrogen demand over electrolyzer capacity ratio, and
the hydrogen price. The sensitivity analysis is performed on
the OOS-1 and OOS-12 models.

1) Wind size: Recall from that the wind farm
capacity is 2 times that of the electrolyzer. To assess the impact
of the wind-to-electrolyzer capacity ratio, two additional cases
are considered, under which such a ratio is 1, 2 (reference),
and 8. When this ratio is reduced from 2 to 1, the number
of hours where the power input to the electrolyzer is limited
by the wind availability is increased from 5,326 to all hours.
Conversely, when the ratio is increased from 2 to 8, the number
of power-limited hours is reduced to 1,236. We observe that
the realized surplus for hydrogen production increases with
the number of hours with limited wind power. The reason for
this is that the piecewise approximation is exact only on the
linearization points, and the limited wind availability forces
the electrolyzer to operate out of those points. Conversely,
when the number of wind power-limited hours is reduced,
the electrolyzer operates more often on the linearization
points, where the approximation is exact. It follows that the
underestimation of hydrogen production is greater the more
the electrolyzer is limited from operating at the linearization
points. With a wind-to-electrolyzer ratio of 1, the difference
in ex-post hydrogen production between 1 and 12 segments
is 13%, which is reduced to 3% when the ratio increases to
8. Therefore, incorporating electrolyzer details is crucial for
hybrid power plants where the wind-to-electrolyzer capacity
ratio is small.

2) Hydrogen demand size: To investigate the sensitivity of
optimization outcomes with respect to the hydrogen demand,
the minimum daily demand is doubled, corresponding to
around 8 full-load hours of hydrogen production. We observe
that the impact of adding more segments to the electrolyzer



production curve diminishes when the demand constraint is
tighter, i.e., with a higher minimum daily demand. For the case
with the reference demand, the difference between the ex-post
profit for OOS-12 and OOS-1 is 8%. This difference, when the
hydrogen demand is doubled, is reduced to 2%. The increase
in demand forces the electrolyzer to operate more frequently
at its maximum load, where both OOS-1 and OOS-12 share
the same linearization point and efficiency.

3) Hydrogen price: To explore the impact of the hydrogen
price, we increase it from €2.10/kg to €5.00/kg. As already
discussed in Section adding more segments impact
the optimal solution and profit as long as the electricity
price in the given hour is in the range [Ag, \,], shown in
Since A\, and A\ are proportional to the hydrogen
price, by increasing the hydrogen price, the range [Ag, Ay] is
widened and moved towards higher electricity prices, where
the frequency of occurrence is reduced. When the MILP is
solved with the hydrogen price of €5/kg, it is more frequently
optimal to operate the electrolyzer at full load (39% of the
time, compared to 11% for the case with the hydrogen price of
€2.1/kg) and the linearization segments are utilized less. This
also results in a significantly decreased computational time
(below 20 seconds for OOS-12). The profit contribution from
the hydrogen sale is increased significantly to 92%. The ex-
post profit and hydrogen production difference between OOS-
1 and OOS-12 are reduced to 0.01% and 0.03%, respectively
(they are 0.72% and 8.32% for the €2.1/kg case).

The modeling of segments is relevant if higher hydrogen
prices are coupled with also higher electricity prices. In
this way, the electricity price range [Ag, A,] would still be
overlapping with the majority of day-ahead price occurrences.
For example, we test an artificial case where the day-ahead
electricity price time series was multiplied by a constant factor
to increase the mean price to around €90/MWh (similar to
the mean value for 2021 in DK2). In this case, with the
hydrogen price of €5/kg, similar results to the 2019 test case
with the hydrogen price of €2.1/kg were obtained in terms of
the impact of the number of segments. For a given hydrogen
price and efficiency curve, checking if the price range [Ag, o]
overlaps with the expected electricity price is therefore crucial
to assess a priori the impact of choosing a simplified model
for the production curve (e.g., 1 linearization segment only)
and support the modeling choices.

V. DI1SCUSSION AND CONCLUSION

Several studies have focused on the optimal dispatch of
hybrid renewable-hydrogen power plants assuming simplified
models for the electrolyzer component. This paper investigates
the impact of choosing different levels of operational details
for the electrolyzer model on the dispatch decisions, profit, the
amount of hydrogen produced, and computational time. The
impact of two modeling choices is considered: the operating
states (on, off, standby), and the number of segments used
to linearize the hydrogen production curve. The problems are
formulated as MILPs, where the number of binary variables
depends on the number of states and segments.

For fixed states, adding more linearization segments for
approximating the hydrogen production curve results in a
higher profit, and a reduced surplus in the ex-post profit
calculation, meaning that the model is able to estimate the
actual cost and revenue streams more accurately. Moreover,
a better estimation of the produced hydrogen is achieved.
In fact, the linearization results in an underestimation of the
produced hydrogen, but the underestimation is reduced by
increasing the number of segments. Apart from introducing
errors in the actual realized profit, thus potentially impacting
the investment decisions in these types of technologies, the
systematic underestimation of the hydrogen produced by the
electrolyzer might introduce logistical inefficiencies, e.g., truck
scheduling, and storage discharging/filling.

The impact of adding more piecewise segments to the
hydrogen production curve depends on the distribution of day-
ahead electricity prices in the given time horizon. The model
formulations with 1 and 12 segments take significantly dif-
ferent dispatch decisions when the day-ahead electricity price
is within a certain range, which depends on the electrolyzer
efficiency (minimum and maximum) and the hydrogen price.
Out of this day-ahead electricity price range, the model with 1
and 12 segments takes the same dispatch decisions. Therefore,
the value of adding more details to the hydrogen production
curve could differ by varying input data and case studies. It
is observed that this value decreases when the electrolyzer
operates less at partial loading, e.g. when the input power is
less limited by available wind power or with high-demand
constraints. In this paper, revenues from other than the day-
ahead market are not considered but this may also impact the
dispatch strategy and therefore benefit from more segments.

Choosing to represent only on and off states leads to the
highest profit underestimation and worst ex-post performance
while modeling only on and standby states lead to similar
profit and dispatch decisions to the three-state model. This
result is, however, significantly affected by the assumption
made on the standby power consumption of the electrolyzer
and its start-up cost. These parameters are highly uncertain
due to the lack of data on large-scale electrolyzers.

In conclusion, adopting more simplified models for the
electrolyzer always leads to a reduced profit and sub-optimal
scheduling. However, the impact of adding more details may
vary depending on the case study considered and especially
the range of day-ahead electricity prices, hydrogen price, wind
power production compared to the electrolyzer installed capac-
ity, standby power consumption, and start-up cost. Among all
considered models, the most complete one (three states with
12 segments) was solved for a l-year horizon in less than
10 minutes. The increase in computational time by adding
more details would be marginal if a day-ahead scheduling
problem is considered instead. Moreover, reducing the three-
state model to two states only is not always faster, as it was
observed that the two-state on-off model with 12 segments
was the longest to solve among all the cases considered. A
more detailed representation of the electrolyzers should be
preferred for operational problems. For investment problems,



we hypothesize that it may be adequate to adopt a more
simplified model of the electrolyzer, but this should be further
assessed and it was out of the scope of the current paper.
Further research should be conducted to assess the impact of
modeling choices when additional revenue streams are consid-
ered, such as flexibility provisions in ancillary service markets,
which may impact the dispatch decisions of the hybrid power
plant. Additionally, as there is a high uncertainty related to the
start-up and standby costs, the sensitivity of these parameters
on the impact of added details should be assessed further.
Moreover, the level of detail needed for investment problems
should be further investigated. The modeling of electrolyzer
cell degradation over time should be investigated and included
in the model with additional constraints. Finally, uncertainties
in wind power supply and electricity prices should be included.
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APPENDIX

A. The simplified MILP with On-Off States

This appendix provides the MILP (A.30a), where the on
and off states of the electrolyzer are only modeled. This is a
simplified model compared to the one proposed in Section
with three states of the electrolyzer.

S pACt Hd At = A (A.30a)

teT
S.t. =P —p; — p; VteT, (A.30Db)
py < C°2° VteT, (A.30c)
Py > P20 VteT, (A.30d)
> 2% — 200 ViteT\l, (A.30e)
— Z 2zt s VteT, (A.30f)

sES
P =) Dis vVteT, (A.30g)
sSES

(13, @5 - [@8), (9 — @9), (A.30h)
dt>ht7h(tj7pt7p§7ﬁ§s75t7slt“7 g € R+ (A301)
Zt 7Zts7zt € {0 1} (A3OJ)
= {dt7ht7ht 7ptaptaﬁ§sasinas?ut Z:uaztﬁzt } (A3Ok)

B. The simplified MILP with On-Standby States

This appendix presents the simplified MILP (A.31), taking
into account on and standby states of the electrolyzer.

D> PR+ d A - P A (A31a)
teT

st p < PP(1—2) VteT, (A3lb)
ps < C°2° + PPP(1 — %) VteT, (A3lc)
PS> P2 4 P (1 — 29%) VteT, (A3ld)
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