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� A novel scheduling model for alkaline water electrolysis (AEL) has been developed.

� The model introduces AEL states, transitions, and operational characteristics.

� The model allows to find optimal number of electrolyzers and production schedules.

� The model is suitable to handle large data sets of fluctuating energy and prices.

� The MILP solution provides a balance between production, energy absorption and costs.
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The flexible operation of alkaline water electrolyzers enables power-to-x plants to react

efficiently to different energy scenarios. In this work, a novel scheduling model for alkaline

water electrolysis is formulated as a mixed-integer linear program. The model is con-

structed by implementing operational states (production, standby, idle) and transitions

(cold/full startup, shutdown) as integer variables, while the power loading and hydrogen

flowrate are set as continuous variables. The operational characteristics (load range,

startup time, ramp rates) are included as model constraints. The proposed model allows

finding optimal number of electrolyzers and production schedules when dealing with large

data sets of intermittent energy and electricity price. The optimal solution of the case study

shows a balance between hydrogen production, energy absorption, and operation and

investment costs. The optimal number of electrolyzers to be installed corresponds to 54%

of the ones required to absorb the highest energy peak, being capable of loading 89.7% of

the available energy during the year of operation, with an overall plant utilization of 93.7%

and 764 startup/shutdown cycles evenly distributed among the units.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Recent global environmental commitments, such as the Paris

Agreement (COP 21), have led to an increased share of

renewable energy sources (RES) in electricity grids. The RES
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mix in Germany, consisting of biomass, hydropower, solar-

and wind energy, constitutes more than 50% of the net elec-

tricity generation [1], with wind energy having the largest

share. For wind energy as a non-dispatchable source, the

balance of the grid is based on its curtailment during periods
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with excess production, resulting in green energy losses that

rose to around 4700 GWh during 2015 in Germany [2]. With

high penetrations of wind energy, it becomes essential to

provide energy storage systems to the electricity grids, such as

thermal (liquid air, latent heat), mechanical (pumped hydro,

compressed air), electrical (capacitors, superconducting coils),

or electrochemical (batteries, power-to-x) [3].

Power-to-x, defined as the conversion of renewable elec-

tricity into chemicals that would otherwise be produced from

fossil sources [4], has gained attention over the past few years

as a means of decarbonization and integration of sectors such

as industry and transportation while improving the stability

of grids [3e7]. There are several projects aiming to determine

the feasibility of power-to-x at different scales, especially for

power-to-gas concepts [8,9]. Further studies highlight the

need for operational strategies e.g. demand-sidemanagement

(DSM), to address the dynamics inherent in energy markets

and promote participation in grid services [3,4,10e14]. This

drives to consider at the early-stage process design several

scenarios for the operation of power-to-x plants according to

the seasonal behavior of RES and potential interactions with

electricity grids.

The present contribution aims to quantitatively determine

the implications on the design and operation of power-to-x

plants due to dynamic energy scenarios: renewable energy

profile (e.g. Fig. 1) and variable electricity price (e.g. Fig. 2).

Since water electrolysis is often the initial step in power-to-x,

the study considers the flexible operation of electrolyzers, and

their technical limitations, as a framework for applications to

methane, methanol, ammonia, and liquid fuels. Finding

optimal designs and/or operational strategies becomes a

challenging task considering the state-of-the-art non-linear

models of water electrolysis and the large data sets on avail-

able energy and price. Thus, focus is on developing a mathe-

matical model at production (planning & scheduling) level

that computes the energy absorption, hydrogen production,

and investment and operation costs, while considering the

structure of the energy data: intervals of 1 h during one year of

operation i.e. 8760 data points. The proposed scheduling

model constitutes a decision-making tool that can be used in

practice to determine the number of electrolyzers to be

installed and the production schedule that fulfills the process

goals for given energy scenarios, allowing to efficiently store

renewable energy into hydrogen.
Fig. 1 e 50-MW wind energy, Heide (Germany) 2019. Sim
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Alkaline water electrolysis: modeling and relevant
characteristics for power-to-x applications

Among the electrochemical technologies for hydrogen pro-

duction, alkaline water electrolysis (AEL) is the most mature

with a technology readiness level of TRL-9, compared to

proton-exchange membrane electrolysis (PEM) with TRL-8, or

high-temperature electrolysis (SOEC) with TRL-5 [17]. AEL

technologies are available for large-scale applications, using

non-expensive materials for the electrodes such as iron and

nickel, while PEM requires iridium and platinum-based cata-

lysts [3]. Due to these factors AEL is the dominant technology

in the water electrolysis market nowadays and a viable tech-

nology for power-to-x plants.

The most relevant operational features of AEL are listed in

Table 1, although some specifications vary widely among

manufacturers. Other design specifications of electrolyzers at

commercial scale such as electrode active area, number of

cells per stack, or electrolyte volumetric flowrate, are not

available in the public domain. Ancillary equipment for heat-

and flow management (compressors, pumps, gas-liquid sep-

arators, purification units) allow keeping the process variables

quasi-constant during the operation. In addition, trans-

formers and rectifiers are used to convert high voltage alter-

nating current from the grid to direct current [3,18e20].

Modeling AEL has become a major field of research due to

the increasing penetration of RES in electricity grids and the

efforts to find alternatives to fossil fuels. Although electro-

lyzers have been commercialized and used by industry for

decades, reaching the highest TRL, the multiphase and mul-

tiscale phenomena that rules their operation are still under

investigation [20,24e26]. The zero-dimensional model devel-

oped by Haug et al. [27] is based on material balances of

lumped compartments, introducing correlations for mass

transfer between the gas- and liquid (electrolyte) phase, as

well as the transport between the anode- and cathode side of a

lab-scale electrolysis cell, which allows to determine the

composition of the gas products as a function of the operating

conditions. The model proposed by Ulleberg [28] has been

widely used by many authors as it requires a low number of

experimental parameters to construct the polarization curve

that characterizes the operation of electrolyzers, allowing to

perform estimations for large scale applications.
ulated from the model of Pfenniger and Staffell [15].
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Fig. 2 e Day-ahead energy price, Germany 2019. Data extracted from Bundesnetzagentur SMARD [16].

Table 1 e AEL specifications [3,19,21e23].

Electrolyte 20e40% KOH (w/w)

Current density 0.2e0.45 A/cm2

Voltage per cell 1.8e2.4 V

Temperature 50e80 �C
Pressure 1e30 bar

Capacity 1e450 Nm3/h

Durability 1E5 h

Operation range 15e100% nominal

Stack consumption 4.2e5.9 kWh/Nm3

System consumption 4.5e7.0 kWh/Nm3

H2 purity 99.8e99.9% (V/V)

O2 purity 99.3e99.8% (V/V)

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 3
The integration of AEL models with energy systems has

been investigated by many authors in terms of frequency

control strategies [11,29,30], techno-economic assessments

[13,31e33], and experimental setups [34e36]. The work from

Matute et al. [37] introduces operational states of an electrol-

ysis plant (production, standby and idle) to determine the

optimal dispatch of hydrogen under dynamic operation.

The novelty in the present work lies on the mathematical

description of the operational states, their transitions, and

main operational characteristics of AEL, to compute the en-

ergy absorption, production of hydrogen, and costs at pro-

duction level. This approach allows using the degrees of

freedom of electrolyzers to determine the most suitable

operation when dealing with fluctuating energy and price

profiles. Since AEL is suitable when dealing with energy fluc-

tuations by adjusting the loading of electrolyzers or moving

the operation towards standby or idle states, models that fully

describe its operation at different operational states, their

transitions, and limitations are required. The model is limited

however to calculations at production level, considering an

input-output behavior of the stacks while the phenomena

within the electrolysis cells are not directly computed.

While the operational states of AEL are production,

standby and idle, the transitions between states correspond to

cold/full startup and shutdown cycles. The main operational

characteristics of AEL to consider when dealing with inter-

mittent renewable energy are load range, ramp up- and down

rate, and startup and shutdown time [19,38].
Please cite this article as: Varela C et al., Modeling alkaline water e
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- Load range: Electrolyzers can operate between 15 and 100%

of their nominal capacity [3,22,39,40]. However, these

operation limits cannot be violated as a measure of

avoiding risk scenarios, namely explosive gas mixtures at

lower current densities, and damage to stack materials at

higher current densities than the nominal [19]. New tech-

nologies allow minimum loads of 10% [40], however in this

work the minimum load of 15% of the nominal capacity is

selected according to most specifications of manufac-

turers. The load limits constitute hard constraints to the

model proposed in this work to prohibit risk scenarios.

- Ramp up- and down rate: The response time to load

changes depends on an adequate installation of power

electronics and correct handling of the gas flow within the

electrolyzer [38]. New developments on alkaline water

electrolyzers permit ramp up- and down rates in the range

of few seconds [41]. Ramp rates (up and down) of 20% of the

nominal load per second is conventionally accepted [42].

- Startup and shutdown time: It is reported a duration of

30e60 min to restart the unit operation as the complete

system (stack, cooling, purification and compression units)

must be purged [43]. The restart of the operation after

standbymode (cold startup) requires approximately 20min

[42].

This work is divided into three main sections: Methodol-

ogy, that contains the modeling approach and variables defi-

nition; Model development, where the mixed-integer linear

program is shownwith a detailed explanation of the objective

function and model constraints; and Model application, in

which the model is used to determine the optimal design and

production schedule of plant that uses solely wind energy to

produce renewable hydrogen.
Methodology

The proposed scheduling model is formulated as a mixed-

integer linear program (MILP). The approach resembles to

the one used for the Unit Commitment Problem [44], with the

distinction that the energy is stored in the form of hydrogen

rather than produced to satisfy energy demands, and the units

are identical electrolyzers instead of power generators.
lectrolysis for power-to-x applications: A scheduling approach,
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The following integer (binary) variables are introduced to

describe the operational states of alkaline water electrolyzers:

- Production state “L”

- Standby state “S”

- Idle state “I”

Two additional binary variables are included to compute

the startup and shutdown cycles:

- Startup cycle “Y”

- Shutdown cycle “Z”

Finally, the continuous variables that characterize the

input-output behavior of electrolyzers are:

- Power load “U”

- Hydrogen flowrate “F”

A graphic description of the proposed model for alkaline

water electrolysis is presented in Fig. 3, with the variables and

allowed values at each operational state and transition.

During the time interval “t”, the electrolyzer “n” at idle

state “I” is not allowed to load (U ¼ 0) and, therefore, produces

no hydrogen (F ¼ 0); while at standby state “S”, it requires a

standby loading (U¼USB), but the production of hydrogen is

zero. At production state “L” the load can be decided according

to the load range (UMIN, UMAX) and the production of hydrogen

is a function of the selected load. The transitions between the

states (arrows) allow to include:

- full startup time (I/S or I/L) as a penalty on the electro-

lyzer availability,

- cold startup (S/L) as a penalty on the electrolyzer pro-

duction rate, and

- costs for startup and shutdown cycles.
Fig. 3 e Timed automaton representation of alkaline water

electrolyzers.

Please cite this article as: Varela C et al., Modeling alkaline water e
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This novel approach increases the degrees of freedom of

the alkaline water electrolysis model as compared to previous

models that only consider the production state “L” or neglect

the transitions, resulting in a more detailed description of the

operation under non-steady conditions.
Model development

Given profiles of energy availability and electricity price as

model parameters (Figs. 1 and 2), the optimal operation

schedule of the electrolysis plant can be determined by

formulating the mixed-integer program represented in Prob-

lem 1.

max
xn;t

Obj ðProblem 1Þ
subject to:

AL
t � hðxn;tÞ � AU

t

xn;t ¼ ½Un;t;Fn;t; Ln;t;Sn;t; In;t;Yn;t;Zn;t�
Un;t;Fn;t2f0;Rþg

Ln;t;Sn;t; In;t;Yn;t;Zn;t2f0;1g
n ¼ f1;…;Ng
t ¼ �

t0;…; tf
�

Objective function

The process goal is to efficiently convert renewable energy

into hydrogen. The production rate “Fn,t”, which is a function

of the electrolyzer load “Un,t” and operational state (Fig. 3), can

change according to the energy scenario: high energy avail-

ability, low energy availability, high electricity price, and low

electricity price.

Obj¼ K
Xtf
t¼t0

XN
n¼1

Fn;t �
Xtf
t¼t0

CWP
t

XN
n¼1

Un;t �
Xtf
t¼t0

XN
n¼1

�
Yn;tC

SU þZn;tC
SD
�

�N
CINV

LT
(1)

The terms from Eq. (1) correspond to (1) the income for the

total production of hydrogen; (2) the total electricity cost for

the operation of the electrolyzers with variable electricity

price; (3) the total cost for startup and shutdown; and, (4) the

investment cost for the installation of “N” electrolyzers over

their lifetime. In such way, the objective is to balance the

energy absorption with the annual production of hydrogen,

and operation and investment costs.
Decision variables

The scheduling model includes as continuous variables the

energy load “Un,t” and hydrogen flowrate “Fn,t”, and as binary

variables the operational states: production “Ln,t”, standby

“Sn,t” and idle “In,t”, and counters for startup “Yn,t” and shut-

down cycles “Zn,t”, for each electrolyzer “n” at time interval

“t”, as shown in Fig. 3.
lectrolysis for power-to-x applications: A scheduling approach,
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Constraints

The model constraints correspond to the mathematical

description of the operation of electrolyzers that includes in

the form of heuristic rules the operational characteristics of

electrolyzers and physical constraints of the system.

System capacity constraint
The total energy load is limited to the available energy source.

For the case study, the energy source “Ut
WP

” corresponds to the

wind power data shown in Fig. 1.

XN
n¼1

Un;t � UWP
t

c t2
�
t0;…; tf

�
(2)

Electrolyzer capacity (safety) constraint
The load is bounded to the load range (UMIN, UMAX). The pro-

posed formulation allows including energy requirements at

standby state (USB), and no energy consumption at idle state.

USBSn;t þ Ln;tU
MIN � Un;t � USBSn;t þ Ln;tU

MAX

c t2
�
t0;…; tf

�
; c n2f1;…;Ng (3)

Electrolyzer production constraint
An input-output correlation for the production rate of

hydrogen “Fn,t” as a function of the electrolyzer load “Un,t” is

constructed in this study based on the current-voltage model

proposed by Ulleberg [28]:

Vel: ¼Ncells

2
64Vrev þ r1 þ r2T

Ael
Iþ s log

0
B@t1 þ t2

T þ t3
T2

Ael
Iþ1

1
CA

3
75 (4)

The production of hydrogen as a function of the energy

load provides an operational window that sets the limits of

production rate and load range. The performance of a com-

mercial alkaline electrolyzer is shown in Fig. 4, considering an

electrode effective area of 2.7 m2, 80 cells, and energy re-

quirements of 4.67 kWh/Nm3 for the rated load [45], consid-

ering the same parameters provided in the work of Ulleberg

[28]. The maximum load correspond to theoretical load with
Fig. 4 e Production of hydrogen as a function of the energy

load.

Please cite this article as: Varela C et al., Modeling alkaline water e
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current densities of 0.45 A/cm2 [3]. Fig. 4 includes first and

second order approximations to construct the input-output

correlation.

The second order approximation matches the operation at

80 �C and 1 bar, including the maximum and minimum load,

while the linear approximation includes the minimum and

rated load as interpolators. The expressions for the first and

second order approximations are shown in Eqs. (5) and (6),

with hydrogen flowrate in Nm3/h and power load in MW, and

their validity range between the maximum and minimum

load, and T-P conditions.

F¼ 205:31 Uþ 17:85 (5)

F¼ � 11:24 U2 þ 232:7 U þ 8:89 (6)

With a minimum yet non-negligible deviation (Root Mean

Squared Error of 5.49), the linear approximation is preferred at

the time of computing large data sets, especially for optimi-

zation as many iterations are required. Therefore, Eq. (5) is

used as input-output (load-flowrate) correlation, while Eq. (6)

can be used for more accurate flowrate estimations in

models of smaller size.

The resulting input-output correlation is combined with

the binary variables of the program to compute the production

of hydrogen at each state. A linearized function is presented in

Eqs. (7)e(10), with the introduction of the slack binary variable

“Wn,t” that represents transitions from standby to production

state in consecutive intervals of time (Sn,t-1/Ln,t).

Fn;t ¼A1

�
Un;t �Sn;tU

SB
�þA2Ln;t � A3Wn;t (7)

Wn;t � Sn;t�1 (8)

Wn;t � Ln;t (9)

Wn;t �Sn;t�1 þ Ln;t � 1 (10)

c t2
�
t1;…; tf

�
; c n2f1;…;Ng

The coefficients A1 and A2 are obtained from the con-

struction of the input-output correlation, which are specific to

the electrolyzer design. The coefficient A3 corresponds to a

penalty on the production rate of one-third when the slack

variable “Wn,t” is active, as the time required for cold startups

is 20min and the time intervals of the scheduling program are

fixed to 1 h. It can be noticed that for states different than the

production state i.e. Ln,t s 1, the flowrate of hydrogen goes to

zero.

Ramp up- and down rate constraint
The ramp rates are restricted according to the following

expression:

Un;t�1 � RD � Un;t � Un;t�1 þ RU
c t2

�
t1;…; tf

�
; c n2f1;…;Ng (11)

Logic constraints for transitions between states
The time required to restart the operation after shutdown

(idle) periods is 1 h. With intervals of 1 h this can be inter-

preted as a penalty on the unit availability of one interval of
lectrolysis for power-to-x applications: A scheduling approach,
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time, considering previous and current values of the state

variable “I”.

� In;t�2 þ In;t�1 � In;t � 0

c t2
�
t2;…; tf

�
; c n2 f1;…;Ng (12)

The integer variables to compute cycles of startup “Yn,t”

and shutdown “Zn,t” follow the rules shown in Eqs. (13) and

(14).

Ln;t þSn;t þ In;t�1 � 1 � Yn;t (13)

Ln;t�1 þSn;t�1 þ In;t � 1 � Zn;t (14)

c t2
�
t1;…; tf

�
; c n2f1;…;Ng

Lastly, the scenario for simultaneous production, standby

and idle state is prohibited by including the following logic

expression:

Ln;t þ Sn;t þ In;t ¼ 1
c t2

�
t0;…; tf

�
; c n2f1;…;Ng (15)

Problem structure and size

The proposed formulation leads to a mixed-integer linear

program (MILP), where the number of electrolyzers and

number of time intervals significantly influence the size of the

program. Considering lower intervals than 1 h would allow to

compute fast changes in the operation, for instance, primary

control reserve and temperature changes, however the cur-

rent model setup permits to find optimal number of stacks

and production schedules over large time horizons with

moderate computational effort. For the case study of 50-MW

hydrogen plant, a variable number of electrolyzers “N” is

used as a strategy to find the optimal number of electrolyzers

while keeping the linearity of the optimization problem. On

the other hand, the number of time intervals is set to 8760, for

intervals of 1 h over a year. With 25 installed electrolyzers, the

MILP contains 438000 binary variables, 876000 continuous

variables and 2198710 equations.
Model application. Case study: 50-MW
renewable hydrogen plant (power-to-x)

The scheduling model is implemented to find the optimal

production schedule of a hydrogen plant poweredwith 50MW
Table 2 e Model parameters of the case study.

K 0.34 EUR/Nm3

Ct
WP {28.3,…,37.4} EUR/MWh (Fig. 2)

CSU, CSD 105.1 EUR/h, 0 EUR/h

CINV 1.47*106 EUR

N {1,…,25} electrolyzers

LT 7.5 a

Ut
WP {40.8,…,10.1} MW (Fig. 1)

USB 0.30 MW

UMIN, UMAX 0.35 MW, 2.10 MW

A1, A2 205.31 Nm3/MWh, 17.85 Nm3/h

RD/RU 1512 MW/h

Please cite this article as: Varela C et al., Modeling alkaline water e
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(nominal) of wind energy in Northern Germany. The model

parameters are shown in Table 2.

The startup and shutdown costs (CSU and CSD) are conser-

vatively estimated due to the lack of information in the public

domain on this regard. The startup cost is calculated based on

the maximum load with a constant electricity price of 50 EUR/

MWh for one interval, while the shutdown cost is zero in

terms of electricity consumption. However, it is expected that

the implemented penalty on the availability of the units (Eq.

(12)), production loss (Eq. (7)) and additional costs for switch-

ing between operational modes (Eqs. (13) and (14)) have a

major incidence at the time of finding optimal schedules. The

parameter for standby load is a guess between no load at idle

state and the minimum load at production state, with the

highest value promoting transitions to standby state rather

than shutdown cycles. Also, due to the considerably large

values for ramp up- and down rates, and fixed 1-h intervals of

time, the ramp up- and down constraint (Eq. (11)) can be

neglected.
Solver

The solution is obtained by implementing the scheduling

model (MILP) with the parameters for the case study (Table 2)

in the optimization platform GUROBI [46]. The solver com-

bines a branch-and-cut algorithm with barrier or simplex

method for the continuous problem at the MIP nodes.

Results and discussion

Optimal number of electrolyzers
The most efficient operation is performed with 13 electro-

lyzers, as shown in Figs. 5 and 6. These figures have been

constructed by solving the scheduling program (MILP) with

different values of “N”. It is noticed that the more units are

installed the higher the investment cost increases, and with a

reduction of the number of electrolyzers the installed capacity

of wind energy is neither fully nor efficiently used. Therefore,

the proper balance between production, energy absorption,

and operation and investment costs is obtained by installing

13 electrolyzers.

For the highest energy peak (UWP ¼ 49.4 MW, t ¼ 1506 h)

more than 24 electrolyzers are required. However, the optimal
Fig. 5 e Objective value for different number of installed

electrolyzers.

lectrolysis for power-to-x applications: A scheduling approach,
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Fig. 6 e Correlation between the objective value and total

energy absorption.
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number of electrolyzer (N ¼ 13) allows loading 89.68% of the

available renewable energy within the given time horizon, as

shown in Figs. 6 and 7. Therefore, with a reduction in the in-

vestment cost of 45.83%, it is possible to convert 89.7% of the

total energy into hydrogen. In the practice this means that the

loading limit of the plant is 27.31 MW, and higher peaks are

not to be absorbed due to economic reasons.
Fig. 7 e System load as cumulative energy abso

Fig. 8 e Optimal schedule with a

Please cite this article as: Varela C et al., Modeling alkaline water e
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Optimal production schedule
The operational states of the 13 electrolyzers are shown in

Figs. 8 and 9, whereas their power load is presented in Fig. 10.

Although the full-time horizon has been used for optimization

purposes, the figures only present a few arbitrarily selected

sections over the given time horizon to illustrate the behavior

of the electrolysis plant.

The computed utilization of the plant, which is defined as

the total intervals in which the units are not in idle state, rises

to 91.37%. This means that during most of the time intervals

the units are operating despite several periods of low avail-

ability of energy. With only 53 standby periods found in the

optimal schedule (Fig. 9), the strategy chosen by the MILP-

solver consists of an operation within the load ranges i.e.

L ¼ 1. Although the selection of partial loads rather than

standby or shutdown is the expected decision, the low num-

ber of standby periods leads to further refinement of the cost

parameters for startup and shutdown cycles, or to the

implementation of additional constraints. The number of

startup/shutdown cycles is 764, yet the implications and re-

strictions have to be determined by manufacturers and op-

erators. However, the periods at production, standby, and idle

state have been uniformly distributed over the electrolyzers
rption with 8, 13, 17 and 20 electrolyzers.

rbitrarily selected sections.
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Fig. 9 e Number of periods (log scale) at production, standby, idle, and startup/shutdown cycles.
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(Fig. 9), which indicates that the electrolyzers are required to

change between operational states in the same extent to cope

with intermittent renewable energy.

The optimization provides the distinct partial load of

electrolyzers along the time horizon (Fig. 10), that otherwise

would be trivial to determine and would require high

computational effort. At production state (L ¼ 1) the load is

always within the allowed operation range: U 2 [0.35,2.10]

MW, while at idle state (I ¼ 1) the load is zero e.g. Electrolyzer

No. 1 at t 2 [8635,8636] h. At standby state (S ¼ 1) the load

corresponds to the parameter USB (0.30 MW) e.g. Electrolyzers

No. 9, 10 and 13 at t ¼ 58 h. Furthermore, the full startup

constraint (Eq. (12)) is fulfilled as none of the electrolyzers

switches from idle to production (or standby) state without

the penalty of one interval of time.
Fig. 10 e Optimal load of
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It is observed that the units are mostly loading at

maximum or minimum production capacity, which reflects

the operation strategy of keeping the production state of the

units while following the energy source fluctuations. The load

distribution indicates that 48% of the time intervals the plant

performs a maximum load, while 37% its minimum value at

production state. The high number of periods at maximum

load is due to the system capacity of around 27 MW (13 units

with 2.10 MW/unit) while the highest peak of energy is around

50MW. The low number of periods atminimum load confirms

that through optimization it is possible to deal with intervals

of low energy availability while keeping most of the units at

production state, avoiding penalties on the production rate or

availability of electrolyzers.
electrolyzers in MW.
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Fig. 11 e High-price interval.
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The flowrate of hydrogen follows a similar profile pre-

sented in Fig. 10, except for the transitions from standby to

production state as a penalty has been introduced in the

model formulation (Eq. (7)). For instance, at t ¼ 5419 h the

Electrolyzer No. 5 loads 0.562MW to produce 103.23 Nm3/h out

of possible 133.23 Nm3/h, due to the penalty on the flowrate

for cold startups. Due to the low number of standby periods,

and therefore, few cold startup cycles, this penalty has no

major effect.

Plant reaction to variable electricity price
The system response to variable energy prices has been

analyzed. In the objective function (Eq. (1)) the energy price

appears as a time-variant weight to the total load. Therefore,

at high energy prices the system is expected to reduce its load,

while low (or negative) prices ought to lead to the decision to

increase the production rate of hydrogen by raising the plant

load. Consider, for instance, in Fig. 2 the time intervals of

t 2 [550,600] h as high-cost period, and t 2 [3780,3830] h as

low-cost period. The system responses are shown in Figs. 11

and 12. The optimal solution follows the expected strategy
Fig. 12 e Low-price interval.
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of benefiting from low-price intervals, and a conservative

operation during high-price intervals.
Conclusions

The proposed schedulingmodel for alkaline water electrolysis

allows determining optimal production schedules for the

efficient conversion of renewable energy into hydrogen,

considering fluctuations in energy availability and price over

large time horizons. The unique features of the scheduling

model are the operational states and transitions introduced as

decision variables, and operational characteristics imple-

mented as constraints. The electrolysis model allows for

production, standby and idle state, cold startups, full startups,

and shutdowns. The load range of the units and startup time

are rules that allow to compute a realistic operation under

non-steady conditions. The correlation between load and

hydrogen flowrate developed in this work together with the

strategy of solving the schedulingmodel for several number of

stacks, allowed to keep the linearity of the mixed-integer

program, and consequently, to find solutions despite the

model size. The configuration of themodel allows to introduce

several energy sources and different cost parameters in the

objective function.

The application of the scheduling model in the case study

shows a balance between production of hydrogen, energy

absorption, and operation and investment costs. Therefore,

with a forecast of renewable energy and prices, it is possible to

determine the optimal number of stacks to be installed and

the optimal production schedule. Such estimations allow to

decide on viable options for large-scale applications of power-

to-x processes. For many numbers of time intervals and

electrolyzers, the optimization allowed to obtain optimal

loading profiles in few seconds, complying with the technical

restrictions introduced at the model constraints.

With 50 MW of fluctuating wind energy, it is possible to

absorb almost 90% of the available energy produced in one

year using 13 electrolyzers. Although the plant capacity cor-

responds to 54% of the nominal wind energy, the low fre-

quency of high peaks of energymakes the installation of more

electrolyzers unattractive, giving considerably lower objective

values. The optimal production schedule shows the most

convenient operation strategy: to operate mainly between the

load boundaries i.e. at production state. The overall results

indicate amaximum load over 48% of the time intervals, while

the minimum load occurs during 37% of the periods. The low

number of standby periods (53 periods) as compared to shut-

down cycles (764 periods) indicates that themodel parameters

can be refined with data from manufacturers and operators,

especially the operation costs and maximum number of

startup and shutdown cycles.
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Nomenclature
Variables

F Hydrogen flowrate (Nm3/h)

L Binary variable for idle mode

P Pressure (bar)

S Binary variable for standby mode

T Temperature (�C)
U Energy load (MW)

W Binary slack variable for production penalty

Y Binary variable for startup cost count

Z Binary variable for shutdown cost count

Parameters

Ai Coefficient for input-output correlation

CINV Investment cost

CSU, SD Startup, shutdown cost

CWP Energy price

K Hydrogen price

n Index for electrolyzer number

N Total number of electrolyzers

RD, RU Ramp up-and down rate

t Index for time interval

USB, MIN, MAX Standby, minimum, maximum load
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[38] Lüke L, Zschocke A. Alkaline water electrolysis: efficient
bridge to CO2-emission-free economy. Chem Ing Tech
2020;92(1e2):70e3. https://doi.org/10.1002/cite.201900110.

[39] Brauns J, Turek T. Alkaline water electrolysis powered by
renewable energy: a review. Processes 2020;8(2). https://
doi.org/10.3390/pr8020248.

[40] thyssenkrupp. Hydrogen from large-scale electrolysis. 2019.
p. 8.

[41] Eichman J, Harrison K, Peters M, Eichman J, Harrison K,
Peters M. “Novel electrolyzer applications: providing more
than just hydrogen novel electrolyzer Applications:
providing more than just hydrogen. 2014. p. 1e24. https://
doi.org/10.2172/1159377. no. September.

[42] Bertuccioli L, Chan A, Hart D, Lehner F, Madden B, Standen E.
Study on development of water electrolysis in the EU, Fuel
cells and hydrogen joint undertaking. Fuel Cells Hydrog Jt
Undert 2014;1(February):1e160.

[43] Ulleberg Ø, Nakken T, Et�e A. The wind/hydrogen
demonstration system at Utsira in Norway: evaluation of
system performance using operational data and updated
hydrogen energy system modeling tools. Int J Hydrogen
Energy 2010;35(5):1841e52. https://doi.org/10.1016/
j.ijhydene.2009.10.077.

[44] Zondervan E, Grossmann IE, de Haan AB. Energy
optimization in the process industries: unit commitment at
systems level, vol. 28. Elsevier B.V.; 2010. no. C.

[45] NOW. Studie IndWEDe. 2018.
[46] Gurobi Optimization LLC. Gurobi optimizer reference

manual. 2020.
lectrolysis for power-to-x applications: A scheduling approach,
ydene.2020.12.111

https://doi.org/10.1016/j.ijhydene.2017.05.031
https://doi.org/10.1016/j.ijhydene.2017.05.031
https://doi.org/10.1016/S0360-3199(02)00033-2
https://doi.org/10.1016/S0360-3199(02)00033-2
https://doi.org/10.1016/j.ijhydene.2005.09.005
https://doi.org/10.1016/j.ijhydene.2005.09.005
https://doi.org/10.1049/iet-rpg.2012.0190
https://doi.org/10.1049/iet-rpg.2012.0190
https://doi.org/10.1016/j.ijhydene.2010.10.047
https://doi.org/10.1016/j.ijhydene.2010.10.047
https://doi.org/10.1016/j.compchemeng.2019.06.018
https://doi.org/10.1016/j.compchemeng.2019.06.018
https://doi.org/10.1016/j.ijhydene.2020.08.044
https://doi.org/10.1016/j.ijhydene.2020.08.044
https://doi.org/10.1016/j.ijhydene.2011.01.180
https://doi.org/10.1016/j.ijhydene.2011.01.180
https://doi.org/10.1021/ef060491u
https://doi.org/10.1021/ef060491u
https://doi.org/10.1016/j.ijhydene.2013.09.085
https://doi.org/10.1016/j.ijhydene.2013.09.085
https://doi.org/10.1016/j.ijhydene.2020.10.019
https://doi.org/10.1016/j.ijhydene.2020.10.019
https://doi.org/10.1002/cite.201900110
https://doi.org/10.3390/pr8020248
https://doi.org/10.3390/pr8020248
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref40
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref40
https://doi.org/10.2172/1159377
https://doi.org/10.2172/1159377
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref42
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref42
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref42
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref42
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref42
https://doi.org/10.1016/j.ijhydene.2009.10.077
https://doi.org/10.1016/j.ijhydene.2009.10.077
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref44
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref44
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref44
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref45
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref46
http://refhub.elsevier.com/S0360-3199(20)34725-X/sref46
https://doi.org/10.1016/j.ijhydene.2020.12.111

	Modeling alkaline water electrolysis for power-to-x applications: A scheduling approach
	Introduction
	Alkaline water electrolysis: modeling and relevant characteristics for power-to-x applications

	Methodology
	Model development
	Objective function
	Decision variables
	Constraints
	System capacity constraint
	Electrolyzer capacity (safety) constraint
	Electrolyzer production constraint
	Ramp up- and down rate constraint
	Logic constraints for transitions between states

	Problem structure and size

	Model application. Case study: 50-MW renewable hydrogen plant (power-to-x)
	Solver
	Results and discussion
	Optimal number of electrolyzers
	Optimal production schedule
	Plant reaction to variable electricity price


	Conclusions
	Declaration of competing interest
	Acknowledgments
	Nomenclature
	References


