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� A dynamic knowledge-based

model for an alkaline water elec-

trolysis unit was created.

� OCFE was used to convert the

resulting DAE set of equation into

an algebraic one.

Keywords:
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e developed approach led to a

saving in yearly electricity

� The approach seems fit to be in-

tegrated in larger dynamic opti-

mization systems.
 optimization , OCFE, Hydrogen
a b s t r a c t

This work aims at developing an appr
in transient state using orthogonal co
minimize the processing cost (asso
considered: the stack of electrolytic 
behavior is considered for the mass 
associated mathematical model is d
parameters of the system on its work

ideal operating load in order to mini                                                                      
hydrogen yield. The model has been
under a proof of concept scenario savi
r modelling and optimizing the operation of a reference alkaline electrolysis unit operating 
on on finite elements (OCFE). The main goal is to define the set of operating conditions that 
to electricity cost) given a hydrogen yield. Three components of the electrolyzer are 
nd two separators that single out the hydrogen and oxygen gas streams. The dynamic 
 in the separators as well as the energy accumulation for these three components. The 
in the paper. Its solving allows characterizing the influence of the transient operating 
d associated final hydrogen production. Mathematical optimi-zation aims at defining the 
osts associated to                                                         fluctuating price of electricity consumed by the stack given a defined 
ted according to experimental test runs and operating conditions have been optimized 
 of electricity costs if compared to constant plant capacity.
1



Fig. 1 e Total installed powe
Introduction

Context

Along with the growth of industrialization and global popu-

lation, the consumption of fossil energies has increased

significantly mainly in western countries [1]. Fig. 1 shows the

evolution and projection for installed power capacity until

2025 bringing to light the major contribution of renewables

such as solar and wind power. Whereas fossil fuels tend to

keep their role as the main affordable supply, many com-

panies and public organizations aim to develop new sources

of energy (IEA, 2020).

The source and management of heat for industrial pur-

poses are also great factors on the struggle against CO2

emissions. In 2016, the generation of more than 100 EJth
(100⸱1018 thermic joules) was responsible for 21% of theworld's
carbon dioxide emission. This heat is generated on the most

part by the combustion of coal, natural gas and oil and used on

processes such as the production of steam, distillation and

drying [2].

In this context, many countries have determined goals

related to decarbonization (decrease of fossil fuel dependency)

for the next decade [3e5]. In 2015, France has implemented an

act that aims to achieve renewable energy participation on

32% of energetic consumption and 40% of production before

2030. Moreover, the country seeks to decarbonize 10% of gas,
r capacity by fuel and
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which means adding to its composition a non-fossil compo-

nent. TheHydrogenDeployment Plan for Energetic Transition,

made by the French ministry of energetic transition, seeks to

produce green hydrogen through electrolysis technology. For

the hydrogen to be considered green, the electricity consumed

by this process must be generated by renewable sources.

Fig. 2 describes the concept of power-to-gas. In comparison

to other energy storage methods, power-to-gas can provide a

long-term storage on a large scale as it can profit from the

existing pipelines for natural gas. By using excess energy

produced by renewable sources, it plays a great role on

decarbonization [6,7]. During off-peak hours, power plants

produce a low-price electricity overflow, which can be favor-

able for power-to-gas units to perform [8].

In order to achieve this ambitious goal, the French gov-

ernment, alongside with private initiative, seeks tomake deep

modifications on the country's energetic grid. An example of

corporate action on the matter comes from TER�EGA, the

transmission system operator for the French south-western

gas network. In 2019, TER�EGA implemented a project called

IMPULSE 2025with the objective of conceiving a “multi-energy

intelligent system” capable of interconnecting electricity, gas,

heat and water grids. Because these networks are designed

separately, the project aims to optimize their energetic effi-

ciency by creating and improving intersection points

(TER�EGA, 2019).

Since one of the project's goals is to investigate the pro-

duction and injection of green hydrogen into the gas grid, one
technology between 2019 and 2025 (IEA, 2020).



Fig. 2 e Power-to-gas routes for fuel gas production: Several fuel gases can be produced (H2 or CH4), according to the chosen

route [7].
of these intersections connects the renewable energy grid and

the gas network by means of power-to-gas. This article fo-

cuses on the development of an approach for the dynamic

modelling and optimization of an alkaline water electrolysis

system in the context of IMPULSE 2025. By considering the

fluctuating electricity price, this work provides the optimum

set of yearly operating conditions of the electrolysis system

given the design of the electrolysis unit.

State of the art

This paragraph describes the scenario of scientific research on

alkaline electrolysis modelling and optimization in order to

give context to this work's methodologies and findings. With

the surging relevance of energy transition, technologies such

as water electrolysis are getting increasingly more attention

from the academic community. In order to better understand

it and propose innovating ideas, the modelling of this process

is inevitable. Fig. 3 shows the number of publications by year

on the topic, confirming it is a growing trend.

According to Olivier et al., 2017, low temperature electrol-

ysis system models can have different objectives such as the

comprehension of phenomena, performance characteriza-

tion, development of control systems, durability evaluation
Fig. 3 e Publications by year within the alkaline electrolysis mo

electrolyser (modelling OR model)”.
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and design. Moreover, they can be classified within four

criteria:

1. The physical domain under study: electrical, thermal,

chemical or fluidic [9].

2. The modelling approach: empirical or analytical.

3. The dynamic behavior: static, lumped parameters dynamic

models (described by ordinary differential equations) or

distributed parameters dynamic models (described by

partial differential equations).

4. The modelling scale: cell/stack or auxiliaries.

In the purpose of phenomena comprehension, computa-

tional fluid dynamics (CFD) is employed to simulate dynamic

distributed parameters models. They usually analyze mass

and heat transfers taking place within the electrolytic cell and

how they impact electrical properties and H2 gas production

[10,11]. Othermodels take a different approach, describing the

cell as an ensemble of electric components such as resistors

and diodes. This allows a better representation of the elec-

trolyser's electric current and potential behaviors [12,13].

Since the electrolytic cell is the heart of the process, some

models seek to describe its response towards change in tem-

perature or pressure using semiempirical approaches. This

means relying on physical laws but also on parameters fit to
delling subject. Source: Scopus with keywords “alkaline



experimental results, which can be a practical solution for

optimizing the operation of electrolysis units. For example,

this can be achieved by analyzing energy consumption and

losses as a function of the stack's temperature [14e17] or by

estimating the parameters that predict the cell's voltage as a

function of electric current and temperature [18,19].

In the thermochemical domain, models are built from

conservation of mass and energy, being capable to effectively

include the main auxiliary processes such as the gas-liquid

separators. These request more technical details concerning

the unit operations in order to reach a good level of accuracy

but are useful in an industrial scenario once they're capable of

describing a unit's dynamic behavior [20e22]. For instance,

considering the effect of bubble distribution in electrolytic

cells or the diffusion of aqueous species [23,24] may increase

the model's level of detail, but it may lead to higher compu-

tational effort in regard to solving. In the case where the focus

is the integration of such systemswith renewable energy grid,

mass and energy accumulation may be neglected, relying on

the energy input for describing its dynamic nature [25].

Once a model has been developed or chosen, the optimi-

zation of an electrolysis unit may take place regarding its

design or its operating parameters. The optimization of its

design infers varying conception parameters like electrode

thickness or number of cells while operating parameters

translate to the usage of already existing units [26e28].

The current work develops a model from a thermo-

chemical perspective predicting the dynamic behavior of an

alkaline electrolysis unit, making it possible to optimize its

operation throughout the year considering the fluctuating

electricity cost. Its equations are mostly differential and

analytical since they are derived from the conservation of

mass and energy as well as thermodynamic equilibria. A

semiempirical approach was chosen to describe the over-

potentials present in the electrolytic cells from the work of

S�anchez et al., 2020. This contributes to the literature

because it bridges the gap between thermal inertia and the

stack's electrochemical properties, which are functions of

temperature. Furthermore, dynamic optimization allows an

analysis of energy consumption and cooling demand, which

is particularly attractive from a process engineering

perspective.
Model development

Alkaline electrolysis

As mentioned earlier, the electrolysis of water produces H2

and O2 gas by consuming water and energy (electricity and

heat). This process takes place in a system composed of two

electrodes (an anode and a cathode) submerged in an alka-

line electrolytic fluid (an ion conductor). In this case, the

electrolyte is usually KOH or NaOH and the ionic species

responsible for electron migration are hydroxyl ions (HO�).

As the electrodes are connected to a power source, current,

flows through the liquid allowing the following oxidation-

reduction reactions to occur on the surfaces of each

electrode.
4

On the anode's: 4 HO� / 2 H2O þ 4 e� þ O2 (1)

On the cathode's: 4 H2O þ 4 e� / 4 HO�þ 2 H2 (2)

Therefore, the global reaction becomes [29]:

2 H2O / 2 H2 þ O2 (3)

Once it isn't a spontaneous reaction, for the production of

1 mol of hydrogen gas the system has to be fed with a specific

amount of energy. It can be quantified by equation (4).

DHreac ¼DGþ T� DS (4)

Here, DH indicates the total and minimal amount of sup-

plied energy permol, which is composed from thermal energy

(T � DS, entropy) and electricity (DG, Gibbs free energy). These

parameters are mostly functions of temperature. In standard

conditions (25 �C and 1 bar), their values are as follows:

Dh0 ¼ 285.88 kJ mol�1, Dg0 ¼ 237.23 kJ mol�1, and

T � Ds0 ¼ 48.65 kJ mol�1.

Another important concept ruling the electrolytical pro-

cess is the reversible voltage (Urev). It is defined as the mini-

mum voltage between electrodes for electrolysis to occur and

can be related to the increase of Gibbs free energy. The latter

represents thework necessary to carry out a non-spontaneous

reaction at a constant temperature and pressure. Equation (5)

verifies this relation.

Urev ¼DG
z F

(5)

Where z is the number of moles of electrons transferred for

the production of 1 mol of H2 (2 e�) and F is the Faraday con-

stant (96,500 C mol�1). The value for Urev in standard condi-

tions is 1.229 V.

In fact, the cell's working voltage Ucell between electrodes

will always be superior than the reversible voltage. This is

caused by the irreversibility of the electrolysis process as well

as what are called overpotentials. The three main causes for

the latter:

� Activation overpotential: this is on account of the energy of

activation of the partial chemical equations on each elec-

trode. This loss is related to the limitation of load transfer

speed.

� Ohmic overpotential: this is present due to the electric

resistance of the electrolytic fluid and the cell's parts.

� Concentration overpotential: happens because of the

resistance ofmass transport through the electrolyte, which

increases the concentrations of O2 and H2 slowing down

the reaction kinetics. This loss can be disregarded at lower

current densities [30].

Consequently, the estimation of the working potential of

an electrolysis cell is the sum of Urev and the overpotentials

mentioned above. Given that these losses are mainly func-

tions of temperature, current density and, on a minor scale,

pression, empiric models are created to predict Ucell.



Fig. 4 e Bipolar stack scheme (adapted from Santos et al., 2013).
Equation (6) was found to be a good representative model for

this scenario [31].

Ucell¼Urevþðr1þd1þr2Tþd2 pÞiþ s log

��
t1þ t2=Tþ t3

�
T2

�
iþ1

�

(6)

Where r, d, s and t are overvoltage parameters related to the

system, p is the cell pressure, T is the cell temperature and i is

current density.

As an electrolytic cell is limited by the electrodes' surface
area, increasing production requires the stacking of multiple

cells. Fig. 4 shows an example of stack configuration called

bipolar. M represents the membrane that allows ions to be

exchanged but prevents gases from mixing. B stands for

bipole, a sheet of metal that acts as cathode on the right side

and anode on the left side. The cells are stacked in series from

an electric perspective as the current crosses from left to right,

thus making the stack's voltage the sum of those from each

cell [32]. It can also be observed that the mass flow runs “in

parallel” to the electric flow and that the electrolyte leaves the

stack by the same outlet as the gases. Despite the endo-

thermicity of the reaction, electric flow creates heat because

of Joule effect. Thus, the electrolytic solution is pumped in

excess as it plays a major role in the stack's cooling.

As seen on paragraph 2.1, for the stack to continuously

produce hydrogen, it has to be cooled and the produced gas

has to be separated from the liquid. Studies show that there

are several thermal phenomena throughout the stack's oper-

ation that lead to a global increase of temperature [33]. For this

reason, the temperature control is stablished through heat

exchangers that cool the electrolyte before being fed to the

stack. Hence, the cell's liquid/gas ratio has to be sufficiently

high so as to ensure an effective temperature control and also

prevent ohmic voltage losses [34].

System under study

Fig. 5 illustrates a simplified scheme to represent a general

alkaline electrolysis unit as proposed by the literature [35,36].

To develop the methodology, a focus is held on components

with fluidic or thermal inertia. As shown, there are two gas/

liquid separators (one for each stack outlet). It allows the gas
5

outlets to be monophasic and the electrolyte streams to be

cooled and pumped back to the stack. In this fashion, the

electrolyte (in this case potassium hydroxide) is in a closed

loop while water is fed directly at the hydrogen/electrolyte

separator and consumed in the stack. As mentioned on the

previous paragraph, the electrolytic cells are flooded with the

liquid phase. Consequently, their outlet streams are biphasic

as the gas phase is composedmainly of oxygen on the anode's
side and hydrogen on the cathode's. Temperature control is

performed by calculating the amount of exchanged heat

needed for the stack's inlet temperature to be equal to the

setpoint for each electrolyte heat exchanger. If the separator's
temperature is inferior to the setpoint, no heat is exchanged.

Water vapor is also present on these gas phases, creating the

need to dry out the stream of most interest (hydrogen, in this

case). To do so, hydrogen/electrolyte separator's gas outlet

goes through a heat exchanger which is also supplied with

chilled glycol water. This step allows for the majority of the

water vapor to condense, preparing the hydrogen stream to

pass through a purification process.

Tables 1e3 list the stack's and separators' variables. For each
point in time, they sum 45 variables of which 11 belong to the

stack and 17 for each separator. Figs. 6e8 depict these sub-parts

of the overall system in order to better understand their asso-

ciatedvariables. The stack'sdiagramissimplified since its liquid

and gas phases represent the sumof its cells' individual phases.

Main assumptions

The model developed in this article relies on several assump-

tions that allow for phenomena and mechanisms to be

described on a simpler fashion so equations become less com-

plexand computationalwork is spared. This isnecessary for the

dynamicoptimizationof this systemaswell as theoptimization

of bigger structures in which this system will be integrated in

future works. This section is dedicated to pointing out themain

assumptions and explaining why they are adopted.

Mixer
The electrolyte streams are mixed before being fed to the

stack. This unit is convenient for implementing two con-

straints: the electrolyte's molar flow rate and KOH



Fig. 5 e Alkaline electrolysis unit diagram.

Table 1 e Stack's problem variables.

Stack's variables

Variable Unit Description Equation

xKOH e KOH molar liquid composition KOH molar balance (17)

xH2O e H2O molar liquid composition H2O molar balance (16)

uB1 e Vapor fraction of biphasic outlet 1 O2 molar balance (18)

uB2 e Vapor fraction of biphasic outlet 2 H2 molar balance (19)

B1 mol s�1 Molar flow rate of biphasic outlet 1 Total molar balance (20)

B2 mol s�1 Molar flow rate of biphasic outlet 2 Assumption Section Stack-e)

T K Temperature Energy balance (21)

hL J mol�1 Liquid specific enthalpy hL model (22)

HV1 J mol�1 Oxygen vapor phase specific enthalpy HV1 model (23)

HV2 J mol�1 Hydrogen vapor phase specific enthalpy HV2 model (24)

hM J kg�1 Steel's specific enthalpy hM model (25)

6



Table 2 e H2/electrolyte separator's variables.

H2/electrolyte separator's variables

Variable Unit Description Equation

NV mol Vapor phase molar holdup Energy balance (28)

NL mol Liquid phase molar holdup Total molar balance (26)

xKOH e KOH molar liquid composition KOH molar balance (27)

xH2O e H2O molar liquid composition H2O molar balance (27)

xH2 e H2 molar liquid composition Assumption Section Thermodynamics-b)

xO2 e O2 molar liquid composition Assumption Section Thermodynamics-b)

yKOH e KOH molar vapor composition Assumption Section Thermodynamics-c)

yH2O e H2O molar vapor composition Phase equilibrium (32)

yH2 e H2 molar vapor composition y sum (31)

yO2 e O2 molar vapor composition Assumption Section Thermodynamics-b)

Vvap m3 Vapor phase volume Total volume (29)

Vliq m3 Liquid phase volume Liquid volume (33)

T K Temperature x sum (30)

hL J mol�1 Liquid specific enthalpy hL model (34)

HV J mol�1 Vapor specific enthalpy HV model (35)

Vs
SeH2 mol s�1 Vapor outlet molar flow rate Equation of state (36)

Ov e Valve opening Valve equation (37)

Table 3 e O2/electrolyte separator's variables.

O2/electrolyte separator's variables

Variable Unit Description Equation

NV mol Vapor phase molar holdup Energy balance (40)

NL mol Liquid phase molar holdup Total molar balance (38)

xKOH e KOH molar liquid composition KOH molar balance (39)

xH2O e H2O molar liquid composition H2O molar balance (39)

xH2 e H2 molar liquid composition Assumption Section Thermodynamics-b)

xO2 e O2 molar liquid composition Assumption Section Thermodynamics-b)

yKOH e KOH molar vapor composition Assumption Section Thermodynamics-c)

yH2O e H2O molar vapor composition Phase equilibrium (44)

yH2 e H2 molar vapor composition Assumption Section Thermodynamics-b)

yO2 e O2 molar vapor composition y sum (43)

Vvap m3 Vapor phase volume Total volume (41)

Vliq m3 Liquid phase volume Liquid volume (45)

T K Temperature x sum (42)

hL J mol�1 Liquid specific enthalpy hL model (46)

HV J mol�1 Vapor specific enthalpy HV model (47)

Vs
SeO2 mol s�1 Vapor outlet molar flow rate Equation of state (48)

Ov e Valve opening Valve equation (49)
concentration. Specifying these features is necessary for

mathematical convergence as hydroxide potassium is in a

closed loop.

Thermodynamics
These assumptions seek to simplify enthalpy calculations as

well as fluid phase equilibria.

a) Ideal and uniform phases

Intermolecular interactions are neglected and both gas and

liquid phases are considered to have uniform properties in

order to simplify the equilibrium calculations.

b) H2 and O2 solubilities on liquid phase are neglected
7

Hydrogen and oxygen molecules are considered to exist

only in gaseous phase due to their low solubility in potassium

hydroxide solution. This assumption is supported once the

molar fraction in liquid water for both gases are around

3$10�4 at temperature and pressure similar of the stack (NIST

database). For KOH solutions, the absorption of these gases

tend to be even smaller [37,38]. The main consequence of this

assumption is that hydrogen and oxygen mixing is impos-

sible, once the liquid phase won't serve as a bridge between

the two gas phases through absorption/desorption.

xH2
¼xO2

¼ 0 (7)

c) KOH volatility is neglected



Fig. 6 e Stack's simplified diagram.

Fig. 7 e H2/electrolyte separator's simplified diagram.

Fig. 8 e O2/separator's simplified diagram.
The phase equilibrium of potassium hydroxide was dis-

regarded as its volatility is negligible at process conditions.

This can be verified as the KOH solution at real concentration,

pressure and temperature would produce a gas phase with a

molar fraction of around 1.15$10�3 [39]. Thus, the electrolyte

cannot exit the system by the gas streams, being enclosed in

the loop (stack and separators).

yKOH ¼0 (8)

d) All of the heat capacities are considered constants

regarding temperature

e) Electrolyte's heat capacity is a function of its composition

The solution's heat capacity (CpLelec) was considered to be a

function of its composition. For this reason, equation (9) was
8

stablished as a polynomial correlation of the potassium hy-

droxide's molar fraction (xKOH). It was originated from the

interpolation of data found in literature and returns the heat

capacity in J mol�1 K�1 [40].

CpL
elec ¼4936:909 x4

KOH � 3843:66 x3
KOH þ 997:947 x2

KOH

� 126:364 xKOH þ 75:09
(9)

f) Water's latent heat of vaporization is constant

Since water is the only phase-changing species in the

system, its enthalpy of vaporization was chosen to be

constant.

g) Unit operations are adiabatic

In the sake of simplicity, all heat losses from unit opera-

tions to the surroundings are neglected.

Control
Thereare threemainvariables controlledby supervisionsystems

on the unit: the electrolyte temperature; the hydrogen's final

outlet temperature and the separators' internal pressures. The
followingstrategieswereadoptedtosimulate thesecontrol loops.

a) Heat exchangers

In the unit's electrolyte cooling system, the glycol water's
flow rate is controlled to respect a maximum temperature

setpoint. For this reason, the exchanged heat is zero until the

electrolyte's temperature reaches this setpoint. If the tem-

perature tends to exceed its maximum value, it is fixed at the

setpoint and the exchanged heat (now greater than zero)



becomes a new variable. The glycol water's flow rate or tem-

peratures are not taken into consideration.

However, for the hydrogen cooling heat exchanger the

glycol water's properties are considered as itsmass flow rate is

a problem's variable. It is calculated to provide enough

exchanged heat for the hydrogen gas to exit at a fixed tem-

perature. Moreover, a water phase equilibrium is present in

this equipment to simulate water condensation. That defines

the gas outlet's water content and the liquid water outlet's
mass flow rate. The equilibrium, like in the separators, is also

calculated from ideal phases (equation (15)).

b) Gas outlet valves

The valves shown in Fig. 5 above the separators were

modelled with the objective of regulating the vessels' pres-
sures. Each of them is described by their own equation on the

format of equation (10) below.
_Vgas ¼Kv$Ov

ffiffiffiffiffiffiffi
DP

p
(10)

Where _Vgas represents the gas stream's volumetric flow rate

(m3 s�1), Kv the valve's constant (m3 s�1 Pa�1/2), Ov the opening

varying from 0 (closed) to 1 (open) and DP the pressure dif-

ference between the two sides of the valve (Pa). This equation

allows for DP to be fixed at a setpoint while Ov is the variable

responsible for the regulation.
Stack
In virtue of the stacks great complexity and need for specific

details, the following assumptions were adopted.

a) Vapor phases' energy holdup is neglected

In the view of the liquid phase's predominant contribution

to thermal inertia, vapor phases' energy holdup is neglected

for the sake of model simplicity.

d
�
NV1HV1

	
dt

¼d
�
NV2HV2

	
dt

¼ 0 (11)

b) Matter holdup is neglected

The great majority of the cells' volumes are filled with the

electrolyte solution at all times, which is assumed to be

incompressible. This fact results in a practically constant

amount of matter (holdup) during operation, allowing to

disregard its derivative with respect to time (equation (12)).

However, it is important to point out that this assumption is

not applied to the accumulation of energy as the stack can

present “thermal inertia”.

dNV1

dt
¼dNV2

dt
¼ dNL

dt
¼ 0 (12)

c) Liquid-vapor equilibrium is neglected
9

Since the stack's biphasic outlets are fed to the separators,

these are the main source of water in gas phase due to their

phase equilibria. Therefore, considering a gas-liquid equilib-

rium in the stackwouldn't add to the gas phases'water content,

only increase computation time. For this reason, hydrogen and

oxygen leaving the stack are free of water vapor.

yH2O ¼ 0 (13)

d) Single liquid phase

Due to the electrolyte's global excess with respect to the

consumption of water, the change on its composition is

minimal. For this reason, it was considered that the liquid

phase isn't separated by electrode type like in Fig. 4. Instead,

both anode and cathode sides share the same electrolyte

composition and temperature.

e) Uniform electrolyte distribution at outlets

The stack's biphasic outlets are considered to have the

same resistance to liquid flow. That translates to the same

molar flow rate of liquid for both outlets, as expressed on

equation (14) below. It assures that despite variation on vapor

fraction (u) and total molar flow rate (B1 and B2), the same

amount of liquid is transmitted to the separators.

B1$
�
1�uB1

	¼B2$
�
1�uB2

	
(14)

f) Electrolytic cell's voltage is a function of temperature,

pressure and current

In order to describe the stack's operating voltage, equation

(6) was adopted.

Gas-liquid separators
The following assumptions support the interpretation of the

gas-electrolyte separators as flash vessels. That means its

outlet streams are in thermodynamic equilibrium which ties

their pressure, temperature and water content.

a) Liquid-vapor equilibrium of water is stablished

It is considered that the liquid and the gas phases in the

separators are in equilibrium. In light of assumptions Section

Thermodynamics-b) and c), water is the only species trans-

ferred from the liquid to the gas phase. Since assumption

Section Thermodynamics-a) implies that activity and fugacity

coefficients are equal to 1, Raoult's law represents this equi-

librium through equation (15).

xH2O Psat
H2O

¼yH2O
P (15)

Where x and y stand respectively for water's molar fraction on

the liquid and gas phase, Psat for saturation pressure and P for

pressure (both in Pa).



System of equations

In order to simulate the system's operation, the number of

problem variables needs to equal the number of independent

equations describing it. In this configuration, for a given initial

state and constant parameters, there is a unique solution that

satisfies the system of equations describing the device's
behavior through time. Disturbances like parameter variation

leads to a different solution.

Table 4 describe the stack's contribution to the problem's
equations. There are 10 equations that when combined to

assumption Section Stack-e) cancel out the degrees of

freedom for its simulation. Tables 5 and 6 describe the H2/

electrolyte and O2/electrolyte separators' contribution to

the problem's equations. There are 13 equations each that

when combined to assumptions Section Thermodynamics-

b) and c) cancel out the degrees of freedom for its simula-

tion. The liquid volumes, see equations (33) and (45), are

functions of the KOH solution's density. To determine it, an

empirical correlation was proposed based on experimental

data [41].

Mathematical relations

In addition to the main set of equations described above on

paragraph 2.4, the model needs complementary relations that

are functions of the problem's variables and help simplifying

the final form of the equations. Tables 7 and 8 describe these

relations for the stack and the separators, respectively.

The extent of global reaction (equation (50)) is directly

proportional to the electric current passing through the stack.

The constant Kx’s value is equal to 2 F ¼ 192970:66 A s mol�1

and was obtained theoretically from the statement: for each

2 mol of electrons passing through a cell, 1 mol of H2 is pro-

duced. Equations (52) and (53) for the enthalpy of reaction and

reversible potential were stablished from thermodynamic

data found in the literature by adapting high temperature data

to the system's low temperature [42]. The cell's voltage is given

by equation (6).
Table 4 e Stack's problem equations.

Stack's equations

Name

H2O molar balance [mol s�1] 0 ¼ LeStx
e
H2O � xH2O

KOH molar balance [mol s�1] 0 ¼ LeStx
e
KOH � xKOH

O2 molar balance [mol s�1] 0 ¼ � uB1B1þ nO2

H2 molar balance [mol s�1] 0 ¼ � uB2B2þ nH2

Total molar balance [mol s�1] 0 ¼ LeSt � B1� B2þ

Energy balance [J s�1] dðNLhLÞ
dt

þ dðM hMÞ
dt

hL model [J mol�1] hL ¼ CpL
elec ðT � Tr

HV1 model [J mol�1] HV1 ¼ CpV
H2 ðT � T

HV2 model [J mol�1] HV2 ¼ CpV
O2 ðT � T

hM model [J kg�1] hM ¼ CpS
steel ðT � T
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Solving

The final set of equations, as it is shown on Tables 1e6 is

categorized as differential-algebraic and nonlinear. To solve

it, the orthogonal collocation method on finite elements

(OCFE) will firstly convert it into a completely algebraic sys-

tem. An explanation on the method's approach is available in

the Appendix section.

At t ¼ 0, the unit is considered to be at steady state. This

means that the derivatives of all variables with respect to time

equal zero. Thus, at the following time step, where a distur-

bance occurs, the steady state variables are the initialization

point for the solving of the transient state model. The sepa-

rators' given initial state is defined by their pressure and liquid

level (60% in this case).

The chosen Integrated Development Environment to

simulate and optimize (see paragraph 4.2) the alkaline elec-

trolytic unit is AMPL. Once the user has stated all of the

problem's parameters, variables, objective function and con-

straints, it will use the selected solver to find a solution that

satisfies all of the equations. In this case, the chosen solver

and code editor were, respectively, CONOPT and Visual Studio

Code.

Although it is originally conceived to solve optimization

problems, AMPL can also solve non-linear systems of equation

in order to simulate the unit's operation. The difference is that

in optimization the number of variables is greater than the

number of constraints, whereas in simulation their number

are equal, transforming it into a feasibility problem.

Fig. 9 represents the code's flowchart for simulation. It was

found that solving each finite element at a time helps reducing

the global simulation time. This is attributed to the fact that

the element's variables initial values are equal to the previous

element's last value, which is closer to the solution. In

contrast, this choice can't be made in optimization problems

as all elements must be optimized at the same time, meaning

the loop in Fig. 9 gives place to the solving of a unique larger

system of equations.
Equation N�

ð1 � uB1ÞB1� xH2Oð1 � uB2ÞB2þ nH2Ox (16)

ð1 � uB1ÞB1� xKOHð1 � uB2ÞB2 (17)

x (18)

x (19)P
i
nix (20)

¼ Eþ LeSt h
e
St � B1 HB1 � B2 HB2 � DHreac x

(21)

ef Þ (22)

ref Þ (23)

ref Þ (24)

refÞ (25)



Table 5 e H2/electrolyte separator's equations.

H2/electrolyte separator's equations

Name Equation N�

Total molar balance [mol

s�1]
dNV

dt
þ dNL

dt
¼ Le;H2O

SeH2 þ B2� LsSeH2 � Vs
SeH2

(26)

Partial molar balance [mol

s�1]
dðNV yiÞ

dt
þ dðNL xiÞ

dt
¼ Le;H2O

SeH2 xLe;H2O
i þ B2 zB2i � LsSeH2 xi � Vs

SeH2 yi

(27)

Energy balance [J s�1] dðNV HV � PV VVÞ
dt

þ dðNL hL � PL VLÞ
dt

¼ Le;H2O
SeH2 hLe;H2O þ B2 HB2 � LsSeH2 h

L �
Vs

SeH2 H
V

(28)

Total volume [m3] Vtot ¼ Vliq þ Vvap (29)

x sum
P
i
xi ¼ 1 (30)

y sum
P
i

yi ¼ 1 (31)

Phase equilibrium
yH2O ¼ Psat

H2O

P
xH2O

(32)

Liquid volume [m3] Vliq ¼ NL ð� 8:49 x3
KOH þ6:24 x2

KOH � 1:02 xKOH þ1:84Þ$10�5 (33)

hL model [J mol�1] hL ¼ CpL
elec ðT � Tref Þ (34)

HV model [J mol�1] HV ¼ P
i
yi H

V
i

HV
H2 ¼ CpV

H2 ðT � Tref Þ
HV

H2O ¼ CpL
H2O ðTeb � Tref Þ þ DHvap þ CpV

H2O ðT � Tref Þ

(35)

Equation of state [Pa m3] P Vvap ¼ NV R T (36)

Valve equation [m3 s�1] Vs
SeH2 R T

P
¼ Kv Ov

ffiffiffiffiffiffiffi
DP

p (37)

Table 6 e O2/electrolyte separator's equations.

O2/electrolyte separator's equations

Name Equation N�

Total molar balance [mol s�1] dNV

dt
þ dNL

dt
¼ B1� LsSeO2 � Vs

SeO2

(38)

Partial molar balance [mol

s�1]
dðNV yiÞ

dt
þ dðNL xiÞ

dt
¼ B1 zB1i � LsSeO2 xi � Vs

SeO2 yi

(39)

Energy balance [J s�1] dðNV HV � PV VVÞ
dt

þ dðNL hL � PL VLÞ
dt

¼ B1 HB1 � LsSeO2 h
L � Vs

SeO2 H
V

(40)

Total volume [m3] Vtot ¼ Vliq þ Vvap (41)

x sum
P
i

xi ¼ 1 (42)

y sum
P
i

yi ¼ 1 (43)

Phase equilibrium
yH2O ¼ Psat

H2O

P
xH2O

(44)

Liquid volume [m3] Vliq ¼ NL ð� 8:49 x3
KOH þ6:24 x2

KOH � 1:02 xKOH þ1:84Þ � 10�5 (45)

hL model [J mol�1] hL ¼ CpL
�elec ðT � Tref Þ (46)

HV model [J mol�1] HV ¼ P
i

yi H
V
i

HV
O2 ¼ CpV

O2 ðT � Tref Þ
HV

H2O ¼ CpL
H2O ðTeb � Tref Þ þ DHvap þ CpV

H2O ðT � Tref Þ

(47)

Equation of state [Pa m3] P Vvap ¼ NV R T (48)

Valve equation [m3 s�1] Vs
SeO2 R T

P
¼ Kv Ov

ffiffiffiffiffiffiffi
DP

p (49)
Results

As mentioned in paragraph 3, optimization problems contain

more variables than constraints. For this reason, it exists an

infinite number of solutions capable of satisfying the prob-

lem's equations where the exceeding variables may assume

different values. The goal is to find a solution among those

that also maximizes the objective function, which is the
11
mathematical representation of the criteria that favors some

solutions over others. Prior to optimization, a simulation step

is required to validate the model.

Simulation and validation

To check the model behavior, a simulation run illustrating

load changes of the electrolysis unit is carried out. It begins at

full stop, raising to 80% of its capacity, followed by 100% and



Table 7 e Stack's complementary equations.

Name Equation N�

Extent of global reaction [mol s�1]
x ¼ ncells

I
Kx

(50)

Electrical power consumed [W] E ¼ ncells Ucell I (51)

Enthalpy of reaction [J mol�1] DHreac ¼ � 33:069484 Tþ 2:9574$105 (52)

Reversible voltage [V] Urev ¼ � 8:02156$10�4 Tþ 1:46726 (53)

Cell's voltage [V]
Ucell ¼ Urev þ ðr1 þd1 þr2Tþd2 pÞiþ s log

h

t1 þt2=T

þt3
�
T2

�
iþ1

i (6)

Molar enthalpy of B1 stream [J mol�1] HB1 ¼ HV1 uB1 þ hLð1 � uB1Þ (54)

Molar enthalpy of B2 stream [J mol�1] HB2 ¼ HV2 uB2 þ hLð1 � uB2Þ (55)

Molar fraction of B1 stream zB1i ¼ yB1
i uB1 þ xB1

i ð1 � uB1Þ (56)

Molar fraction of B2 stream zB2i ¼ yB2
i uB2 þ xB2

i ð1 � uB2Þ (57)

Liquid molar holdup [mol]
NL ¼ 1000 mLP

i¼H2O;KOHMmoli xi

(58)

Table 8 e Separators' complementary equations.

Name Equation N�

Water's saturation pressure [Pa]
Psat
H2O ¼ exp

�
AþB

T
þC log TþD TE

	 (59)

Liquid molar enthalpy of demineralized water [J mol�1] hLeH2O ¼ CpL
H2O ðTLe � Tref Þ (60)

Fig. 9 e AMPL code's flowchart for simulation.
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then returning to 0%. Results concerning the electrolytic stack

are compared to experimental ones and are reported in Figs.

10e12 in variables are normalized (all values are divided by

the biggest value obtained). Dots represent data that behave

as expected given the chosen approach and assumptions. The

root mean square error for the voltage, temperature and H2

volumetric flow rate represented by dots is 0.045, 0.118 and

0.047. It can be observed that voltage is proportional to tem-

perature and that the latter's variation considers the system's
mass and energy inertia. Also, rapid changes in H2 volumetric

flowrate are observed, which agrees with experimental data.

This happens becauseH2 flowrate should be a functionmainly

of electric current while temperature and voltage are the

variables most affected by the system's thermal inertia.

Triangles represent data that is imprecise due to the low

reproducibility of the test run such as the lack of information

concerning the behavior of heat exchangers and pumps dur-

ing load change. These are attributed to the parameter esti-

mation of the stack's voltage correlation (equation (6)), which

could be improved with calibration considering more real

equipment data. Moreover, when the electrolyzer isn't oper-

ating (as observed between instants 0.8 and 1), the predicted

voltage is not zero. However, this does not reflect on tem-

perature neither on hydrogen production as these are mainly

function of electric current, which is zero at full stop. This

allows to confirm that the approach developed here is relevant

to study the dynamic behavior of this unit.

Figs. 13 and 14 represent the evolution of normalized liquid

KOH and vapor H2O molar fractions for H2/electrolyte and O2/

electrolyte separators respectively. Electrolyte's concentration
varies negligibly due to the fact that it is a closed system for

potassium hydroxide and that mass accumulation is damp-

ened by the imposed liquidmolar flows leaving the separators

proportional to the unit's current load. The variation of water

molar fraction in the gas phases are mainly a function of



Fig. 10 e Normalized stack's voltage and model/experimental results ratio.

Fig. 11 e Normalized stack's temperature and model/experimental results ratio.
liquid-vapor equilibrium, being proportional to the separator's
temperature. For this reason, it presents the same profile as

the stack's temperature in Fig. 11.

To better represent thermal inertia, the ratio between each

separator's temperature and the stack's is displayed in Fig. 15.

H2/electrolyte separator's temperature is slightly lower due to

the intake of demineralized water in constant colder

temperature.
max
produced hydrogen gas in one year ½mol�

cost of electricity consumed by the stack in one year ½kWh� ¼max

Z 1 year

0

Vs
H2 dtZ 1 year

0

E dt

(61)
Optimization

As a fictional scenario, it was determined that a minimum

amount of hydrogen gas is to be produced in a year with the
13
best ratio of hydrogen produced by the stack's electricity cost.

The price of electricity was determined for France in the year

of 2019 as made available on the website www.entsoe.eu and

it is shown in Fig. 16.

Objective function
As it is sought to maximize the ratio mentioned above, the

objective function translates to:
The integration was implemented numerically through

Gauss-Lobatto quadrature which is an approximation made

possible through the samemethod employed for stablishing the

http://www.entsoe.eu


Fig. 12 e Normalized stack's total H2 volumetric flow rate and model/experimental results ratio.

Fig. 13 e Normalized H2/electrolyte liquid KOH and vapor H2O molar fractions.

Fig. 14 e Normalized O2/electrolyte liquid KOH and vapor H2O molar fractions.

14



Fig. 15 e Temperature ratios between gas/electrolyte separators and the stack.

Fig. 16 e Price of electricity in France in 2019. Source: www.entsoe.eu.
positions of collocation points. The element's length Lf was set to

15 days.
Optimization variable
The excess variable with regard to the number of equations is

the electrolysis unit's load. Whilst in simulation it was a

parameter fixed by the user, now it is the variable whose so-

lution is the answer to satisfying the objective function. This

means that at the end of the optimization, a profile for the

unit's load for one year will provide the best production/

electricity cost ratio.

Additional constraints
As stated on the introduction for the paragraph 0, there must

be a minimum quantity of total produced hydrogen gas in a
15
year. This was translated as the constraint expressed in

equation (17).Z1 year

0

Vs
H2

dt� 20664$103 mol ¼ 41328 kg (62)

Moreover, there are technical constraints associated to the

equipment that prevent the electric current from being altered

instantly.Mathematically, this translatestoacapto thecurrent's
derivative with respect to time, as is shown in equation (18).

dI
dt

� 10�4 A

�
s (63)

Optimization results

After a computing time of 11 min and 13 s in standard laptop

computer setup, the optimized profile for the unit's load is

http://www.entsoe.eu


Fig. 17 e Profile of the electrolysis unit's optimal operating load profile.
represented in Fig. 17. As expected, maximum load was

reached when electricity is cheaper and moderate loads were

maintained when the price peaks. The optimized cost of

electricity supplied to the stack is equal to V 70,455. This

represents an economy of 17% in comparison to a scenario

where the unit maintains a constant load to produce the same

amount of hydrogen in one year.
r e f e r e n c e s
Conclusion

A dynamic model was developed considering the accumula-

tion of energy and matter in the three main processes of an

alkaline electrolysis unit. The system composed of differential

equations was converted into a set of nonlinear algebraic

equations using the OCFE method. It was then validated by

confrontation with real dynamic behavior. The modelling

strategy developed for the methodology and modelling

development is based on a standard electrolyzer configuration

relying on numerous assumptions. However, in order to ach-

ieve a high level of representation, the model needs several

technical specifications related to the equipment, which can

be obtained in case of a strong partnership with electrolyzer

manufacturers for instance. The optimization of the unit's
load was executed aiming to reduce cost with electricity,

showcasing the model's potential.

AMPL language and CONOPT solver were appropriate to-

wards the problem's complexity since they found coherent

solutions in an acceptable time span. These solutions indicate

that energy accumulation has a much greater impact on the

operation thanmass holdup in the separators as electricity and

utility consumptions are strictly connected to temperature.

The modelling approach has proven to be adaptable to the

proposed dynamic optimization demands and is therefore a

promising contribution the project's next goals, which involve

the system's integration with other technologies.

Future work suggests improvements to the model such as

adding thermal inertia due to piping and the separators'metal
16
walls. Also, multiple simplifying assumptions may be revis-

ited to address real operation issues like the mixing of O2 and

H2 gas through electrolyte absorption. In addition, more

realistic scenarios can be employed and different optimiza-

tion variables could be created to explore the potential of this

model towards the enhancement of an electrolysis unit

operation. For instance, adding data related to renewables

excess energy production throughout the year in a daily scale

would render the scenariomore accurate. This work's strategy
is expected to be extended to other platforms comprising

energy integration technologies.
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Nomenclature
Latin characters

B1: molar flowrate of the stack's biphasic stream leading to the
oxygen/electrolyte separator (mol s�1)

B2: molar flowrate of the stack's biphasic stream leading to the
hydrogen/electrolyte separator (mol s�1)

CpL
i : liquid specific heat of constituent i (J mol�1 K�1)

CpV
i : vapor specific heat of constituent i (J mol�1 K�1)

d1: parameter related to ohmic resistance (U m2)
d2: parameter related to ohmic resistance (U m2 bar�1)
E: power supplied to the stack (W)
F: Faraday constant (C mol�1)
he
St: stack's electrolyte inlet specific enthalpy (J mol�1)

hL: liquid specific enthalpy (J mol�1)
hM: steel's specific enthalpy (J kg�1)
HB1: biphasic stream B1's specific enthalpy (J mol�1)
HB2: biphasic stream B2's specific enthalpy (J mol�1)
HV: separators' vapor phase specific enthalpy (J mol�1)
HV1: stack's oxygen vapor phase specific enthalpy (J mol�1)
HV2: stack's hydrogen vapor phase specific enthalpy (J mol�1)
i: electric current density (A m�2)
I: electric current (A)
Kx: reaction's extent constant (A s mol�1)
Kv: valve's constant (m3 s�1 Pa�1/2)
LeSt: molar flowrate of the stack's electrolyte inlet (mol s�1)
Le;H2O
SeH2 : molar flowrate of demineralized water inlet (mol s�1)

Lf : finite element's length (s)
LsSeH2: molar flowrate of hydrogen/electrolyte's liquid outlet (mol

s�1)
18
l j: Lagrange's polynomial for the collocation point j
M: mass of the stack's steel structure (kg)
mL: liquid phase's mass holdup (kg)
Mmoli: molar mass of constituent i (g/mol)
Mx: collocation matrix
nf : number of finite elements
nj: last collocation point's position
NL: molar holdup of the liquid phase (mol)
NV: molar holdup of the vapor phase (mol)
Ov: valve's opening
P: equipment pressure (Pa)
Psat
i : saturation pressure for constituent i (Pa)

p: pressure for the cell's voltage model (bar)
R: universal gas constant (J mol�1 K�1)
r1: parameter related to ohmic resistance (U m2)
r2: parameter related to ohmic resistance (U m2 K�1)
s: coefficient for overvoltage on electrodes (V)
t: time (s)
T: equipment temperature (K)
Teb: boiling temperature (K)
TLe: demineralized water inlet's temperature (K)
Tref : reference temperature (K)
t1: coefficient for overvoltage on electrodes (m2 A�1)
t2: coefficient for overvoltage on electrodes (m2 K A�1)
t3: coefficient for overvoltage on electrodes (m2 K2 A�1)
Urev: reversible voltage (V)
Ucell: electrolytic cell's voltage (V)
_Vgas: volumetric flowrate passing through separators' valves (m3

s�1)
Vliq: separator's liquid volume (m3)
Vs

H2: molar flowrate of hydrogen's heat exchanger vapor outlet
(mol s�1)

Vs
SeH2: molar flowrate of hydrogen/electrolyte separator's vapor
outlet (mol s�1)

Vs
SeO2: molar flowrate of oxygen/electrolyte separator's vapor
outlet (mol s�1)

Vtot: total separator's volume (m3)
Vvap: separator's vapor volume (m3)
xi: liquid molar fraction of constituent i
xB1
i : liquid molar fraction of constituent i in the liquid phase of the

biphasic stream B1
xB2
i : liquid molar fraction of constituent i in the liquid phase of the

biphasic stream B2
xLe;H2O
i : liquid molar fraction of constituent i in demineralized

water inlet
yi: vapor molar fraction of constituent i
yB1
i : vapor molar fraction of constituent i in the vapor phase of the

biphasic stream B1
yB2
i : vapor molar fraction of constituent i in the vapor phase of the

biphasic stream B2
z: moles of electrons transferred for the production of 1 mol of H2

zB1i : molar fraction of constituent i in biphasic stream B1
zB2i : molar fraction of constituent i in biphasic stream B2

Greek characters

DG: water electrolysis Gibbs free energy (kJ mol�1)
Dg0: water electrolysis standard Gibbs free energy (kJ mol�1)
DHreac: water electrolysis enthalpy of reaction (kJ mol�1)
Dh0: water electrolysis standard enthalpy of reaction (kJ mol�1)
DP: pressure difference between the two sides of a valve (Pa)
DS: water electrolysis entropy (kJ mol�1 K�1)
Ds0: water electrolysis standard entropy (kJ mol�1 K�1)
ni: stoichiometric coefficient of constituent i on electrolysis global

reaction
x: normalized integration variable
uB1: vapor fraction of stream B1
uB2: vapor fraction of stream B2
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