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Abstract—Power-to-X (PtX) technologies are accelerating the
energy transition. Increasingly, these technologies are also being
leveraged as flexible energy resources to support the electrical
grid. PtX models are often represented using a constant efficiency
term as a linear relation between the power input and energy
output. However, the operational performance of any PtX device
such as an electrolyser or an electric heat pump can depend on
factors such as operational temperature. In this paper, we have
developed and analyzed two levels of model fidelity of the most
widely assessed PtX technologies: electrolyser and heat pump
systems. We assess the impact of detailed models on operation of
PtX within simulation-based energy system analysis. Our results
show that for electrolyser systems, the efficiency errors can be
almost 0.6%. With heat pump systems, the difference in COP
can be as high as 1.4.

Index Terms—electrolyser, heat pump, model fidelity, power to
x, temperature dynamics

I. INTRODUCTION

Power-to-X (PtX) are sector coupling technologies enabling
the electrification of the energy system. These consist of
electricity conversion and energy storage technologies such
as electrolysers, heat pumps, electric vehicles, batteries, com-
pressed gas tanks, etc. These technologies allow coupling of
electricity to other energy domains such as gas, heat, chem-
icals, etc. As the share of electricity from renewable energy
sources (RES), especially from sun and wind, increases, the
demand for flexibility in the power system will also increase
[1]. PtX technology is seen as a viable source to supply this
increasing demand for power system flexibility [2], [3].

By integrating PtX into the electrical power systems, over
and under-generation from RES can be absorbed by the PtX
devices by modulating their power consumption. Using storage
systems as buffers, such a flexible operation of PtX can provide
ample opportunities for effective demand side management
[4], [5]. To properly assess the value of these technologies as
sources of flexibility for the electric power systems, a detailed
technical assessment is needed.

An issue with existing studies in this domain is that cur-
rently available models and methods in the literature [4], [6],
[7], make significant simplifications on physical characteristics
of these devices, particularly in the consideration of impacts
of operational temperature and pressure conditions on device
performance. These studies use simplified representations,
such as equations with constant relation between the power
input and energy output. Some use generic models that highly

depend on manufacturer’s data [8]–[10], where performance is
measured in ideal conditions, and often performance metrics
are averaged over testing periods of a year (such as with heat
pump coefficient of performances). In reality, performance
of a PtX highly depends on operational conditions such as
ambient temperature, pressure conditions within the device,
etc. Simplifications like these, which are made during mod-
elling in any simulation-based technical or techno-economic
analysis, can lead to a loss of some essential information. This
results in higher operational costs, miscalculation of capacity
[11] etc. which can further lead to inaccurate outcomes from
these assessments. When PtX devices are even more pervasive
than now, the impact of these erroneous assessments will be
higher. Therefore, there is a need for accurate modeling of
these technologies in any energy system analysis.

The main contributions of this paper is to develop and com-
pare different models of PtX devices to determine the extent
to which model fidelity impacts energy system analysis. We
particularly look into investigating the effect of temperature
simplifications in PtX models.

II. MODELING

In this section, we will develop and compare the models of
two most widely assessed power to X technologies: the power
to gas electrolyser and the power to heat electric heat pumps.

A. Electrolyser System

A large scale 50 MW proton-exchange membrane (PEM)
electrolyser is modelled. In order to model this electrolyser,
it is assumed that electrolyser cells are assembled into stacks
and connected in series and parallel configuration for 50 MW
capacity. We also assume that a scaled electrolyser system
consisting of stacks of electrolyser cells behaves exactly
similar to a single electrolyser stack.

We consider and model 4 physical domains of the electrol-
yser: electrochemical, pressure, massflow and thermal. Each
sub-model has input and output variables that connected to
one another within OpenModelica as illustrated in Fig. 1.

We further categorize models into two: Model A and Model
B. Model A represents the simplistic model, while Model B
represents the detailed model of the electrolyser system.
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Fig. 1: Electrolyzer model developed in OpenModelica. For
Model A, Tamb is constant, for Model B, Tamb is variable.

1) Electrochemical Model: The electrolyser cell voltage is
given by Eq. (1).

Vcell(T ) = Vocv(T, p) + Vact(T ) + Vohm(T ) [V ] (1)

Here, open-circuit voltage Vocv is the voltage necessary to
start the water electrolysis reaction under ideal conditions.
It is calculated using Nernst equation. The energy losses
within the PEM stack can be modelled using overpotentials.
Activation overpotential, Vact, is the energy necessary to start
the electrochemical reaction and is given in Eq. (2). It is the
dominant overpotential at low current densities.

Vact =
R · Top

2 · αan · F
· asinh

(
idens

2 · i0,an

)
[V ] (2)

Here, idens is the current density of stack electrodes ex-
pressed in A/m2, i0,an is the exchange current density, and
αan is the charge transfer coefficient of the anode.

The ohmic overpotential, Vohm, is the energy loss due
to resistance of the cell membrane, and it is dominating at
nominal current densities. Ohmic overpotential is calculated
using Ohm’s Law, as shown in Eq. (3).

Vohm = Rmem · id [V ] (3)

Here, Rmem is the membrane resistance, calculated from
membrane conductivity σmem and the membrane thickness
δmem. In this paper, we have used the parameters for Nafion
117 membrane (δmem = 178 · 10−6m). The temperature
dependence of membrane conductivity can be modelled using
Arrhenius expression [12].

Finally, the concentration (diffusion) overpotential occurs
when electrolysis reaction is fast and the mass transport is
relatively slow. Its effect is dominant at high current densities.
Concentration overpotential is ignored in this study, assuming

nominal cell current never reaches high current densities that
concentration overpotential is dominant.

The electrolyser cell current and active power consumption
is calculated using Eqs. (4) and (5).

Icell = Amem · idens [A] (4)

Pcell = Icell · Vcell [W ] (5)

Here, Amem in Eq. (4) is the membrane area (taken as 290
cm2 in this paper).

2) Pressure Model: The input of pressure submodel is
stack operation temperature Top and the output is the partial
pressures of water, hydrogen and oxygen as described in
Eqs. (6) to (8).

ppH2O = 6.1078.10−3·exp
(

17.2694·Top − 273.15

Top − 34.85

)
[bar]

(6)

ppH2
= Pcat − ppH2O [bar] (7)

ppO2
= Pan − ppH2O [bar] (8)

3) Massflow Model: The massflow submodel describes the
mass transfer phenomena occurring in electrolysis cell with
Eqs. (9) and (11). The input of this submodel is cell current
calculated in electrochemical submodel. ηf is the Faraday
efficiency and is assumed to be 1. ncells is the number of
electrolyser cells.

ṅH2 =
ncells · I

2 · F
· ηf [mol/s] (9)

ṅO2 =
ncells · I

4 · F
· ηf [mol/s] (10)

ṅH2O =
ncells · I

2 · F
· ηf [mol/s] (11)

4) Thermal Model: The electrochemical, pressure and
massflow submodels are the same for both Model A and Model
B. However, for Model B, the thermal domain is also created
with a lumped thermal capacitance model. Temperature of the
electrolyser system is modelled with Eq. (12). The first term
on the right side, Qel,h, describes the heat generated by elec-
trolysis reaction, and it depends on cell voltage and current.
The second term, Wp,l, stands for the work contribution of the
circulation pump. The third term, Qc, represents for the heat
removed by cooling system, and it has linear relation with the
consumed active power. The fourth term, Ql, is for the heat
lost to ambient, and it depends on operational temperature
Top and ambient temperature Tamb. The last term comes from
enthalpy lost with the products leaving the system, it has an
empirical equation that depends on the operating temperature.
For more details, reader is refered to [13]. Considering Eqs. (1)
and (11) and adding the thermal dynamic submodel defined
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in Eq. (12), turns the electrolyser system into a non-linear
dynamic model, since each submodel depends on temperature
parameter directly or indirectly.

Cth
dT

dt
= Qel,h(V, I) +Wp,l −Qc(P )−

Ql(T )−
∑
j

ṅj ·∆hj
(12)

B. Electric Heat Pumps

The coefficient of performance (COP) of an electric heat
pump depends on the choice of refrigerant and the Rankine
cycle efficiency (Carnot efficiency) of the refrigerant inside
the heat pump, as described in Eq. (13).

COP =
Qprod

Wp
(13)

Here, Qprod is the heat output and Wp is the electrical power
consumed by the pump. In this paper, the refrigerant used for
modeling is R134a, a common refrigerant in heat pumps. Two
different models are developed. For the simplified model, a
constant COP and no change in temperature is assumed. This
model is called Model A and described with Eq. (14).

P =
Qprod

COP avg
(14)

In reality, the COP strongly depends on the temperature of
the energy source. Using the pressure-enthalpy table of R134a,
COP values are calculated for various Tamb conditions. This
data is then used to create a fifth order polynomial function
of COP that depends on ambient temperature, as shown in
Eq. (15).

COP real(Tamb) = a1T
5
amb + a2T

4
amb+

a3T
3
amb + a4T

2
amb + a5Tamb + a6

(15)

This is called Model B and is represented by Eq. (16).

P =
Qprod

COP real(Tamb)
(16)

Using MATLAB’s curve fitting function, the coefficients
a1, a2, a3, a4, a5, a6 of Eq. (15) are calculated to 3.46e-8,
1.29E-6, 4.35E-5, 2.387E-3, 1.186E-1, and 5.063 respectively.

III. EXPERIMENT SETUP

Each of Model A and Model B for both the electrolyser
system and the electric heat pump system is given the same
load profile. From this given load profile, we can measure
the output gas (or heat) generated by the electrolyser (or heat
pump), and compare the results.

A. Demand Profiles

The gas demand for the electrolyser is assumed to come
from an industrial process, whereas the heat demand for PtH
heat pump comes from district heating. This allows us to make
reasonable assumptions to generate demand profiles.

To generate artificial demand profiles for each of the power
to x models, the approach adopted in reference [14] is used in
this work. The benefit of this approach is that it only requires
historical ambient temperature data to generate the time-series
scheduled energy demand profiles. Equation (17) describes the
model in reference [14]. Here, Qdem is the heat demand, but
can also be replaced by H2dem to obtain gas demand.

Qdem = Qb +
Qmax −Qbase

Tref − Tmin
·max(0, Tref − T (t)) (17)

Qdemand,
H2,demand [m3/s]

Qmax, H2,max

Tmin
T [⁰C]

Qbase, H2,base

TReference

Fig. 2: The relation between ambient temperature and
hydrogen and heat demand [15]

We provide the power set points and temperature values to
the models for 7 days. For the electrolyser system, Model A is
given a constant temperature input, while Model B is given a
variable temperature input Fig. 3. For the heat pump system,
Model A is given a daily average temperature input, while
Model B is given an hourly temperature time series.

The simulations are performed on a Windows 10 PC with
Intel Xeon CPU E5-1620 vs 3.50GHz.

IV. RESULTS AND DISCUSSION

The effect of operational temperature evolution on efficiency
curve of electrolyser and ambient temperature evolution on
COP of heat pump can be observed in figures 4 and 6
respectively.

The efficiency plots of the two models are shown in
Fig. 4. We observe that due to the temperature deviation,
the maximum efficiency difference between the performance
of two models is 0.6%. Although, this may not seem a
significant difference, this difference will be substantial if
electrolyser capacities of hundreds of MWs are employed in
large numbers. The analysis is also impacted by the design
and size of the auxiliary units for temperature regulation
within the electrolyser system. Consider the cooling system.
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TABLE I: Ambient temperature - demand relation parameters
Tref [◦C] Tmin [◦C] Base Demand [m3/s] Max Demand [m3/s]

Industrial PtG 25 5 3.13E-03 3.85E-03
District Heating PtH 25 5 3 4

If the cooling capacity of the designed system is calculated
to be less than required, it would lead to larger temperature
differences between Model A and Model B, resulting in
bigger variations in efficiency curves.
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Fig. 3: Temperature inputs for electrolyser Model A and Model
B
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Fig. 4: Efficiency comparison of electrolyser models

Figure 5 reveals the difference between the active power
consumption of Model A and Model B of the electrolyser.
The maximum power consumption difference between them is
0.4 MW for a 50 MW electrolyser system. This corresponds
to 0.8% of the total capacity. Although, again, not significant
in this case, as the electrolyser capacity increases, this
percentage would lead to a larger active power difference
between models A and B.

Figure 6 compares the COP of Model A and Model B. In
Model A, the COP is calculated from daily average temper-
ature; therefore, it is constant during a day. In Model B, the
hourly measured temperature is provided to calculate the COP.
The maximum difference in COP values between Model A
and Model B is 1.4. These results also show that temperature
considerations have significant effect on COP characterization
of heat pump.
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Fig. 5: Active power consumption characteristics of electrol-
yser system based on efficiency characteristics
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Fig. 6: COP values for Model A and Model B for heat pump
systems

Figure 7 compares the active power consumption of PtH
models. Maximum power consumption difference between
model A and B is 9 MW. This is equal to a maximum error
of 18% for a 50 MW electric heat pump system. These are
significant numbers. Therefore, COP of a heat pump can
be assumed constant if inlet and outlet temperatures remain
stable during operation. Otherwise, COP must be calculated
with respect to temperature levels of the energy source.

Figure 8 shows the demand curves of model B of each
PtX technology. This figure validates that industrial hydrogen
demand has fewer variations with respect to changing ambient
temperature than district heating demand as expected from
Section III-A.

The investigation of two different model resolutions has
revealed that correct efficiency and COP characterization of
PtX highly depends on operating temperature or pressure
conditions. Therefore, these must be taken into consideration
when conducting any simulation based analysis involving
these technologies. We have shown that a constant operational
temperature assumption caused 0.6% difference on efficiency
results of electrolyser and ≈ 1.4 difference on coefficient of
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Fig. 7: Active power consumption characteristics of heat pump
system based on COP characteristics
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Fig. 8: Active power consumption for Model B of PtG and
PtH

performance values of heat pump models. Depending on the
size of installations, the impact of incorrect assessment can be
low or very significant. Another interesting result has found
on the hydrogen and heat production differences of the models
for PtG and PtH. The maximum hydrogen and heat production
difference was 0.032 m3/s and 0.20 - 0.96 m3/s for PtG and
PtH models respectively. This means that there is a possibility
of incorrectly sizing the integrated storage capacity for these
PtX technologies, which can directly impact the economic
viability studies of these systems.

V. CONCLUSIONS

In this paper, we set out to investigate the impact that
modelling detail can have on analysis for power to x devices.
Specifically, we explored the impact of thermal dynamics on
these models. We achieved this by creating detailed models
of PtX devices in OpenModelica and providing a synthetic
demand profile and different ambient temperature inputs to
measure their responses. We showed that using detailed mod-
els of these devices lead to better insights into how these
systems will operate. In case of electrolysers, we showed that
the difference in efficiency characteristics between simple and
detailed models can be as much as 0.6%. In case of electric
heat pump models, we showed that COP can differ by as
much as 1.4. These factors influence the amount of products
produced by these technologies. Deviations in results from
simple and detailed models can also impact economic viability

studies and integrated storage sizing problems. Therefore, it is
important to use detailed models in energy system analysis of
future energy systems.
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