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A B S T R A C T

This work focuses on tests for control reserve of a novel Power-to-Gas-to-Power platform based on proton
exchange membrane technologies and on pure oxygen instead of air in the re-electrification process. The
technologies are intended as a further option to stabilize the power system, therefore, helping integrating
renewable energy into the power system. The tests are based on the pre-qualification tests used by Swissgrid,
but are not identical in order to capture the maximum dynamics by the plants. The main characteristics
identified are the ramping capabilities of ±8% per unit per second for the electrolyzer system and ±33%
per unit per second for the fuel cell system. The ramping capabilities are mainly limited by the underlying
processes of polymer electrolyte membrane technologies. Additionally, the current and projected round-trip
efficiencies for Power-to-Gas-to-Power of 39% in 2025 and 48% in 2040 are derived. Furthermore, during
the successful tests, the usage of oxygen in the present Power-to-Gas and Gas-to-Power processes and its
influence on the dynamics and the round-trip efficiency was assessed. In consequence, fundamental data on
the efficiency and the dynamics of the Power-to-Gas-to-Power technologies is presented. This data can serve
as basis for prospective assessments on the suitability of the technologies investigated for frequency control in
power systems.
1. Introduction

In the course of the worldwide decarbonization strategy, as for
example in the case of the European Union in its strategic long-term
vision for a climate neutral economy [1], ultimately resulting in a green
power system, integrating variable renewable energy into the power
system has and will have a severe impact on the electric grid [2].
Therefore, grid operating companies are facing challenges to operate
the electric grid in a stable manner.

Besides today’s existing ancillary service products, as for exam-
ple primary frequency control, often covered with pumped-storage
hydropower (PSH) plants, further product categories are under devel-
opment, in order to keep up with the dynamics of renewable energy
inrush, be it ramping products or fast frequency response, most likely
carried out by batteries [3].

Potentially, Power-to-Gas (PtG) and Gas-to-Power (GtP) using poly-
mer electrolyte membrane (PEM) based technologies will play an im-
portant role as future power system elements. They will contribute to
these new fields of ancillary service products, enhancing the flexibility
in the future energy system, as well. Similar to batteries, electric energy
can be stored in electrochemical bonds and be re-electrified using the
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energy conversion processes PtG and GtP. Ultimately, serving as energy
storage technology using hydrogen, whose operation, characteristics,
interaction with and integration in the power system is demonstrated
in this work, successfully.

Research and projects identifying the potential and demonstrating
the operation of these energy conversion technologies in the context
of control reserve, have already been conducted with batteries [4]
or with electrolyzers [5]. The latter work summarizes the topics of
dynamics and efficiency for electrolyzers, and reports on the pre-
qualification of a PEM electrolyzer in the Thüga project. In addition,
a PEM electrolyzer already provides primary frequency control reserve
in Hassfurt (Germany) [6].

The characteristics of PEM electrolyzers have been studied ex-
tensively and corresponding models are reviewed in [7]. There are
studies with PEM fuel cells discussing the aspect of supporting primary
frequency in a stand-alone microgrid [8]. Furthermore, [9] indicates
the potential of PEM fuel cell based technology in the application of
telecommunication backup power by analyzing their economics when
providing grid services.
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And [10] reports on the characteristics of PEM hydrogen technolo-
gies and their potential suitability for ancillary services. Their work is
based on dynamic generic models. The dynamic fuel cell stack model
stems from [11]. It captures the transient behavior of fuel cells, whereas
models, as shown in [12], describe the static characteristic only. The
aforementioned stack models are validated against measurements. The
models can be scaled up and extended with system-like characteristics
using a static generator in simulation.

A fuel cell system using air as oxidant is characterized in [13],
and the influence of the operating conditions on the performance is
shown, as well. The modeling of a fuel cell stack combined with system
components is shown in [14], resulting in a control-oriented model.
Next to this approach [15] presents a dynamic model of a PEM fuel
cell system, consisting of first- and second-order terms. Furthermore,
the dynamic response of fuel cells is analyzed and modeled in the form
of a first-order system in [16]. Ultimately, a study in [17] reports on a
micro-grid containing a fuel cell and an electrolyzer, disclosing their
first-order transfer functions. The fuel cell’s one comes with a time-
constant of four seconds, the fastest one found among the references
investigated.

Even though some of the above models contain dynamic informa-
tion, the maximum ramping capability of real PEM fuel cell systems
in the order of several 100 kW cannot be derived from it, necessarily.
Either the fuel cell type is different from PEM based systems or the data
stems from small scale stacks in the order of a few kW, extended with
system components, which were tested in laboratory and not in real
world conditions. In this work, the goal was to derive the maximum
ramping capabilities of real PEM based systems. These ramping capabil-
ities are compared with the battery ramping capability of around 200%
p.u. per second [18] or with the one of pumped-storage hydropower of
around 10% p.u. per second [19].

Next to the ramping capability, the energy capacity of a technology
plays an important role. There are regulatory boundary conditions on
the size of energy capacity to be held in storage per MW of offered
power for primary control reserve, as discussed in [20]. Under this
aspect, battery technology may be in danger of becoming economically
unattractive, if too much energy capacity is required to be held in
reserve. Such strict regulations can be an advantage for hydrogen
energy storage using PEM electrolyzers and fuel cells, since the costs
and required installation space for additional energy capacity does not
scale as it does for batteries, considering today’s energy capacity prices
of at most 60.000EUR for 1MWh for gas storage infrastructure [21]
versus approximately 775.000EUR for 1MWh battery storage [22].

Therefore, PEM technologies will be an attractive substitute over
batteries in the control reserve market. Furthermore, hydrogen storage
in combination with compressed air in the re-electrification process
comes typically with a lower round-trip efficiency than what batter-
ies do achieve, which come with a round-trip efficiency of around
90% [23]. Stationary applications, as for example built by Hydrogenics
(now Cummins, Canada) [24], have an electrical efficiency of around
50%. It is expected, that the usage of oxygen, which enhances the
electro-kinetics of the oxygen reduction reaction in the fuel cell as
discussed in [25], will contribute to outperform the aforementioned
fuel cell process efficiency. Hence, using pure oxygen instead of air will
have a substantial effect in narrowing the gap in the efficiency when
comparing PtGtP to batteries.

In this work, we therefore look deeper into the characteristics
and potential of hydrogen energy storage using PEM electrolyzer (EL)
and fuel cell (FC). The GtP process at the Energy System Integration
platform (ESI) at the Paul Scherrer Institute in Switzerland [26] is
implemented to enhance the efficiency, i.e. to store and then use the
oxygen produced by the electrolyzer in the re-electrification process.

The state and technological advancement of PtG and GtP technolo-
gies as future power system elements is analyzed on the system level
with demonstrator size (approximately 100 kW) and the findings are
extrapolated to industrial sized plants in the MW domain for future ap-
plications. The contributions of this paper, next to the transfer function
2

models derived, are summarized as follows:
• The study identifies the ramping capabilities of real, sub-MW
PEM electrolyzer and fuel cell demonstrator systems when using
the ‘‘by-product" oxygen. The ramping capabilities are inherently
connected with the systems’ transfer functions and are put into
relation with frequency control for the power system. The system
setup and characterization when using pure oxygen in the PtGtP
process, as well as the fuel cell system’s ramping capability on this
system level are to the best of our knowledge unprecedented.

• The key factors impeding faster dynamics and the main limita-
tions of the operating domain are discussed.

• It determines the efficiencies of the PEM based energy conversion
processes, using the recorded data of the systems operated on ESI.
By aggregating these efficiencies, the PtGtP round-trip efficiency
achieved with the present technology can be derived in a first step
and from that, when including prospective technology improve-
ments, the future round-trip efficiencies in 2025 and in 2040 can
be estimated.

• The findings for ramping capability and efficiencies are com-
pared to other technologies such as batteries, pumped-storage
hydropower and for the re-electrification part they are compared
to the state of the art hydrogen/air fuel cell technology. The fun-
damental data derived, can serve as a basis for future assessments
on the suitability of PEM technologies for ancillary services and
can be used for modeling tasks in simulation.

• Finally, the study reports on the successful tests for primary and
secondary frequency control and the integration into the local
power system of PEM technology based systems. The tests follow
closely the pre-qualification tests for the corresponding products
applied by Swissgrid, the Swiss Transmission System Operator
(TSO).

Although the results are based on the Swiss pre-qualification require-
ments, they provide an indication that such a PEM based electrolyzer
and fuel cell technology would successfully undergo the pre-qualification
process for the control reserve markets in other European countries, due
to a certain degree of harmonization in the requirements.

The paper is divided into this introduction section, followed by the
section of the test system description for the PtGtP process. That section
also includes a description of how a disturbance in the power system
will be handled using the balancing model, of which primary and
secondary frequency control are part of. Thereafter, the corresponding
control reserve results follow. The latter in turn is succeeded by the
section of the efficiency considerations made for PtGtP power plants,
and ultimately the paper ends with the conclusion’s section.

2. Test system description

2.1. Overall system

The technologies considered for control reserve are part of the En-
ergy System Integration platform, see Fig. 1(a). For the PtGtP path, the
platform comprises gas tanks for hydrogen and oxygen, connecting the
PEM electrolysis and PEM fuel cell systems set-up in 40 ft containers.
The semi-commercial electrolyzer and fuel cell demonstrator systems
installed on the ESI platform are described in Sections 2.4 and 2.5 in
more detail.

In addition to the PEM based systems, a gas cleaning facility is
present to dry and clean the two gases for safe storage in the tanks.
With the electrolyzer able to operate with balanced pressures of hy-
drogen and oxygen up to 45 bar, gas storage is possible without any
mechanical compression after the electrolyzer. In Fig. 1(a) the position
of the clean/dry gas (CDG) unit (supplied by Reicat GmbH, Gelnhausen,

Germany) is also depicted.
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Fig. 1. Overview of hydrogen based PtGtP processes on Energy System Integration Platform (ESI).
2.2. Controls

The PEM systems are connected via a Mid-Layer-Control (MLC),
consisting of a programmable logic controller (PLC) and a personal
computer (PC), see Fig. 1(b). This controller serves as main controller
for the PtGtP path of the ESI platform, but also serves as interconnec-
tion point for remote control by higher level controllers, e.g. optimal
control [27]. Furthermore, it serves as data acquisition tool and source
generator for the load profiles in this study. Due to lack of appropriate
frequency measuring equipment, grid frequency was read from past
data and then transformed to the corresponding desired power change
based on the reserve power capacity.

2.3. Test overview

According to the pre-qualification tests by Swissgrid [28,29], similar
or equal profiles were created and read into the MLC control routines to
be sent as power set-points to the electrolyzer and fuel cell containers.
The goal of the pre-qualification based tests is to check if the plant
power follows the power setpoint over the test durations and whether
it stays within the boundaries, while providing maximum ramping
capability.

Generally, power plants have an integrated controller, which reads
the grid frequency and reacts to it correspondingly, when operating
actively in the primary frequency control regime, which is part of the
balancing model [30], that ensures stable and safe operation of the
power system, even under disturbance.

Within this balancing model, a disturbance will be addressed using
primary frequency reserves in first place. If the disturbance is small
enough, meaning the rate of change of frequency (ROCOF) stays below
the maximum admissible value, no load shedding will occur. Frequency
reserves will then in the course of the event restore the frequency. The
maximum ROCOF depends on the system inertia and is derived using
3

the single bus frequency model in (1) [31] (similar to the one used
in [8]). Where 𝛥𝑃 is the active power imbalance (disturbance), 𝐷𝑠𝑦𝑠
is the damping factor (change in load consumption in function of the
change in frequency 𝛥𝑓 ) and 𝑊𝑘𝑖𝑛,𝑠𝑦𝑠 is the stored rotational energy of
the synchronously-connected masses (contributing to the inertia) [31].

The integrated controller controls the plant’s power 𝑝 to the desired
power level 𝑝∗ (based on the droop coefficient 𝑚) proportionally to
the frequency deviation from the nominal frequency 𝑓𝑛 of 50Hz, given
in (2). Where 𝑃𝑊𝐴,0 is the operating power level, when activated for
frequency control and the grid frequency equals 𝑓𝑛.

The so-called droop coefficient 𝑚 of a power plant is given in (3). It
is also used in the context of adaptive droop-based control to support
primary frequency in stand-alone microgrids [8]. Here it is related
to 𝑃𝑏, which is the maximum pre-qualified positive and negative bid
power at the maximum frequency deviation 𝛥𝑓max of 200mHz, bid for
the TSO’s control reserve market. The droop coefficient determines also
the power plant’s droop 𝑠, shown in the (4), where 𝑃𝑛 is the power
plant’s nominal power.

𝛥𝑃 = 𝑑
𝑑𝑡

𝑊𝑘𝑖𝑛,𝑠𝑦𝑠 +𝐷𝑠𝑦𝑠𝛥𝑓 (1)

𝑝∗ = 𝑃𝑊𝐴,0 + 𝑚 ⋅ 𝛥𝑓 (2)

𝑚 ∶=
𝑃𝑏

𝛥𝑓max
(3)

𝑠 ∶=
𝛥𝑓max
𝑓𝑛

/

𝑃𝑏
𝑃𝑛

(4)

According to [32] central Europe’s synchronous grid had a mean
network droop of 13% in 1997, which was derived from disturbance
data recorded over years. Providing power reserve with a smaller droop
than the network droop is therefore of beneficial character, because a
proportionally higher controllability is available per unit of installed
power. In 1997 the reserve power was 2.5% of the synchronous grid
nominal power, exceeding 3GW. However, 3GW was shown to be
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satisfactory for the primary control reserve to be maintained in Europe’s
synchronous grid [32], i.e. such that under the then given conditions
no load shedding will occur.

Later on, this deterministic value, commonly referred to the refer-
ence scenario of a double block failure, was confirmed in a probabilistic
study [33]. The 3GW of primary control reserve are provided on the
principle of joint action during a power disturbance event [34]. The
distribution among the different control areas and blocks is described
in [35], and depends on the electricity generated in one area and the
total electricity production in all control areas of the synchronous grid.
This distribution leads to a contribution factor, and ultimately to the
share of primary frequency reserve to be allocated within a specific
control area [35].

According to the balancing model the secondary reserves release the
primary ones over time. An example of coordination on the secondary
control reserve level between control areas is given in [35]. It is based
on the inverse droops (network power frequency characteristics) and
leads in consequence to the set-points, using PI control, to be sent by
the TSO to the activated units for secondary frequency control within
the corresponding control area. Altogether, this restores the system
frequency to the nominal value.

This all said for the sake of completeness, modeling the power sys-
tem dynamics behind the primary and secondary control (for example,
load damping and inertia) is not meaningful in this study, because
the control response of the fuel cell and electrolyzer investigated do
not affect the frequency signal itself (the powers of sub-MW units are
too small to have an impact on the power system, which is regulated
with tens up to hundreds of MW primary control reserve, allocated by
market mechanisms and organized by the control area’s TSO). There-
fore using historical primary and secondary frequency control data, as
opposed to a dynamic power system model, is judged to be applicable
for these types of tests, which again are similar to the pre-qualification
tests.

Furthermore, the electrolyzer and fuel cell considered in this work
are operated independently and are part of the interconnected electric-
ity grid. This means that they do not need to be coordinated, as it is the
case in standalone micro-grids, but can be used simultaneously or each
one on its own, when activated for primary or secondary frequency
control by a TSO. The coordination is done in the context of the TSO
and the balancing model. For example, if both electrolyzer and fuel
cell are contracted for primary control reserve and there is too much
energy in the grid, i.e. the frequency is too high, the electrolyzer would
increase its power consumption and the fuel cell would decrease its
power injection. Each one does so according to its own droop and
independently from the other one.

In our case, the primary frequency control pre-qualification test
from Swissgrid was carried out with a minor change, i.e. the frequency
reading was changed in a step-like manner instead of ramping it. The
maximum ramping capability then was determined while carrying out
the pre-qualification test, without the need for additional testing. For
this test, the power requested by the controller must strictly reside
inside the limits and must be delivered within a 30 s time window.
Furthermore, an energy capacity must be held in reserve for a plant
with limited energy reservoir (like batteries and hydrogen storage/PEM
technologies), such that the maximum contracted bid power 𝑃𝑏 can
e provided over 15min at least and 30min at most, as proposed by
NTSO-E [36].

For the secondary control reserve case, the plant controller would
eact to the power requested by the TSO Swissgrid. In this case, the
est profile was not altered. Limit violations during the secondary pre-
ualification test are not as strictly handled. Specifically, if a violation
f the limits in the secondary pre-qualification test occurs, the time
nd the magnitude of the violation are recorded and must not, when
ggregated over 75min, exceed a certain limit in order to render the
4

est successful.
.4. Electrolyzer

This is a first generation and therefore semi-commercial electrolyzer
Silyzer 100) from Siemens (Erlangen, Germany), having PEM stack
echnology from 2011 installed. Hence, to present more representative
ata, the analysis shown here will be translated into estimates for the
lectrolyzer performance expected in 2025 and 2040. The Silyzer 100 is
uilt with two subsystems, see Fig. 1(b), such that at extended periods
f lower part loads one subsystem can be switched off. For the same
eason, the electrolyzer system control can switch on/off individual
tacks depending on the load required, providing the option to operate
he plant as efficient as possible. The electrolyzer can sink according to
ts specifications DC power in the range of 0 to 200 kW, i.e. four times

the 50 kW maximum power of a single stack.
In order to provide the highest dynamic possible, all pumps must

be run, i.e. both subsystems must be turned on, even when only one
stack is active. All in all, eleven pumps are integrated, for cooling of
the process and for feeding process water to the stacks. Considering
this, it becomes evident that in order to prevent inefficient operation,
the plant must be operated using smart control routines. Furthermore,
the rectifiers installed are laboratory test equipment from Regatron AG
(Rorschach, Switzerland) providing a versatile flexibility but they are
not optimized for the present application, coming with a relatively low
efficiency, i.e. at best 95%. The generated hydrogen and oxygen are
kept at balanced pressures and are then fed to the subsequent stage,
i.e. the clean/dry gas unit from Reicat, on the way to the storage.

2.5. Fuel cell

The fuel cell system resides in a container, which has been engi-
neered, i.e. controls, electrification as well as piping, and has been
assembled at PSI. The fuel cell system itself has been developed in
cooperation with Swiss Hydrogen SA (Fribourg, Switzerland). The setup
for the fuel cell container is similar to the one of the electrolyzer.
There are two subsystems, see Fig. 1(b), each with two stacks of 50 kW
nominal power connected in series. As shown in Fig. 1(b), the balance
of plant can be divided into the one for the entire fuel cell container,
including valves, sensors and a pump and into the ones for each
subsystem, comprising sensors and valves only. As the development was
an ongoing process during the testing period, mainly due to underlying
challenges, the system was simplified to one stack only. Nonetheless,
the results will hold for the complete setup, as well, since they are
presented relative to the nominal power.

Another key difference between the fuel cell and the electrolyzer
lies in the number of pumps installed. For the fuel cell container
fewer pumps are needed. During the tests one pump was used for
the fuel cell system itself and one in an intermediate cooling loop,
connecting the container to the exterior cooling infrastructure at PSI.
This design results in separated coolant systems, which on the one hand
simplifies process control responsibilities, but on the other hand renders
a non-optimal solution with respect to efficiency.

Similar, as in the case of the electrolyzer, the power electronic
unit is again highly versatile and in consequence it comes with a non
optimized efficiency, as well. In contrast to the liquid cooled rectifiers,
here the power electronics are air cooled, adding up to the losses of the
plant.

3. Control reserve results

3.1. Ramping capability definition and system configurations

This section presents experimental results from the primary and
secondary frequency control tests. The results are presented with re-
spect to the potentially contracted maximum bid power 𝑃𝑏, which is
used in the pre-qualification process as the power to be pre-qualified.
In order to make the results more comparable to other technologies
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𝑃𝑏 is used in this paper for the ‘‘per unit" (p.u.) definition. Today,
Swissgrid computes the normalized ramping rate (hereafter called per
unit ramping rate) using the nominal plant power 𝑃𝑛.

In this work, it is the intention to compare the ramping capability
with respect to the domain the plants actually provide power in to
stabilize the grid, and therefore the aforementioned first definition will
be used (based on 𝑃𝑏). Ultimately, the achievable dynamics can be
determined as % p.u. per second as follows:

𝑃𝑏 ∶= 1 p.u. (5)

Ramp. capability ∶= 100% ⋅

(

𝑑𝑃
𝑑𝑡

/

𝑃𝑏

)

in % p.u.
s

(6)

In the case of a system capable of providing ancillary services
in a symmetric manner over two power quadrants, e.g. ideal battery
with supposedly zero auxiliary power, using 𝑃𝑛 as the base p.u. power
instead of 𝑃𝑏 in the definition (5) would be reasonable. However,
since the electrolyzer and fuel cell systems operate in one power
quadrant only, when running in single mode and since both come with
a relatively large auxiliary power components 𝑃𝑚𝑖𝑛,𝐸𝐿 and 𝑃𝑚𝑖𝑛,𝐹𝐶 , the
selection of 𝑃𝑛 as the base power for p.u. values leads to a distorted
presentation of the ramping capabilities for the two technologies. In
5

contrast, neglecting the auxiliary power and considering the maximum
contracted bid power 𝑃𝑏 as the base p.u. power is assumed to result in a
more comparable form of the ramping capability for ancillary services.
The formal derivation for the maximum bid power to be offered 𝑃𝑏 is
given in (7).

𝑃𝑏 =𝑃𝑛 − 𝑃𝑊𝐴,0 (7)

𝑃𝑊𝐴,0 =

{

(

𝑃𝑛 − 𝑃min
)

∕2 + 𝑃min

0, if 𝑃min < −𝑃𝑛
(8)

The symbol 𝑃𝑊𝐴,0 is introduced for the power a power system
drives when the grid frequency is 50Hz, and when the power system
is activated for frequency control. Therefore, the power system must
be able to provide the minimum contracted power 𝑃𝑊𝐴,0 − 𝑃𝑏, i.e. the
power when the full reserve capacity is activated in the negative
direction, and the maximum contracted power 𝑃𝑊𝐴,0+𝑃𝑏, i.e. the power
when the full reserve capacity is activated in the positive direction.

In the rest of this section, first the responses to the primary fre-
quency control test for the electrolyzer and fuel cell systems are shown.
Thereafter, the responses to the secondary control reserve test are dis-
cussed. As mentioned previously, all tests are performed in a symmetric
manner and separately for the electrolyzer and fuel cell; in other words,
Fig. 2. Sub-MW PEM technologies in pre-qualification-like tests for primary control reserve. Normally, the grid frequency would be ramped during the test. Here, however, a step
function in the power setpoint was applied as indicated with the curve ‘‘frequency signal used’’ in order to determine the maximum ramping capabilities during the pre-qualification
process. In addition, the transfer functions 𝑇 (𝑠) have been verified in simulation. The units were controlled to achieve the best ramping capability (controller values were not
recorded). Because of the feed-forward control in the fuel cell’s case, its transfer function reads: 𝐺(𝑠) = 𝑇 (𝑠) ⋅ 0.96.



International Journal of Electrical Power and Energy Systems 141 (2022) 108121C. Peter et al.
no experimental testing with the overall PtGtP configuration is reported
in this paper.

3.2. Primary reserve

3.2.1. Electrolyzer
The electrolyzer balances increasing frequency in the electric grid

by sinking power from the grid, producing hydrogen and oxygen. The
higher the grid frequency, the more power must be sunk. In case of a
frequency decrease in the grid, the electrolyzer reduces the power to
be sunk correspondingly. The two processes are illustrated in Figs. 2(a)
and 2(b), where the frequency change is shown in red and the elec-
trolyzer power in blue. The power 𝑃𝑊𝐴,0 is 60 kW in this case and the
maximum contracted bid power 𝑃𝑏 is 40 kW (whereas 𝑃𝑛 is 100 kW).

The electrolysis plant responds within the required 30 s time win-
dow and does not violate the upper or lower limits of the tolerance band
of this altered primary control reserve pre-qualification test, passing
it successfully. The relatively slow response time after the start of the
frequency change is due to the non-optimized communication schemes
of the Silyzer 100 PLC with the higher-level controls. As discussed
above, in a real world scenario, the communication to the MLC would
not be needed, since an integrated controller in the system would
observe the grid frequency and react upon changes correspondingly,
in a more responsive manner.

The ramping capability is limited when pressurized oxygen is used
in the subsequent processes. The plant must then be operated with
balanced pressures of hydrogen and oxygen, which reduces the pos-
sibility to respond with higher dynamics. The droop coefficient 𝑚𝐸𝐿
becomes 40% 𝑃𝑛 per 200mHz, the droop 𝑠𝐸𝐿 equals 1∕100 and the
relative achievable dynamics are about ±8% p.u. per second for the
semi-commercial Silyzer 100 electrolyzer.

3.2.2. Fuel cell system
In the case of the fuel cell, an immediate response on frequency

changes is observed, and the response stays within the limits and settles
within few seconds, see Figs. 2(c) and 2(d), passing the test successfully,
as well. Here the operating power for an electric grid frequency of 50Hz
(𝑃𝑊𝐴,0) is 30 kW, and the contracted maximum bid power 𝑃𝑏 is 15 kW
(𝑃𝑛 was 45 kW due to stability issues at that time).

In the case of the fuel cell system, a frequency increase is simulated
by requesting a reduction in power from the fuel cell via the MLC to
reduce the electric output. Analogously, for a lower grid frequency,
the MLC requests more power to be injected into the electric grid by
the fuel cell system. The droop coefficient 𝑚𝐹𝐶 becomes 30% 𝑃𝑛 per
200mHz, the droop 𝑠𝐹𝐶 equals 1∕75 and a ramping capability of around
±33% p.u. per second is identified for the fuel cell.
6

3.3. Secondary reserve

The secondary control reserve pre-qualification test cycle has a
duration of 75min, where the investigated electrolyzer and fuel cell
systems must follow the requested progression line, as shown and
explained in Section 2.3. The results of the pre-qualification tests in
this case are given in Figs. 3(a) and 3(b) showing the behavior of the
Silyzer 100 and fuel cell system, respectively. In both cases the tests
were completed successfully, full-filling all test criteria, such as: staying
within the limits for the most part of the test duration and achieving
the desired dynamics.

In addition, the requested power setpoint could be tracked in both
cases almost perfectly. The small violations of the admissible region
in the case of the Silyzer 100 was mainly due to the non optimized
MLC controller. The controller was not able to counteract the stack
management routine of the low level PLC controller of the Silyzer 100,
mainly due to the communication delay caused by the electrolyzer. The
stack management routine determines at what load point which stacks
need to be active and which ones are switched off.

4. Efficiency considerations

Efficiency of the Power-to-Power cycle is a key property for the
application in frequency control because efficiency is directly linked
to the cost. It is derived in a first step using the hardware on the ESI
platform with a designed power in the order of 100 kW, representing
large scale research installations, but not yet installations of industrial
scale. Additionally, we put the obtained round-trip efficiency with
the plant size investigated into perspective to the expected round-trip
efficiencies for industrial installations in the near future (2025) and in
2040.

Throughout the calculations made, the lower heating value of hy-
drogen (LHV) has been used. Fig. 4 presents the efficiency analysis
for electron-to-electron storage, i.e. AC-to-AC power, where the values
in the top graph are derived from the ESI platform. As the efficiency
depends on the operating point, the potentially best operating points
possible have been selected. Hence, the data presented is based on
the nominal load for the electrolyzer, i.e. 100 kW of DC power and at
part load for the fuel cell, i.e. 60% of 𝑃𝑛. Since the fuel cell container
operated just one system with nominal power 𝑃𝑛 of 50 kW, 60% of 𝑃𝑛
becomes 30 kW of DC power. From these experimental data a round-trip
efficiency for the installations on ESI of 24.5% is computed, as shown
in Fig. 4(a).
Fig. 3. Sub-MW PEM technologies in pre-qualification for secondary control reserve; testing positive and negative control reserve (i.e. symmetric reserve, including both positive
and negative control).
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Different aspects, which are discussed in more detail in Section 4.0.1,
play an important role when assessing these figures:

• The balance of the plant is not as well optimized for the systems
at hand, as it would be the case for systems in the MW range.

• The electrolyzer is quite old (2011), and advances have been
made in the fields of electrochemical performance and plant
design, resulting in a higher efficiency.

• The power electronic units employed are not optimized for this
application, and more efficient units can be found in the MW
domain.

Furthermore, the data shown in Fig. 4 is given with respect to stan-
dard temperature and pressure (STP) conditions for simplicity reasons.
In other words, no corrections were made by considering the devia-
tions in the operating condition from STP conditions. The operating
conditions were approximately 60 °C operating temperature for both
systems and operating pressure 25 bar gauge for the Silyzer 100 and
approximately 2.5 bar gauge for the fuel cell. Fig. 4 shows, that the
electrolyzer efficiency is given with respect to AC power fed and the
produced hydrogen at the outlet of the plant is given with respect to
the lower heating value of hydrogen.

Table 1
Loss categories considered during analysis. Measured data from ESI platform are used
for today’s scenario; extrapolated data are used for the 2025 and 2040 scenarios.

Category Explanation Determination

BoP Balance of plant
consumption

Measured

Conver-ter Power electronics losses Measured
EC Electrochemical losses Based on average cell voltage

measurement and the thermoneutral
voltage (LHV based)

GC Gas-crossover losses,
electrolyzer only

Based on work in [37]

GUL Gas utilization losses, fuel
cell system only

Based on EC and measurements

The loss categories for the Power-to-Gas (PtG) and Gas-to-Power
(GtP) processes considered are shown in Table 1. Their cumulative
relative effect is shown in Fig. 4. Their single relative effect is given
in Tables 2 and 3. The estimated future efficiencies are presented
in Figs. 4(b) and 4(c): 39% round-trip efficiency in 2025 and 48%
7

in 2040. The data is based on laboratory measurements and systems
commercially available today, and then extrapolated for 2025 based
on Table 2, as well as for 2040, using the values in Table 3. The
latter table is based on the one for 2025, additionally with rough
estimates of improvements possible over a time period of 15 years.
These estimates, however, are considered to be relatively conservative,
when observing the improvements made over the last two decades. A
detailed explanation for derivation of the values for 2025 and 2040 is
given in Section 4.0.1 below.

4.0.1. Losses on ESI platform today and estimated future losses
Tables 2 and 3 contain the measured and estimated future in-

dividual efficiency losses for the PEM electrolyzer and the fuel cell
technologies. The 2011 and 2017 technology values are measured with
the ESI installations while operating at the mentioned load points over
a substantial amount of time, after which the plants were assumed to
be in steady state. The formal calculations made to determine the losses
that were not directly measured are listed here (parameter data is given
in Table 4):

ECEL =

(

1 −
𝐸0
LHV

𝑢c,avg,EL

)

⋅ 𝑝DC,EL (9)

ECFC =

(

1 −
uc,avg,FC
𝐸0
LHV

)

⋅ (𝑝DC,FC + ECFC)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

Power equ. gas fed to stack

(10)

BoP = 𝑝AC,EL − 𝑝DC,EL − Converter (11)

GC = 𝑗𝑥 ⋅ 𝐴 ⋅ 𝑛st ⋅ 𝑛c ⋅
𝑀 ⋅ 𝑐2
2 ⋅ 𝐹 ⋅ 𝜌

⋅ 𝑐1 ⋅𝑊LHV (12)

GUL = �̇� ⋅ 𝑐1 ⋅𝑊LHV − 𝑝DC,FC − ECFC (13)

with 𝑐1 =
60min∕h

1000 nl∕Nm3
and 𝑐2 = 60 s∕min.

For both systems the electrochemical losses ECEL and ECFC were
derived using the average electric cell efficiency. The latter depends
on the average cell voltage and the thermoneutral voltage.
Fig. 4. Efficiency development for PEM PtGtP technologies.
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Table 2
Relative losses in detail of PtG and GtP processes. Comparing ESI data and expected
values potential in 2025; loss categories defined in Table 1. Data is rounded to first
decimal place. 𝛥 > 0 means fewer losses.

Losses in % of system feed entity:

PtG GtP

Category 2011 2025 𝛥 2017 2025 𝛥

BoP 5.8 5 0.8 5.6 1.5 4.2
Converter 8.0 0.5 7.5 4.0 1.6 2.3
EC 38.5 29.7 8.8 33.5 34.5 −1.1
GC 0.5 0.7 −0.2 – − –
GUL – − – 3.6 0.5 3.1

Tot. EL 52.9 35.9 17.0 – − –
CDG 1.2 1.2 0 – − –

Total 54.1 37.1 17.0 46.7 38.1 8.5

(Compres.) 3.0 3.0 0 – − –

Table 3
Relative losses in detail of PtG and GtP processes. Comparing ESI data versus potential
in 2040; loss categories defined in Table 1. Data is rounded to first decimal place.
𝛥 > 0 means fewer losses.

Losses in % of system feed entity:

PtG GtP

Category 2011 2040 𝛥 2017 2040 𝛥

BoP 5.8 3 2.8 5.6 1.2 4.4
Converter 8.0 0.5 7.5 4.0 1.4 2.5
EC 38.5 26.8 11.7 33.5 27.2 6.3
GC 0.5 0.5 0 – − –
GUL – − – 3.6 0.24 3.4

Tot. EL 52.9 30.8 22.1 – − –
CDG 1.2 0.6 0.6 – − –

Total 54.1 31.4 22.7 46.7 30.1 16.6

(Compres.) 3.0 3.0 0 – − –

The average cell voltages 𝑢c,avg,EL and 𝑢c,avg,FC were determined at
nominal load 𝑝DC,EL of 100 kW for the electrolyzer and at part load
𝑝DC,FC of 30 kW for the fuel cell. The average cell voltage itself stems
from the measured stack terminal voltage divided by the number of
cells stacked together. This figure is then put into relation to the ther-
moneutral voltage 𝐸0

LHV = 1.253V [38], to receive the average electric
cell efficiencies. Using the electric cell efficiencies in Eqs. (9) and (10)
correspondingly, in combination with the DC power measurement, the
electrochemical losses then can be calculated directly in the case of the
electrolyzer and indirectly in the fuel cell’s case.

For the Silyzer 100 the balance of plant losses are calculated as
the difference of the supplied power minus the DC power and minus
the converter losses, of which all entities were measured, as shown
in (11). The fuel cell system’s balance of plant power consumption was
measured directly.

In order to determine the gas crossover losses in (12), the re-
lationship of the crossover current in dependence of pressure and
temperature as documented in [37] was used. Roughly 10mA∕cm2 of
current density 𝑗𝑥 is lost due to gas crossover at an operating pressure of
𝑝EL = 25 bar and temperature of 65 °C. Filling in the data for the active
cell area of 𝐴 = 300 cm2, the number of cells per stack 𝑛c = 40 and the
number of stacks 𝑛st = 4, and using the conversion factor of the volume
specific chemical energy content of hydrogen at standard temperature
and pressure with the value of 𝑊LHV = 3.0 kWh∕Nm3 with respect to
he lower heating value, almost all data to determine the gas crossover
osses GC are available. The remaining factors to be filled in are the
olar mass 𝑀 = 2.015 88 gmol−1 of hydrogen, the Faraday’s constant
= 96485.33 A sec∕mol and the hydrogen’s density 𝜌 = 0.0899 kg Nm−3.
For the fuel cell system the losses induced by an imperfect gas

utilization are determined by subtracting the EC losses and the DC
8

power generated from the hydrogen power equivalent of the hydrogen p
Table 4
Parameters used for efficiency calculations.

Param. Value Remark

𝐸0
LHV 1.253V Thermoneutral voltagea

𝑊LHV 3 kWh∕Nm3 Volume specific energya

𝐴EL 300 cm2 Active cell areab

𝑝EL 25 barg Operated pressureb

𝑝FC 2.5 barg Operated pressure FC
𝑛c 40 cells Cells per stackb

𝑛st 4 stacks Number of stacksb

𝑀 2.015 88 gmol−1 Molar weighta

𝐹 96 485.33A smol−1 Faraday’s constant
𝜌 0.0899 kg Nm−3 Densitya

aHydrogen.
bSilyzer 100.

massflowmeter reading, as shown in (13). The power equivalent of the
massflow reading �̇� is calculated using the volume specific chemical
energy of hydrogen 𝑊LHV = 3 kWh∕Nm3 at standard temperature and
ressure with respect to the lower heating value.

As the load operated by the electrolyzer shifts from below nominal
oad towards nominal load, the relation between losses, e.g., the bal-
nce of plant and the power consumed from the grid becomes smaller
nd the system efficiency increases. Therefore, the preferred control
cheme is to operate the plant around nominal power in order to
erform most efficiently. The same holds true for the fuel cell. Future
ontrols of the plants at hand have to incorporate efficiency models,
uch that the plants will be operated in the most efficient way.

In addition to the electrolyzer and fuel cell losses, the efficiency
nalysis also considers losses in the clean/dry gas unit due to power
onsumption, and other losses like reactor losses and losses in the
ressure swing adsorption process when drying the gases. They are
ummed up in Tables 2 and 3, and represented by a single figure only,
ince the focus is on the PEM based technologies.

For the sake of completeness, the derivation of the 2025 and 2040
stimates is given below:

• Laboratory measurements were used for the electrochemical losses
of the electrolyzer [39], indicating a potential improvement in
electrolyzer system efficiency of around 8.8% points,

• Information from datasheets was considered, like the one from
the power converters from the ABB ESM (energy storage) and
ABB Enviline (traction) product lines [40]. The latter reports for
the rectifier an efficiency of 99.5%. The ESM line lists an overall
efficiency of 97%.

• From efficiency maps of the Silyzer 200 [41], the BoP losses of 5%
at nominal power were estimated. Since the latest version Silyzer
300 uses fewer pumps compared to the Silyzer 200, this number
may be even smaller.

• The main auxiliary part for the fuel cell container is the cooling
pump which is used for the cooling of all the systems. It is
operating at a constant power. This leads to following inverse
relationship: when increasing the system power by a factor of 4,
the BoP losses will decrease to a fourth of the current value.

• The gas utilization losses for the fuel cell possibly drop under
1.0% [25].

Since no compression stage is integrated in the ESI platform, the
orresponding losses are not incorporated into the Sankey diagrams.
his is valid for applications where the electrolyzer can pressurize the
as to the maximum storage pressure level, which is 45 bar. Nonethe-
ess, for the sake of completeness, the compression losses are stated in
he Tables 2 and 3. Based on the ionic compressor 50 datasheet from
inde [42] (Dublin, Ireland), the compression would add an extra three
ercent of losses with respect to the power fed to the electrolyzer in the

resent case.
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5. Conclusion

Polymer electrolyte membrane based technologies in Power-to-Gas
and Gas-to-Power applications cannot only store excess renewable en-
ergy in the form of hydrogen and re-electrify it as needed, e.g. for
peak shaving, but in this work they have been identified as suitable
resources for provision of frequency reserves in the electricity grid.
Specifically, we have shown that such technologies could, in principle,
successfully pass each one on its own the pre-qualification tests for
primary and secondary frequency control, which are typically required
by transmission system operators for participation in the ancillary
services market.

The ramping dynamics of polymer electrolyte membrane based
technologies found in this work are approximately 8% p.u. per sec-
ond for the semi-commercial Silyzer 100 electrolyzer and approxi-
mately 33% p.u. per second for the fuel cell, which is a development
project of Paul Scherrer Institute and Swiss Hydrogen SA. Therefore,
the balanced-pressure electrolyzer comes with a slightly lower ramping
capability than pumped-storage hydropower, which is characterized by
a ramping rate of 10% p.u. per second [19]. The ramping rate of the
fuel cell on the system level considered is to the best of our knowledge
much faster than that of pumped-storage hydropower and faster than
that of existing fuel cell technologies, as well. However, much slower
than the ramping rate in the order of 200% p.u. per second achievable
with batteries [18].

The efficiencies determined in this work are approximately 63%
for Power-to-Gas and 62% for Gas-to-Power, leading to a round-trip
efficiency of 39% in 2025. Comparing the Gas-to-Power efficiency of
62% in 2025 to an existing MW re-electrification solution with around
50%, as shown in the introduction, the difference of around 12% in
the re-electrification efficiency translates overall to a gain of 7.5% in
the round-trip efficiency. This is mainly because of using pure oxygen
instead of air, which reduces losses in the Gas-to-Power process.

In fact, polymer electrolyte membrane based technologies are not
only viable solutions to stabilize the electric grid but come with a key
advantage when compared to batteries. Precisely, adding energy capac-
ity to an existing Power-to-Gas-to-Power power plant is economically
more attractive than for batteries.

In the future, it will be interesting to assess what the optimal
system design looks like, when considering economic aspects next to
the reported dynamics and efficiencies in this work. Finally, it would be
interesting to perform experimental pre-qualification tests for primary
and secondary frequency control with the overall Power-to-Gas-to-
Power system, i.e. with the electrolyzer and fuel cell at the same
time.
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