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Abstract
The EU project PROMETEO has the scope of testing a 25 kW solid oxide electrolysis

c J system integrated with a concentrated solar power plant via thermal energy storage in a
orrespondence . . .
Elena Crespi, Fondazione Bruno Kessler relevant environment. Given the plant layout and the hydrogen demand characteristics,
Sustainable Energy Center, Povo, Italy. this work aims to identify how to operate the system effectively when renewable electricity

Email: ccrespi@fbl.cu is unavailable and how to modulate the load during hydrogen generation, thus defining the
system’s operation modes and control strategy. A 5 kW, stack has been tested at the FBK
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Fuel Cells and Hydrogen Joint Undertaking, facility. The hot standby tests show that feeding a reducing gas at the negative electrode

Grant/Award Number: 101007194 and air at the positive electrode, without polarizing the stack, effectively keeps the stack hot
at 750°C and prevents degradation. Conversely, the electric protection approach leads to
significant stack degradation (15% voltage drop in 200 h for one cluster). Regarding mod-
ulation of hydrogen generation, with low steam flowrates, the stack current and the flow
rate of produced hydrogen mainly depend on the steam flow rate, while it is not affected
by the stack temperature; conversely, with high steam flowrates, the current depends only
on the stack temperatute (from 25 A at 670°C to 65 A at 760°C). Based on the tesults, two
hot standby modes and two load control strategies to be implemented and tested in the

PROMETEO prototype are proposed.

1 | INTRODUCTION the so-called ‘hard-to-abate sectors’, including energy-intensive
industries and industries already using hydrogen of fossil oti-
1.1 | Motivation and background gin as feedstock (e.g. for ammonia and fertilizer production).

Indeed, more than 90% of hydrogen used today is produced by

The growing concern about the negative environmental impact
of using fossil fuels for energy production and the growing
energy demand have led to an increasing use of alterna-
tive renewable energy sources, namely wind power plants and
photovoltaic (PV) systems. Since these technologies are unpro-
grammable and non-predictable, their increasing penetration
into the power grid hinders grid stability, thus raising the need
for regulation reserve and storage systems. In this framework,
an energy vector such as hydrogen can fundamentally store
renewable electricity. The production of renewable hydrogen
through the electrolysis of water using renewable electricity,
without any pollutant emission, can also link the electrical grid
to the gas and thermal grids, allowing the decarbonization of
the sectors that cannot be electrified [1]. Among them ate

steam reforming of methane.

Water electrolysis systems can store renewable electricity
by producing hydrogen without any emission of greenhouse
gasses. Different electrolysis technologies have been studied.
They are mainly divided between low-temperature electrolysers,
working with liquid water, and high-temperature electrolysers,
working with steam. Among these technologies, the highest
technology readiness levels (TRL) are reached by the alkaline
and the proton exchange membrane (PEM) technologies, both
with TRL 9 [2]. These are low-temperature systems, mainly
characterized by fast starting, wide operating range and rapid
load variations. However, high-temperature electrolysis systems
are emerging, mainly represented by the solid oxide electroly-
sis (SOE) technology, which shows some advantages compared
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to the commercial low-temperature technologies, although the
lower TRL (TRL = 7).

The integration of SOE systems with solar and wind gen-
erators looks promising to increase the penetration of RES
in the power grid. For instance, [3] shows the role of a SOE
system in tackling the challenge of dispatching renewable elec-
tricity in a microgrid (namely the University of California, Irvine
campus microgrid), allowing to effectively increase the penetra-
tion of renewable electricity from PV and wind by decoupling
electricity production and energy consumption through the pro-
duction of hydrogen. Indeed, the important role that storage
solutions have in facing the unpredictability and variability of
RES has been widely investigated, also underlining the impor-
tance of an optimize planning of RES and storage distribution.
For instance, [4] shows that energy storage integration is an
effective and feasible way to improve the power output perfor-
mance of renewable distributed generators and highlights the
importance of novel optimization methods to plan their dis-
tribution effectively, reaching better voltage stability, lower line
losses and higher investment benefits.

Compated to other electrolysis technologies, SOE systems,
working at about 700°C, have the potential to reach a higher
electrical efficiency [5-9] and can also be operated in fuel cell
(FC) mode to co-generate electricity and heat from hydro-
gen (i.e. they are reversible systems) [10]. On the other hand,
the high temperature and the polarization of the electrodes
promote degradation mechanisms, affecting the mechanical sta-
bility of these systems in long-term operation and requiring
more expensive materials [11]. Additionally, to enable these sys-
tems to work at high temperatures, thermal power has to be
supplied in addition to the electrical power. Heat is required
to evaporate the water, which has to enter the stack as steam,
to compensate for the thermal losses and to keep the sys-
tem at the defined operating temperature [12]. Thus, besides
improving the electrolysis stack components and assembly to
enhance performance and limit degradation, research is focused
on improving heat management at the system level [13]. An
optimized thermal integration, allowing the recovery of as much
heat as possible from the exhaust gas to preheat the inlet
flows, is fundamental to minimize the need for external heat,
whose contribution is not negligible. External heat sources are
therefore required [14]. Thus, supplying the system with low-
cost heat results necessaty to exploit the advantage derived
by the high-temperature operation, minimizing the electricity
consumption and maximizing the electrical efficiency. Possible
solutions include the utilization of waste heat [15] or renew-
able heat sources, such as geothermal energy [16, 17] or solar
heat [18]. With reversible solid oxide systems, working both
in FC and electrolysis mode, heat integration is possible. For
instance, [19] have shown that the use of a thermal energy stot-
age, consisting of a phase change material, allows to exploit the
heat produced by the exothermic reactions in FC mode to self-
sustain the endothermic reactions in electrolysis mode and to
heat-up the inlet streams.

Besides thermal management, another challenge is the inte-
gration of SOE stack with renewable power sources, whose
electricity generation is unpredictably fluctuating, The feasibil-

ity of coupling SOE systems with wind generators has been
explored in [20] wherte, in a 2014-hours test alternating steady
state and dynamic operation, no signs of additional degrada-
tion during dynamic operation were found. The possibility to
operate SOE systems with on-off intermittent conditions with-
out strongly impacting the degradation rate has been proved in
[21], where the effects of intermittent operation on SOE cells
performance have been investigated with 600 h tests both in
steady-state and in transient conditions (avoiding thermal vari-
ation and maintaining a reducing atmosphere at the hydrogen
electrode). However, this study highlights the need to further
study the transient operation in practical operating conditions,
such as startup, shutdown, power fluctuation, and thermal
cycling, The impact that the thermal stress caused by frequent
deviation from the optimal operating condition has on the cell
petformance has been studied in [13], where a model has been
developed and used to show that the distribution of thermal
stress is affected by the temperature and flow rate of the inlet

gas.

1.2 | PROMETEO Project overview and
contribution of the study

In this framework, the PROMETEO project [22] is a European
Horizon 2020 project aimed at designing, building, and testing
an electrolysis system based on SOE cells and fully integrated
with a renewable power source (namely, a photovoltaic field
and/or wind turbines) and a concentrated solar power (CSP)
unit. The innovative system will produce green hydrogen using
renewable power and heat from the sun. Alternatively, with-
drawing electric power from the grid when the electricity price
is low is also foreseen.

Integrating the SOE system with renewable energy sources
is the peculiarity and the main challenge of the PROMETEO
project. Indeed, PV, wind, and CSP plants are unpredictable,
non-constant and uncontrollable. It follows that thermal energy
from the CSP plant may not be available when electricity is low-
cost. Thus, the project is aimed at optimizing the SOE system
coupling with intermittent sources of electricity (PV, wind, or
cheap grid power) and high-temperature solar heat (from the
CSP system) through the integration of a thermal energy storage
(TES) and, possibly, of a battery. The system design considers
end-users needs, the technology readiness of system compo-
nents, sustainability aspects, regulatory and safety issues, and
the need for a future scale-up to the relevant industrial size.
Thanks to an optimized design and control strategy, the pro-
posed integrated system will increase the efficiency, flexibility,
and reliability of SOE electrolysers while minimizing hydrogen
production costs.

A preliminary design of the PROMETEO pilot plant has
already been defined (a simplified system layout is described
in [23]). The fully equipped prototype will install a 25 kW,
SOE stack (about 15 kg/day of nominal hydrogen production)
and will be tested and validated in real contexts, reaching TRL
5. Three case studies have been identified to be tested within
the project. They are power to gas (P2G) applications related
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to hydrogen production for uses which differ from electricity
generation. The three identified case studies, differing for con-
ditions and requirements both upstream and downstream of the
electrolysis system, ate:

(i) Production of ammonia with both grid- and PV-generated
electricity. In this case, constant hydrogen generation is
required to produce ammonia. Thus, the electrolyser has
to work constantly at full load. Furthermore, a constant
supply of electricity is guaranteed thanks to the connection
with the power grid.

(ii) Production of hydrogen for injection into the gas grid with
both grid- and PV-generated electricity. In this case, hydro-
gen is injected into the natural gas grid to a maximum
hydrogen percentage of 2% in volume. As in case i), it is
possible for the electrolyser to work at full load since a
constant supply of electricity is provided by a power grid
connection.

(i) Production of hydrogen for injection into the gas grid
with PV-generated electricity only. As in the previous case,
hydrogen is injected into the natural gas grid to a maxi-
mum hydrogen percentage of 2% in volume. However, in
this case, a constant operation at full load is not possible,
and partial load operation is required to generate H, when
the available power is reduced. Additionally, a hot standby
mode and a night mode are required to keep the system
hot when electricity is not available, thus allowing to rapidly
start the system and generate hydrogen when the electricity
is available again.

Within the PROMETEO Project, this work aims to define
the operation modes and the control strategy for the pilot SOE
system, considering the characteristics of the end-users’ hydro-
gen demand and the availability of renewable heat and electricity.
This is required for the effective management of the plant,
both when renewable and/or low-cost electricity is available
and hydrogen generation must be modulated and controlled to
satisfy the demand, and when electricity is not available, hydro-
gen cannot be produced, and the system performance must be
preserved.

In this framework, testing the SOE stack is of key impor-
tance to understand the impact of the operating conditions on
the stack performances over time, thus developing a safe and
reliable control of the system improving the performance while
automatizing the system operation.

1.3 | Literature review

Although developing a suitable control strategy is essential for
guaranteeing a safe and efficient system operation, few studies
exist on this topic. Some include experimental testing of SOE
stacks, while others perform system simulations.

In the experimental studies, Udagawa et al. [24] tested an
intermediate temperature SOE stack for hydrogen production.

They analysed the correlation between the air flow rate and
stack temperature, finding that a higher air flow rate guarantees

a more homogeneous stack temperature, providing enhanced
cooling for the stack during exothermic operation and enhanced
heating during endothermic operation. At the same time, a slight
dependence of the stack temperature on the air flow rate is iden-
tified at thermoneutral conditions, indicating that, in this case,
controlling the temperature through a variation of the airflow
rate should be avoided. Fragiacomo et al. [25, 26] performed an
experimental campaign on a solid oxide stack in electrolysis and
Fuel Cell operation mode. As regards the electrolysis operation,
the experimental activity consisted of ten tests, where different
gas mixtures (binary of H,-steam mixtures in the first nine tests,
ternary Hy-steam-CO, mixture in the last one) and air at differ-
ent temperatures (650, 700, and 750°C) were fed to the stack.
They show that the H, production of the SOE stack increases
with increasing air temperature, and the highest H, production
is obtained by feeding the stack with the highest steam content
in the mixture (90%). Barelli et al. [27] analysed the role of the
airflow rate when used as a sweep gas in the oxygen electrode
of an SOE system. This experimental activity shows that the
stack’s performance is not significantly affected by the airflow
rate (voltage variation below 2% with an airflow rate variation
from the nominal value down to 9%). Peters et al. [28] anal-
ysed and experimentally tested a reversible solid oxide stack
(i.e. working in both FC and electrolysis mode), conducting a
parametric analysis to show how the efficiency varies as func-
tion of the fuel utilization and the recirculation fraction. For the
electrolysis mode, the efficiency value increases with increasing
steam utilization and stack power.

Some authors rely on system modelling and simulations to
study SOE system operation with time-varying currents gen-
erated by intermittent renewable energy sources. For instance,
Lu et al. [29] developed a control-oriented SOE dynamic model
(validated with data from the literature), which implements
adaptive feedback control to stabilize the temperature of the
SOE stack. The control acts on the air flow rate when operat-
ing at a low current density, below the thermoneutral value, and
on the fuel flow rate when operating at a higher current density.
Cai et al. [30] used a model of an SOE system (including only
the stack and the compressor) coupled with intermittent renew-
able energy sources to identify the optimal operation strategy.
In particular, the study aims to maximize hydrogen produc-
tion, minimizing SOE energy consumption and minimizing the
compressor energy consumption, while ensuring the stack tem-
perature control with constraints on the overall temperature
difference across the cell and the temperature gradient. Botta
et al. [31] developed a dynamic model of the SOE system to
investigate the dynamic behaviour and to select the optimal con-
trol strategy. The study shows that temperature and reactant
utilization control is crucial during transient operation to avoid
fuel starvation and to minimize temperature variation, thus
preventing thermo-mechanical stress to the main components.

Opverall, experimental studies investigate the SOE stack
behaviour when producing hydrogen in different operating
conditions, mainly analysing the effects of different air flow
rates, air temperatures, and steam compositions. Conversely,
models are used to study the system control, mainly focusing
on stack temperature control during hydrogen production.
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However, the existing studies do not give any information
related to the source of heat for the stack or on how to operate
the system when renewable electricity is unavailable (e.g. at
night), during the warm-up phase, or transient operation.

1.4 | Novelty of the study and paper
organization

Testing and characterizing a SOE stack during full load, par-
tial load and hot-standby operation is required to identify how
to operate the system effectively when renewable electricity is
unavailable and how to modulate the load during hydrogen gen-
eration, thus defining the system’s operation modes and control
strategy.

This work includes an innovative analysis of a 5 kW SOE
stack, which is tested at nominal full load operation, partial load,
and hot standby mode. It desctibes an experimental campaign
performed at Fondazione Bruno Kessler (FBK) facilities to sup-
port the definition of the system operating conditions in each
operating mode and the SOE system’s management and con-
trol strategy. The test activity is divided into two campaigns,
studying the stack behaviour in the standby mode (without
electricity supply) and in operation mode (with the electricity
supply).

The paper is organized as follow. Chapter 2 introduces mate-
rials and method, describing the test bench and the stack
characteristics (Section 2.1), the test campaign for analysing
the stack hot standby (Section 2.2) and the test campaign for
defining the hydrogen generation control (Section 2.3). Chap-
ter 3 presents and discuss the results of the stack hot standby
analysis testing campaign (Section 3.1) and of the hydrogen gen-
eration control definition testing campaign (Section 3.2). Finally,
Chapter 4 draws the conclusion, proposing possible manage-
ment and control solutions to be implemented and tested in the
PROMETEO pilot plant.

2 | MATERIALS AND METHOD

The analysis of the case studies identified in the PROMETEO
project has shown the need to operate the SOE system at full
and partial loads and to implement a standby mode. Indeed,
not all applications requite constant hydrogen production (e.g.
applications ii) and iii) identified in Section 1.1 allow intermit-
tent hydrogen generation). Additionally, a continuous electricity
supply is not always possible (as in case iii)). Therefore, there
is a need to operate the system at different loads, to follow the
electricity availability and the hydrogen demand, and to iden-
tify a hot standby mode for the system when hydrogen is not
produced.

The core of the work here developed aims to test an SOE
stack to understand how it behaves when operated with differ-
ent operating conditions, such as different electric loads, stack
temperature, steam flow rate, and hydrogen concentration in
the steam at the cathode inlet. This is essential to identify an
effective management and control strategy for the system.

After
Air Burner

lTAir

Cooler

| Stack
Heater

Air \i) L\/\N\r‘ Q) i

™
ol
Pre-Heater Heater pr;)duced
Hydrogen
Stack - SOE i
. = | ‘ 5 kW (p
ater
I Heater Exhaust
‘ | | air
| [
Steamer

®
Hydrogen '

FIGURE 1 Process flow diagram of 5-kW SOE test bench at FBK facility.

Two experimental campaigns have been carried out at the
I'BK facility on a test bench to test SOE stacks up to 8 kW,
testing a 5 kW SOE stack with cells equal to those used in the
PROMETEO pilot plant (described in Section 2.1). The main
goal of the first experimental campaign (Section 2.2) is to iden-
tify the optimal conditions for the system’ hot standby mode
when hydrogen cannot be produced because of the unavailabil-
ity of renewable or low-cost electricity (e.g. during the night,
when renewable electricity from the sun is not available), but it is
necessary to keep the stack warm and to preserve its health. The
main goal of the second experimental campaign (Section 2.3)
is to determine which parameters mainly affect hydrogen gen-
eration, identifying the optimal control strategy to partialize
the stack load, as required with low availability of renewable
electricity.

2.1 | Testbench and SOE stack
characteristics

The experimental activities have been performed on the test
bench TB2500, which was developed by EBZ gmbh [32]. The
test bench hosted in the FBK H2 facility, designed for experi-
mental testing of solid oxide fuel cell stacks, has been modified
to work with SOE stacks by accommodating a dedicated power
unit, adding a fuel inlet line (to mix hydrogen with steam, thus
guaranteeing a reducing atmosphere in the negative side of cells)
and upgrading the software to allow the implementation of
the testing protocols (to test the stack with a fully automatic
procedure).

The main components of the test bench and the main
flowmeters (F) and thermocouples (T) are shown in the flow
diagram in Figure 1. The test rig includes a steamer, three
electric heaters, two heat exchangers, and a burner. Water is
evaporated in a steamer, mixed with hydrogen to create a
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TABLE 1  Test bench operating condition ranges.

Parameter [unit] Range of values

Wiater flow rate [g/h] 200-2200
Steam production [g/h] 0-2000
Steam temperature [°C] 150-500
Hydrogen flow rate [NL/min]| 0-44

Air flow rate [NL/min] 0-400
Anode temperature [°C] 0-800
Cathode temperature [°C] 0-800
Voltage (power unit) [V] 0-200
Current (power unit) [A] 0-140

reducing environment, heated to the desired temperature in an
electric heater and fed to the stack cathode. Air passes through
two subsequent components to be heated before entering the
stack anode. The air is firstly preheated in a recuperative heat
exchanger, recovering heat from the exhaust air, to minimize
electricity consumption. Then, the air temperature is precisely
controlled with an electric heater. Indeed, a precise control is
required because the air temperature is the main parameter
affecting the stack temperature. An additional electric heater is
installed on the stack, allowing it to operate with a more uniform
temperature and accelerate its warm-up. On the exhaust line,
the produced hydrogen and the exhaust air are burned in a ded-
icated after-burner, with additional air. Then, a heat exchanger
cools the exhausts before venting. Finally, a power unit supplies
the required electric power to the stack.

Table 1 reports the ranges of values that the main system
parameters (flow rates, temperature etc.) can assume accord-
ing to the technical characteristics of the system components.
The steamer capacity limits the steam flow rate to 2 kg/h (a
higher flow rate would impact steam production stability). The
maximum temperature reached by the electric heaters (for air,
hydrogen, and stack) is 800°C. Excellent thermal insulation of
the air pipes minimizes the thermal losses, and air at the stack
inlet can reach a maximum temperatute as high as 780°C. Con-
versely, more significant thermal losses are present in the steam
pipes; thus, the maximum temperature of the steam at the stack
inlet is 745°C. The power unit (producer code EA-PSI 9200
140) has a peak power equal to 10 kW and a wide span of current
(0140 A) and voltage (0-200 V).

The G8-80 stack (Solydera S.p.A., Pergine, Italy [33]),
schematized in Figure 2, is tested. The stack includes 70 single
repeated units (SRU) of electrode-supported SOE cells with an
active area of 80 cm?, encapsulated in a stackbox with improved
thermal insulation layers and guaranteeing the correct air and
fuel connections. The cells are organized into 8 clusters (7 with
9 cells and 1 with 7 cells). The stack works at ambient pressure,
and the nominal temperature is between 680 and 780°C.

Different operation modes have been identified for the SOE
system to allow its correct operation in the selected case studies
(see Section 1.1), satisfying the hydrogen demand while dealing
with limited renewable energy availability. Full-load and partial-

FIGURE 2 SOE stack box, SolydEra S.p.A., Pergine, Italy [33].

load modes are identified to guarantee hydrogen production
at different rates, either in low hydrogen demand or electric-
ity availability. A hot standby mode is also required to keep the

system warm when electricity for H2 production is unavailable.

2.2 | Test campaign for analysing stack hot
standby

The first experimental campaign aims to define how to operate
the system in the hot-standby mode to keep the system warm
when hydrogen is not produced, allowing a fast transition into
partial- or full-load modes when required and preserving the
stack health. Indeed, to operate synergically with solar electricity,
the stack temperature must be kept constant in case of clouds,
interrupting the solar irradiation for a limited time (e.g. few min-
utes), and during the night (few hours). Repetitive cool-down
and warm-up of the system are not feasible due to the long time
required (many hours) and to the thermal stress induced in the
stack components, which is the primary source of degradation
of the stack itself.

Therefore, identifying an effective hot-standby mode is
of primary importance in preserving the stack performance,
mainly preventing the oxidation of the nickel negative elec-
trode. Indeed, the stack is maintained at a high temperature (e.g
750°C), above 590°C, whete oxygen mobility and teactivity are
appreciable. At the same time, it is possible that air or water are
present at the negative electrode. For instance, air can leak from
the positive electrode (flushed with air to keep the stack hot) or
reach the negative electrode through the pipelines. Thus, to pre-
vent nickel oxidation, the negative electrode voltage should be
maintained above the equilibrium potential of Ni re-oxidation
(about 0.8 V at 500°C and 0.7 V at 800°C, assuming an oxygen
partial pressure of 0.32 atm) [34].

This study identifies three possibilities to keep the stack
warm while preventing nickel oxidation when hydrogen is
not produced. Two of them are based on chemical protection
of the nickel electrode, while the third proposes an electrical
method of protection. The three hot standby (HSB) options,

85UB017 SUOWWOD BAIIER.D 8|l jdde 8y} Aq peusenob a1e s9oile VO ‘8sN JO Sa|nJ o} Akeiqi8uljuO 8|1 UO (SUOTPUCO-PUB-SWIBH W00 A8 1M AReiq U JUO//:SdNL) SUORIPUOD pue swie 1 8y} 88S *[yZ0z/TT/TT] uo Ariqiaulluo Ae|Im ‘elfeleuUeIy0D Aq THTET 26d1/6v0T 0T/10p/W00 A8 IM AIq Ul IUO YO Jessa B //SdNY W1} pepeojumod ‘0 ‘vZyTZS.T



6 CRESPIET AL.
TABLE 2  Gas composition, flow rate and temperate at anode and cathode inlet, and stack polarization for the three hot-standby options.
HSB HSB HSB
Option 1 Option 2 Option 3
Gas at negative electrode inlet Composition 20% H, 20% H, /
80% N, 80% H,O (steam)
Flow rate 8.75 NL/min 8.75 NL/min /
Temperature 750°C 750°C 750°C
Gas at positive electrode inlet Composition Air Air Air
Flow rate 220 NL/min 220 NL/min 150 NIL/min
Temperature 750°C 750°C 750°C
Stack polarization / / 70-80 V

characterized by different operating conditions for the stack
(summarized in Table 2), are tested in three subsequent phases
of the experimental campaign. The performances of the stack
are evaluated after each phase of the test to assess the state
of health of the stack and compare the effectiveness of each
standby option.

In the first standby option (HSB Option 1), the negative elec-
trode is flushed with Hj-enriched forming gas (20% H, and
80% N,) and the positive electrode is flushed with air. The stack
is not polarized. The scope is to investigate whether the N,-H,
mixture can preserve the electrode’s active material, ensuring a
sufficient reducing environment while keeping the stack warm.

In the second standby option (HSB Option 2), the negative
electrode is flushed with H,-enriched water steam, and the posi-
tive electrode is flushed with air. The stack is not polatized. As in
the test of HSB Option 1, the scope is to investigate whether the
H,-steam mixture can preserve the electrode active material and
keep the stack warm. Since steam has a higher thermal capac-
ity than nitrogen, using steam would contribute to controlling
the stack temperature with a lower air flow rate in the posi-
tive electrode, thus reducing possible air leakage to the negative
electrode.

In the third standby option (HSB Option 3), the electrical
protection approach is tested. The stack is polarized to have
an average cell voltage of 1 V, which should prevent the oxi-
dation of the nickel in the negative electrode without flushing
it with gas. Thus, the negative electrode is not flushed with
gas, while the positive electrode is flushed with air, minimiz-
ing the air flow rate to decrease the pressure in the line and
consequently the air crossover. The proposed method is based
on the electrochemical transport of the oxygen and/or water
vapour molecules from the negative electrode to the positive
electrode via oxygen-ion conducting electrolyte, such as YSZ
(yttria-stabilized zirconia), in a sort of electrochemical pumping
of oxygen from the negative to the positive electrode. A similar
approach has been proposed for solid oxide fuel cells and tested
on a laboratory-scale single cell, showing promising results [35].
However, when many electrolysis cells are electrically connected
in series to form a stack, the effectiveness of this approach has
to be verified. Indeed, in a stack, the electrochemical pump-
ing of oxygen is limited by the cell with the lowest amount of
oxygen/water on the negative side, implying that some cells are
well protected (high voltage) while others are exposed to oxygen

or water (lower voltage) based on the air amount. Therefore,
the scope of the test adopting HSB Option 3 is to investigate
whether the electrical protection is applicable in the SOE stack.

Before testing the three hot standby options, the perfor-
mance of the SOE stack is evaluated with a “health check”,
which consists of operating the stack in FC mode under specific
operating conditions. The health check starts by disconnect-
ing the electric power source (no current applied to the stack),
flushing the negative electrode with 8.75 NL/min of H,-N,
(80%—20%) gas mixture, and setting the heaters at 750°C. When
the system reaches thermal equilibrium, current is drawn from
the stack (operating it in FC mode). A linear current sweep from
0 to 32 A (0.4 A/cm?) is performed, recording the stack volt-
age. Then, the current is kept at the maximum value (32 A) until
the voltage is stabilized, and the voltage of each stack cluster is
measured. Finally, a linear current sweep from 32 to 0 A is pet-
formed, and the electric load is disconnected. Gas flows to the
stacks, temperatures are set back to the operational values, and
the power unit is connected.

An initial stack health check is performed, and the three
HSB options are consequently tested in the test campaign. Each
HSB option is tested for 200 h, and then the stack’s perfor-
mance is evaluated with a health check. Health check results are
compared to identify the effectiveness of each HSB option in
preserving the stack performance. Additionally, the stack tem-
perature duting the hot standby petiods is analysed to verify the
effectiveness of each HSB option in maintaining the stack at the
desired temperature.

2.3 | Test campaign for defining the
hydrogen generation control strategy

The main goal of the second experimental campaign is to pro-
vide the inputs for identifying a strategy to control the stack
load. The test campaign is set up to determine which parameters
mainly affect hydrogen generation.

Tests ate set up to analyze the effects that temperature, steam
flow rate and fraction of hydrogen in the steam at the stack inlet
(cathode side) have on the stack operation regarding hydrogen
production. All tests have been performed directly controlling
the stack voltage (voltage-based control), maintained at the ther-
moneutral value (I3, = 90 V, ie. 1.29 V/cell) while varying
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the temperature, steam flow rate and hydrogen flow rate. While
operating at a lower voltage (endothermic conditions) would
allow higher electric efficiency, operation at the thermoneu-
tral point is here preferred to avoid temperature gradient in
the cells, which would increase cell degradation. Keeping the
voltage constant at the thermoneutral value allows to facilitate
the thermal management, avoiding moving from exothermic to
endothermic operation while changing the load.

Another option would be to consider a direct control of the
stack current (current-based control). In this way, unlike the
voltage-based control, it would be possible to control the flow
rate of produced hydrogen precisely (which is proportional to
the current), but a very accurate and fast temperature control
would be required to control the stack voltage precisely. Inac-
curate temperature control would lead to fluctuations of the
stack temperature due to the oscillation between endothermic
(V< V) and exothermic (17> 1/,) operating modes of the
stack, which would degrade the cells. In addition, the voltage-
based control adopted here is a fail-safe control that avoids
problems in the event of steam unavailability.

The test campaign has been petformed in 2 phases:

* Phase 1: the steam flow rate is varied continuously (it is
increased from a minimum value of 360 g/h to a maximum
value of 1900 g/h, then decreased back to the minimum
value). These values have been chosen considering the oper-
ating limits of the steamer. The stack is tested for different
values of air and steam temperatures at the stack inlet, rang-
ing from 670 to 760°C. The hydrogen volumetric fraction
in the overall steam and hydrogen mixture at the cathode
inlet equals 10%, the minimum value to ensure a reducing
environment.

* Phase 2: the fraction of hydrogen in the overall steam and
hydrogen mixture entering the stack cathode is vatied from
a minimum value equal to 10% to a maximum value equal
to 50% of the steam flow rate, while the steam flow rate is
kept constant. The test is repeated for different values of air
and steam temperatures at the stack inlet, ranging from 670
to 730°C with stepwise changes of 10°C, and different values
of the steam flowrate at the stack inlet, ranging from 360 to
1900 g/h, with fixed stepwise changes of 400 g/h.

The airflow rate at the stack inlet is varied to reach the desired
value for the air temperature at the stack outlet, which is consid-
ered representative of the stack temperature. At the same time,
the hydrogen flow rate is varied to reach the desired fraction of
hydrogen in the steam entering the stack.

The free parameter, which is measured, is the stack cut-
rent (L,q)- Its value is proportional to the generated hydrogen
(71124¢r) and the absorbed electric power (Pycr), as for Equa-
tions (1) and (2), respectively, where N is the number of cells
in the stack (70), MMy, is the molecular mass of hydrogen
(2 g/mol), and F is the Faraday coefficient (96485.3 C/mol).

7 2F
< = —— 7/
stack Zvcell *WHZ H2gen

©)

Pﬁtack
Lyee = —— 2
stack V;h ( )

Additionally, the water utilization factor (Ug;e,p,) is computed
starting from the water flowrate entering the steamer (#gaier)
and the stack current (), according to Equation (3), where
MMyy50 is the molecular mass of water (18 g/mol).

Neen#MMyp0
o F stack
Usteam [%] = ———— % 100 ©)

mwater

The expected results are charts identifying the stack current
(and indirectly, the stack power consumption and hydrogen gen-
eration) in different operating conditions. These data are the
basis for the implementation of the control strategy.

3 | RESULTS AND DISCUSSION

This section presents the results of the two test campaigns con-
cerning hot-standby analysis and hydrogen generation control
definition.

3.1 | Stack hot standby analysis

The hot-standby tests described in Section 2.2 have allowed us
to analyse the decay of the stack performance when three dif-
ferent hot standby strategies are adopted. Health checks of the
stack are performed at the beginning of the test, and after that,
the stack is operated for 200 h in each HSB option.

Figure 3 shows the results of the health checks in terms of
stack voltage (left chart) and power density (right chart) as a
function of the stack current density. Health check curves 2 and
3, measured after stack operation in HSB option 1 and HSB
option 2, overlap health check curve 1, measured at the begin-
ning of the test, showing negligible stack degradation during
the two hot standby tests. Conversely, a reduction in the stack
voltage and power density is observed after operating the stack
in HSB Option 3 (health check 4), highlighting a drop in the
stack performance, possibly caused by oxidation of the negative
electrode.

In addition to the overall stack voltage, the test bench allows
the measurement of the voltage of the cell clusters into which
the stack is divided. In analysing the measured cluster voltage,
it has to be highlighted that cluster 4 consists of 7 cells only,
while the other clusters consist of 9 cells. Figure 4 shows the
voltage of each cluster measured duting the health checks, with
a current density equal to 0.4 A/cm?. The cluster voltage anal-
ysis confirms the goodness of HSB option 1 and HSB option
2, after which minor variations in the cluster voltage concerning
the beginning of tests are observed. The cluster voltages don’t
drop significatively during 200 h in HSB option 1 and during
200 h in HSB option 2. Conversely, HSB option 3 guarantees
good protection against degradation for all the clusters (clusters’
voltage does not drop significatively) but cluster 1, which shows
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stack voltage versus current density. The right plot shows power density versus current density.
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FIGURE 4
stack health checks at the beginning of characterization activity (check 1 —red
line), after 200 h in HSB Option 1 (check 2 — blue line), after 200 additional
hours in HSB Option 2 (check 3 — magenta line), and after 200 additional
hours in HSB Option 3 (check 4 — black line).

Average cell voltage [V] in each cluster, measured during the

a consistent voltage drop close to 15%. The cluster degradation
is possibly caused by the oxidation of the negative nickel elec-
trode due to a reverse air flow from the fuel line. Indeed, no
check valves are installed in the fuel line, allowing air to flow
to the stack, reaching the first cluster. However, the electrode
oxidation can be confirmed only with a postmortem test, which
was not possible in this study.

Overall, the experimental campaign has shown that both
HSB option 1 and HSB option 2 effectively prevent stack degra-
dation when hydrogen is not produced, no power is supplied,
and the stack is kept hot. Conversely, the results of the electric
protection method (HSB option 3) are unfeasible. However, the
degradation of the first cells in the stack with HSB option 3 can
be related to a reverse flow of air toward the stack, and addi-
tional tests should be performed to investigate the feasibility of
the electric protection option without a significant flow of air
toward the negative electrode.

The experimental campaign allows us to conclude that both
HSB option 1 and HSB option 2 can be applied to the PROM-
ETEO pilot plant to preserve the stack degradation when
hydrogen is not produced, that is, during night hours and cloudy
or rainy days, with null or limited solar irradiations. Since these
two situations are quite different, it is suggested that HSB
option 1 is adopted during the night and HSB option 2 oth-
erwise. Indeed, the stack must be kept warm at night without
producing hydrogen for many hours. In this case, HSB option
1, circulating an H,-N, mixture through the negative elec-
trode, limits the need for heat from the TES, which is instead
used in HSB option 2 to evaporate the water, lately condensed
and expelled. Conversely, HSB option 2, circulating Hy-H,O
steam mixture in the negative electrode, is suggested in case of
unpredictable power unavailability, such as in case of a cloud
passage lasting less than 1 h. In this case, the limited duration
of the event suggests using a more straightforward solution,
in which heat to vaporize the steam is justified by the lower
time required to start hydrogen production again when power
returns available, avoiding the time to restart the evaporator.

3.2 | Hydrogen generation control definition

The experimental campaign described in Section 2.3, by test-
ing the SOE stack in different operating conditions, has allowed
finding out how the stack temperature, the steam flow rate, and
the hydrogen concentration in the steam at the cathode inlet
affect the hydrogen generation.

Values of the main parameters measured during Phase 1 of
the experimental campaign are shown in Figure 5. It has to be
noted that since it is not possible to measure the flow rate of
steam between the steam generator and the stack, its value is
estimated with the water flowrate entering the steamer (green
line in Figure 5a) since the two values are equal at steady state.
The water flow rate entering the steamer is ramped-up and
-down over time between a minimum value of about 360 g/h
and a maximum value of about 1900 g/h. The hydrogen flow
rate entering the system (light-blue line in Figure 5c) varies
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FIGURE 5

at system inlet and computed steam utilization.

proportionally to the water flow rate setpoint because the
control system acts to keep a 10% volume of hydrogen in the
overall steam and hydrogen flow entering the stack. The system
temperature setpoint is increased before each ramp-up of the
water flow rate. The temperature setpoints range from 670 to
760°C, with a temperature step of 10°C. The temperature of
the air at the stack outlet (magenta line in Figure 5b), which is
representative of the stack temperature, has negligible oscilla-
tions related to the steam flow rate fluctuation, thanks to the
action of the control system.

Additionally, it is possible to see the temperature increase dut-
ing the first hours of operation, corresponding to the system
preheating phase. Once the preheating phase is completed, the
stack voltage is set at the thermoneutral value (90.7 V) and kept

Measured data over time in test Phase 1: (a) water flowrate at system inlet, stack curtrent, (b) stack temperature, stack voltage, (c) hydrogen flowrate

constant until the end of the test. However, some sudden drops
in the stack voltage are present (vertical red line in Figure 5b).
They are related to failures of test bench operation, such as high
pressure within the stack or failure in the cathode heaters.

The resulting current (blue line in Figure 5a) increases when
the water flow rate increases, and vice versa it decreases when
the water flow rate decreases.

The resulting steam utilization factor (black line in Figure 5¢)
shows values above 100%, which is unfeasible. This highlights
that the water flow rate at the steamer inlet is not equal to
the steam flow rate at the stack inlet. The reason is possibly
related to mass transport delays or delays in the control of the
steamer. This highlights that a direct measure of the steam flow
rate entering the stack is required to characterize the transients
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FIGURE 6 Measured data over time in test Phase 1: (a) water flowrate at
system inlet, stack current, (b) stack temperature, stack voltage, (c) hydrogen
flowrate at system inlet and computed steam utilization; zoom on temperature
setpoints equal to 740, 750, and 760°C.

precisely. However, this improvement was not possible in
the test bench used in this experimental campaign, and the
following analysis is based on the water flow rate entering the
evaporatot.

To better investigate the effects of temperature and steam
flowrate on the stack current, the values measured when the
preheating phase is completed and when the stack is operated
at a thermoneutral voltage (admitting an error equal to 0.2 V)
have been selected. For example, Figure 6 shows the selected
data over 13 h of operation, corresponding to the water ramp-
up and ramp-down at 740, 750, and 760°C. The figute confirms
that the water flow rate at the steamer inlet is not equal to the
steam flow rate at the stack inlet. Indeed, in Figute 0a, the stack
current increases only about 5-10 min after the water flow rate.
The same happens during the water ramp-down, which pre-
cedes a few minutes of the current drop. For example, when the
water flow rate reaches the minimum values after a ramp-down,

rate. They correspond to two different steam flow rates related
to the increasing and decreasing water ramps.

While measuring the steam flowrate at the stack inlet is
mandatory for a more accurate analysis, the available data are
sufficient to understand that:

* With low steam flow rates, the steam flow rate limits the
stack current (and therefore the hydrogen flow rate), and a
variation in the stack temperature does not affect the cur-
rent. These operating points correspond to the highest steam
utilization factor.

* With high steam flow rates, the stack temperature limits the
stack current. Increasing the steam flow rate allows working
with lower steam utilization factors in these cases, but only
small increases in the current are noted. Conversely, a rise
in the current from about 25 A to 65 A is noted when the
tempetature increases from 670 to 760°C.

The minimum value of steam flow rate above which the
current depends mainly on the temperature increases with the
temperature itself. It is about 700 g/h at 670°C and about
1800 g/h at 760°C.

Values of the main parameters measured during Phase 2 of
the experimental campaign are shown in Figure 8. The hydro-
gen flow rate (light-blue line in Figure 8a) entering the system,
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FIGURE 8
at system inlet and computed steam utilization.

mixed with the steam flow before entering the electrolysis stack,
is ramped-up and -down over time to vary the hydrogen frac-
tion in the overall hydrogen and steam flow entering the stack.
Each ramp-up and -down of the hydrogen flow rate corre-
sponds to a different system temperature setpoint (magenta line
in Figure 8b) and water flow rate value (green line in Figure 8c).
In detail, the temperature setpoint is increased from 670 to
730°C with stepwise changes of 10°C. For each temperature
setpoint, the water flow rate is increased with steps of about
400 g/h, from a minimum equal to 360 g/h to a maximum value
equal to 1900 g/h. Then, it is dropped to the minimum value
to repeat the test at a higher temperature. The voltage setpoint
equals the thermoneutral value during the entire test, but a few

Measured data over time in test Phase 2: (a) hydrogen flow rate at system inlet, stack current, (b) stack temperature, stack voltage, (c) water flow rate

deviations are recorded (red line in Figure 8b). The data mea-
sured when the voltage differs from the setpoint are discarded
before performing additional data analysis.

The resulting current (blue line in Figure 8a) increases con-
siderably when the temperature increases and when the water
flow rate increases from the minimum value to the intermediate
or the highest value. Conversely, the variation of the hydro-
gen fraction in the overall Hy-H,O steam flow do no produce
appreciable changes in the current. As an example, when the
stack is at the thermoneutral voltage and the stack temperature
is equal to 670°C: (i) the stack current increases by about 10 A
when the water flowrate is varied from about 360 g/h to about
760 g/h and of about 5 A when it is further increased to about
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1160 g/h (low water flowrates, limiting the current), while no
significant current variation are present when the water flowrate
is furtherly increased (high water flowrate, current limited by
the temperature); (i) the effect of the hydrogen fraction (pro-
portional to the hydrogen flow rate) on the current is negligible
because when it increases from the minimum to the maximum
value (X4 or more) the current drops of 3 A maximum (e.g. from
32 to 29 A at the highest water flowrate).

The computed steam utilization (black line in Figure 8c)
decreases when the water flow rate increases. Also, in this case,
steam utilization values above 100%, obtained when the water
flow rate suddenly decreases, highlight that the water flow rate at
the steamer inlet (used to compute the utilization factor) and the
steam flowrate at the steamer outlet (determining the current)
are different.

The percentage of hydrogen in the overall hydrogen and
water flow is shown in Figure 9. The minimum hydrogen frac-
tion tested is 10% since it is the minimum value required for
a reducing environment. The maximum tested value is 50%.
However, 50% is reached only with low water flow rates due
to limits in the maximum hydrogen flow rate.

Figure 10 shows the values of the stack current as a function
of the water flow rate at the steamer inlet for different stack tem-
peratures. In this case, since the water flowrate is kept constant
for a few hours between one step change and the next one, to
be sure that the water flowrate at the system inlet corresponds
to the steam flowrate at stack inlet, the values measured imme-
diately after a variation of the water flowrate are discarded. The
plot confirms that, at low water flow rates, the current is mainly
influenced by the flow rate itself: points obtained at different
temperatures overlap. Conversely, higher current corresponds
to higher temperature at a high water flow rate. The spread of
current values obtained at each temperature and water flow rate
is due to the variation of the hydrogen fraction in the overall
flow entering the stack. The lower currents correspond to a
higher hydrogen fraction (the higher fraction of hydrogen pre-
vents the steam from reaching the active sites and incrementing
the Nerst voltage). Additionally, the clouds of points obtained
at the highest water flow rates show the difficulty of the control
system in keeping the water flow rate at the set point.

200 400 600 800 1000 1200 1400 1600 1800 2000
Water flowrate [g/h)

FIGURE 10  Results of experimental test Phase 2: current (A) depending
on water flow rate at steamer inlet (g/h) and stack temperature (°C).

This test campaign proposes two different control strate-
gies to control hydrogen production in the PROMETEO pilot
plant. In both options, the stack is operated at the thermoneutral
voltage, while the operating point (i.e. the load, identifying the
current density and hydrogen generation flow rate) is defined
differently. In the first proposed load control strategy, the stack
works with a limited steam flow rate, reaching the maximum
steam utilization. The absorbed power and the generated hydro-
gen flow rate vary by changing the steam flow rate supplied to
the stack. In the second load control strategy, the stack works
with excess steam, and the steam flow rate entering the stack
does not affect the load. The absorbed power and the generated
hydrogen flow rate are varied by changing the stack temperature
(i.e. varying the temperature of the flows at anode and cathode
inlets).

While the tests here reported have shown that both hydrogen
generation control through the steam flowrates and through the
temperature are effective, allowing to actually vary the hydrogen
generation in a controlled manner, additional tests have to be
petformed in further works to compare them and assess their
performance. The main performance metrics to be considered
are the stack degradation and the ability in following a variable
load profile generated by a renewable power plant while max-
imizing the overall system efficiency (including electrical and
thermal consumptions).

Thus, the identified control strategies will be implemented
in the PROMETEO pilot plant and tested in relevant environ-
ments. The goal is to understand which strategy allows better
system integration with renewable energy sources regarding
system availability and efficiency. An additional effort will be
required to investigate the stack degradation associated with the
two control options, evaluating their impact on the stack dura-
bility. The compatibility of the developed control strategies will
be also assessed in term of compatibility with SCADA/PLC
used in industries, where the cost limitation for the elec-
tronic boards leads to limited sensor sampling rate and actuator
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response time, possibly impacting the successful operation of
the control.

Finally, this test campaign has shown the importance of accu-
rately control the steam flowrate. Thus, in designing the SOE
system it is important to carefully design the steam generation
unit and its control. Indeed, the engineering of a steam gener-
ation unit able to rapidly modulate the steam production is of
paramount importance in realizing a SOE system able to effi-
ciently work with renewable power. The use of multiple steam
generators in parallel must be also evaluated when scaling-up
the system for industrial applications.

4 | CONCLUSIONS

High-temperature SOE systems and renewable energy sources
are efficient routes for producing green hydrogen. However,
developing an effective management and control strategy is
pivotal in guaranteeing a synergistic operation between the
SOE system and the renewable energy sources and an effective
integration with hydrogen end users.

With this in mind, the proposed work has tested a 5 kW,
SOE stack during full load, partial load and hot-standby oper-
ation and has identified how to operate the SOE system in hot
standby (as required when renewable electricity in unavailable)
and how to control hydrogen production according to electricity
availability or hydrogen demand. The identified control meth-
ods are proposed for the 25 kWe SOE prototype built and tested
within the PROMETEO Project.

A first experimental campaign allowed to compare three
options to keep the system warm and prevent stack degrada-
tion when hydrogen is not produced. Good results are obtained
by feeding a reducing gas at the negative electrode and air at
the positive electrode without polarizing the stack. The reduc-
ing gas can be either a 20% H, — 80% N, mixture (HSB option
1) or a Hy-H,O steam mixture (HSB option 2). Conversely, the
electrical protection approach (HSB option 3), where no gas is
supplied to the negative electrode and the stack is polarized to
keep an average cell voltage of 1 V, generates significant stack
degradation (a cluster showed 15% voltage decay in 200 h).
Thus, according to the peculiarity of the standby situations, two
hot standby modes are proposed for implementation and testing
in the PROMETEO pilot project. An H,-N, mixture is sug-
gested overnight, to limit the prolonged use of heat from the
TES to produce steam. Conversely, a Hy-H,O steam mixture
is suggested for shorter and unforeseen power unavailability, as
in the case of passing clouds, to allow a faster transition to the
operation mode as soon as the power is available again (longer
transition times would be required to start the evaporator).

A second experimental campaign allowed to test the SOE
stack at different temperatures, with different steam flow rates
and different hydrogen fractions in the H,-H,O steam mixture
supplied to the stack, to identify the impact of these parameters
on hydrogen generation. All tests are performed by control-
ling the voltage, which is kept constant at the thermoneutral
value. Voltage control allows a fail-safe control in the event of
steam unavailability (no fast rise in voltage) and operation at

thermoneutral voltage, although limiting the efficiency, allows
to avoid temperature gradient in the cells possibly causing faster
degradation. Results show that, while the amount of hydrogen
in the steam entering the stack cathode does not significantly
affect hydrogen production, stack temperature and steam flow
rate do. According to the experimental results, two different
control strategies were identified, both keeping the stack at con-
stant voltage and differing in the way in which the hydrogen
generation is controlled: (i) varying the steam flowrate supplied
to the stack while working at maximum steam utilization and
constant temperature, (i) varying the stack temperature while
the steam flowrate is controlled to have a low steam utilization.
Both strategies result viable, allowing to control hydrogen gen-
eration, but their effectiveness and efficiency when following
a variable load profile and their effect on the stack degrada-
tion must be further evaluated. Implementation of both control
strategies in the 25 kW, PROMETEO system will allows to
identify pros and cons of both strategies.

Opverall, in a global context, the work has shown how a high-
temperature SOE stack can be fully powered by intermittent
renewable energy sources, identifying methods to limit the stack
degradation during hot stand-by and providing solutions to
control hydrogen generation. Indeed, an effective hot standby
strategy allows to prevent stack degradation whilst minimiz-
ing the heat consumption, while hydrogen generation control
allows to increase the rangeability of the system, following
renewable electricity generation profiles. Therefore, these solu-
tions allow to extend the plant operation time, maximizing the
plant overall efficiency.

In relation to the PROMETEO project, the work has
provided valuable inputs for defining the pilot plant P&ID,
identifying the sensors and controllers to be installed and the
gas/mixture to be supplied in each operation mode, and pro-
viding hints on how to operate the system to guarantee a safe
and effective coupling with renewable electricity and heat.

The main limitation of this work is related to the testing of the
stack in laboratory environment for a limited time. Indeed, long-
term testing in relevant environment is required to validate the
findings and to prove the effectiveness of the proposed control
strategies. Thus, next activities include the implementation of
the proposed hot standby modes and control strategy options
in the PROMETEO pilot plant. During plant operations, the
stack performance will be monitored to proof the effectiveness
of the proposed strategies in limiting the degradation. Addition-
ally, stack and balance of plant consumptions will be monitored
to assess the efficiency of the system. The realization of a sim-
ulation model of the system, validated through the pilot plant
data, will allow to further optimize the system layout and oper-
ation strategy. The choice of the most efficient control strategy
option will be the basis for further development of the control
logic architecture of the PROMETEO plant.

NOMENCLATURE
BoP Balance of plant

CSP  Concentrated solar panel
FBK Fondazione Bruno Kessler
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FC Fuel cell
PV  Photovoltaic
P2G  Power to gas
P&ID  Piping and Instrumentation Diagram
SOE  Solid Oxide Electrolysis
SRU  Single Repeated Unit
TES Thermal Energy Storage
TRL Technology Readiness Level
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