
Abstract - To take advantage of the benefits related to
high-temperature Solid Oxide Electrolysis (SOE) systems for
hydrogen production with renewable and low-cost electricity 
and heat, the EU project Prometeo studies the integration of 
a SOE system with a CSP plant via thermal energy storage. 
The system will be tested in relevant environment for three 
different power-to-gas applications. Identified the layout of 
the 25 kWe pilot system built within the project and the 
required system operating modes, this work aims at 
proposing an effective system control strategy. An 
experimental campaign on a 5 kWe stack has been performed 
at FBK facility, to find out which parameters mainly affects
the hydrogen generation. Experimental results have shown
that, with low steam flow rates, the stack current and
flowrate of produced hydrogen mainly depend on the steam 
flowrate, while it is not affected by the stack temperature;
conversely, with high steam flowrates, the current depends 
only on the stack temperature. According to these results, two 
control strategies are here proposed to be implemented and 
tested on the Prometeo prototype, being the basis for a
further development of the control logic architecture and 
contributing to the optimization of the system performance.

Index Terms - Control strategy, Experimental tests,
Partial load operation, Solid Oxide Electrolysis.

I.  NOMENCLATURE

BoP Balance of Plant
CSP Concentrated Solar Panel
FBK Fondazione Bruno Kessler
FG Forming Gas
HTF Heating Thermal Fluid
PI Proportional-Integral
PFD Process Flow Diagram
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

II.  INTRODUCTION

With the increasing utilization of intermittent 
renewable energy sources, electrolysis technologies have 

a fundamental role in linking the electrical grid to the gas 
and thermal grids, allowing the decarbonization of the 
sectors which cannot be electrified [1]. 

Among the different electrolysis technologies, the Solid 
Oxide Electrolysis (SOE) system, working at high 
operating temperatures (about 700°C), shows some 
advantages with respect to the commercial low-
temperature technologies, although the lower TRL.
Among the advantages, it has the potential to reach a 
higher electrical efficiency [2-4], it can be used for 
cogeneration of heat and electricity, and it can be operated
in fuel cell mode to generate electricity from hydrogen 
(i.e., it is a reversible system) [5].

However, to enabling these systems to work at high 
temperature, 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, but also to 
compensate the thermal losses and keeping the system at 
the defined operating temperature [6]. Thus, besides 
improving the electrolysis stack components and assembly 
to enhance performance and limit the degradation, at 
system level the research is focused on the improvement 
of heat management [7]. An optimize thermal integration, 
allowing to recover much more heat as possible from the 
exhaust gas to preheat the inlet flows, is fundamental to 
minimize the need of external heat, whose contribution is 
however not negligible. External heat sources are therefore 
required [8]. Thus, supplying the system with low-cost 
heat results necessary to exploit the advantage derived by 
the high-temperature operation, minimizing the electricity 
consumptions, and maximizing the electrical efficiency. 
Possible solutions include the utilization of waste heat [9]
or of renewable heat sources, such as geothermal energy 
[10,11] or solar heat [12].

A. Prometeo Project
In this framework, Prometeo project [13] is a European 

Horizon 2020 project aiming at designing, building, and 
testing an electrolysis system based on SOE cells and fully 
integrated with a renewable power source (namely, a 
photovoltaic field or wind turbines) and a Concentrated 
Solar Power (CSP) unit. The innovative system will be 
able to produce green hydrogen using renewable power 
and heat coming from the sun. Alternatively, the 
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reason. Additionally, forming gas can be used instead 
of hydrogen during warm-up or hot stand-by. The 
main components include valves and flow 
controllers. FG lines are not represented in Fig.1.

because it flows thought the same piping and devices 
of hydrogen, replacing it in the previously defined 
situations. 

Fig. 1. Preliminary layout of Prometeo pilot plant

B. Plant operation modes
Defining how the system works, in term of hydrogen 

generation flowrate or of absorbed electrical power and 
heat, is important to optimize the design and the control of 
the system. For this reason, different case studies for the 
SOE system have been defined within the project. The 
definition of the case studies allows identifying the 
operation modes in which the system must work. Each 
operation mode is characterized by a specific hydrogen 
generation, power, and heat consumption, but also by 
specific operating conditions (temperature, pressure, 
flowrates of steam and air, etc.)

Three case studies have been identified to be tested 
within the project. They are Power to Gas (P2G) 
applications, related to the production of hydrogen for uses 
which differ from electricity generation. The three 
identified case studies, differing for conditions and 
requirements both upstream and downstream the 
electrolysis system, are:

i) Production of ammonia with both grid- and PV-
generated electricity. In this case a constant
generation of hydrogen is required to produce
ammonia. Thus, the electrolyzer 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, hydrogen 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 electrolyzer to work 
at full load since a constant supply of electricity is 
provided by power grid connection.

iii) 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 maximum 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 H2 when the 
available power is reduced. Additionally, a hot 
stand-by mode and a night mode are required to keep 
the system hot when electricity is not available in 
order to start rapidly the system and generate
hydrogen when the electricity is available again.

A comparison of the presented case study shows that a
constant hydrogen generation is required by the chemical 
plant in case i), while intermittent generation is admitted 
in case ii) and iii). Additionally, a continuous supply of 
electricity is possible in case i) and ii), while the electricity 
supply cannot be constant in case iii).

From the requirements of the three applications, the 
following operation modes required for the system are 
identified:
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control system acts to keep a 10% volume of hydrogen in 
the overall steam and hydrogen flow entering the stack. 
Before each ramp-up of the water flowrate, the system 
temperature setpoint is increased. The temperature 
setpoints ranges from 670°C to 760°C, with a temperature 
step of 10°C. The temperature of the air at stack outlet
(magenta line in Fig. 3 b)), which is representative of the 
stack temperature, has negligible oscillations related to the 
steam flow rate fluctuation, thanks to the action of the 
control system. Additionally, it is possible to see the 

temperature increase during 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 constant until 
the end of the test. However, some sudden drops in the 
stack voltage are present (vertical red line in Fig. 3 b).
They are related to failures of test bench operation, such as 
high pressure within the stack or failure in the cathode 
heaters.

Fig. 3. 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.

The resulting current (blue line in Fig. 3 a)), which is 
the uncontrolled parameter, increases when the water 
flowrate increases, and vice versa it decreases when the 
water flowrate decreases. 

The resulting steam utilization factor (black line in 
Fig. 3 c)) shows values above 100%, which is unfeasible. 
This highlights that the water flowrate at steamer inlet is 
not equal to the steam flowrate at stack inlet. The reason is 
possibly related to mass transport delays or delays in the 
control of the steamer. This highlights that, for a more 
precise characterization of the transients, a direct measure 
of the steam flowrate entering the stack is required. 
However, this improvement was not possible in the test 
bench used in this experimental campaign, and the 
following analysis is based on the water flowrate entering 

the evaporator.
To better investigate the effects of temperature and 

steam flowrate on the stack current, the values measured 
when the pre-heating phase is completed and when the 
stack is operated at thermoneutral voltage (admitting an 
error equal to 0.2 V) have been selected. As an example,
Fig 4 shows the selected data over 13 hours of operation,
corresponding to the water ramp-up and ramp-down at 740
°C, 750 °C and 760 °C. The figure confirms that the 
flowrate of water at steamer inlet is not equal to the steam 
flowrate at stack inlet. Indeed, in Fig. 4 a), the stack current
starts increasing only about 5-10 minutes after the water 
flow rate. The same happens during the water ramp-down, 
which precedes of few minutes the current drop. For 
example, when the water flowrate reaches the minimum 
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intermediate or the highest value. Conversely, the current 
fluctuations with the hydrogen fraction in the overall 
hydrogen and steam flow are not appreciable at this 
timescale. As an example, when the stack is at 
thermoneutral voltage and the stack temperature is equal 
to 670°C: i) the stack current increases of 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 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); ii) the effect on the 
current of the hydrogen flowrate is negligible since when 
it increases from the minimum to the maximum value (x4 
or more), the current drops of 3 A maximum (e.g., from 
32 A to 29 A at the highest water flowrate).

Fig. 6. 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 at system inlet and computed steam utilization.

The computed steam utilization (black line in Fig. 6 c))
decreases when the water flow rate increases. 
Additionally, also in this case, steam utilization values 
above 100%, obtained when the water flowrate suddenly 
decreases, highlight that the water flowrate at steamer inlet 
(used to compute the utilization factor) and the steam 
flowrate at steamer outlet (determining the current) are 
different.

The percentage of hydrogen in the overall hydrogen and
water flow is shown in Fig. 7. The minimum hydrogen 
fraction tested is 10%, since it is the minimum values 
required to have 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 flowrate. 

Fig. 7 – Hydrogen fraction in the overall hydrogen and steam flow over 
time in test Phase 2.

Fig. 8 shows the values of the stack current as a function 
of the water flowrate at steamer inlet, for different stack 
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constant voltage and differing for 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, ii) varying the 
stack temperature while the steam flowrate is controlled to 
have a low steam utilization. In both options, 10 control 
loops have been defined to guarantee a reliable and 
effective control of the systems, with the aim of flexible
and efficient operation. 

The work has provided valuable inputs for the system 
PFD finalization and for the preliminary definition of the 
final P&ID. The two control strategy options will be 
implemented in the Prometeo pilot plant to be tested in a 
relevant environment. The choice of the most efficient 
control strategy option will be the basis for further 
development of the control logic architecture.
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