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that are necessary to allow rSOC systems to be profitable. Finally, the system’s application 
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Figure 32: Influence of grid fee in the scenario year 2050 for two storage investment costs (1 €/kWh 
and 8 €/kWh) and  a rSOC system operated in FC with H
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A B S T R A C T   

The reversible operated high temperature solid oxide cell system (rSOC-System) seems to be a promising tech-
nology, enabling our future energy system to cope with the challenges of the transition to renewable electricity 
production and electri昀椀cation. The rSOC-System provides energy storage capabilities and connects different 
energy carriers. This work provides insights into the coupling possibilities of such a system to industrial pro-
cesses. Based on previously published investigations a 昀氀owsheet for the rSOC-System is chosen and described. To 
enable a quantitative analysis of the interaction with industries, a simulation model for this rSOC-System is 
created. This model is used for creating energy conversion and ef昀椀ciency maps, which are then discuss with 
respect to the system behaviour. The increase of the system’s conversion ef昀椀ciency is determined for a selection 
of thermal coupling and operation scenarios. This work concludes with an analysis of the scenario dependent 
effect of heat coupling and the consequences for the integration of a rSOC-System to industrial processes.   

1. Introduction 

For reaching climate goals not only the expansion of renewable en-
ergy sources is crucial, but also to 昀椀nd ways for dealing with their vol-
atile nature. Grid strengthening, storage solutions and a multi-energy- 
system with closely connected energy carriers will be inevitable in the 
future. Among others, reversible Solid Oxide Cell (rSOC) systems may be 
a key technology to provide 昀氀exibility for balancing volatile production 
and demand. They produce hydrogen in electrolysis cell (EC) and elec-
tricity in fuel cell (FC) mode. In FC operation either previously stored 
hydrogen or natural gas from the grid can be used as fuel, whenever the 
electricity prices are high enough to make this operation economical. In 
times of low electricity prices hydrogen can be produced. This high 
昀氀exibility enables a high numbers of economical operation hours and 
reduces therefore the relative investment costs and the relative envi-
ronmental impact connected with the system’s manufacture. 

Live cycle assessments were conducted by Gerloff et al. [1], Smith 
et al. [2] and Zhao et al. [3] for alkaline, PEM and SOEC electrolysis. 
They came to the same result, that for SOEC electrolysis systems, the 
impact on global warming is the lowest. The rSOC-System consist of the 
same core components as the SOEC electrolysis system but adds the 
possibility of the FC operation. Therefore, rSOC-Systems are of high 
interest for all efforts to reduce the CO2 emissions connected to human 
activities, even though currently PEM electrolysers and fuel cells are 
clearly leading this transition. 

The rSOC-Systems have already been subject of different scienti昀椀c 
investigations. Here we give an overview on the different topics 
addressed by other research groups. Reznicek et al. [4] looked at the 
balance of plant components’ off design performance and also consid-
ered 昀氀oating piston tanks. In another publication of the same two au-
thors [5] a synthetic gas production and reversible operation with an 
optimisation of levelized costs of product were considered in a setup 
with natural gas and CO2 infrastructure. Srikanth et al. [6] made a study 
of transient operation strategies. Frank et al. [7] optimised internal 
waste heat recovery to reach high plant ef昀椀ciencies. Sorrention et al. [8] 
determined the optimal plant con昀椀guration for microgrid application. 
Hutty et al. [9] investigated the rSOC-System as energy storage for a 
microgrid and its economic potential [10]. Zhang et al. [11] analysed 
the optimal dispatch of a rSOC-System in a scenario with wind pro-
duction. Giap et al. [12] studied a system with a waste heat fuelled boiler 
and investigated different recirculation concepts. The same group of 
authors [13] investigated the thermal coupling to a metal hydride 
hydrogen storage system. Mottaghizadeh et al.[14] studied the impor-
tance of thermal energy storage in an rSOC-System and demonstrated 
the effect on the system ef昀椀ciency. With a different group of co-Authors 
Mottaghizadeh [15] investigated an island application in a stand-alone 
building. Lamagna et al. [16] investigated the application of rSOC- 
Systems in buildings and with different co-Autors [17] the integration 
to wind parks. Königshofer et al. [18] performed measurements in the 
laboratory concerning the operation of a stack for a large-scale rSOC- 
plant. Posdziech et al. [19] reports on results from pilot plants connected 
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to industries and the potential of such applications. Schwarze et al. [20] 
analysed a plant producing hydrogen and offering grid services by 
producing electricity, at the site of a steel plant. Singer et al. [21] rSOC 
operation strategies for market price time series in Denmark. This and 
further literature is discussed in section 2.1 with respect to the investi-
gated system layouts, together with the here proposed 昀氀owsheet. 

1.1. Remaining gap in the current state of research 

The topic of many research groups, in the 昀椀eld of rSOC-System 
application, is its good integration to energy systems and the role of 
thermal energy storage or supply. This underlines the importance of 
understanding the coupling possibilities of the system. The industry 
integration enables strong coupling possibilities for different energy 
carriers (electricity, heat, hydrogen, oxygen). As a result, high system 
ef昀椀ciencies as well as multi revenue-streams are possible and grid strain 
is reduced by being close to the consumer. Despite its attractivity, there 
is no detailed literature available on the rSOC-industry coupling and the 
quanti昀椀cation of its advantages for the system. In the research presented 
here we are focusing on the integration of a rSOC-System to industrial 
processes. 

1.2. Open research questions and structure of this work 

The aim of this work is to bridge the gap of knowledge related to the 
rSOC-industry coupling described in section 1.1. 

The research questions addressed in this work are:  

" How can the coupling of an rSOC-System with industrial sites look 
like?  

" What is the thermal behaviour of the rSOC-System?  
" How do the different coupling possibilities effect the ef昀椀ciency of the 

rSOC-System? 

Another aim of this work is to lay the foundation for a quantitative 
economic evaluation by means of operational optimisation based on 
time series. 

This publication starts with an explanation of the coupling possi-
bilities of rSOC-Systems and industries by streams of heat, hydrogen and 
electricity (section 2). Secondly, the methods for studying this integra-
tion are explained (section 3). This is followed by the results and the 
discussion (section 4) for the simulation of the rSOC-System behaviour. 
In this section the advantage of thermal coupling to waste heat is 
quanti昀椀ed. The conclusion section (section 5) contains the most 
important messages that can be drawn from the presented results. 
Finally, an outlook is given on how this present work can be a basis for 
future studies. 

2. The RSOC-System and interaction with industrial waste heat 

2.1. Basics of the rSOC-System and its coupling possibilities to industrial 
processes 

The here investigated rSOC-System consists of a high temperature 
electrolyte supported electrochemical cell stack and the balance of plant 
components necessary for the operation. This system setup was already 
described by Paczona et al. [22,23] in detail and is illustrated in Fig. 1. 
Similar designs were already proposed in Literature. Reznicek et al. 
[4,5] investigated a system operated with syngas, that is cycled in a 
closed system, and with methane from the gas grid. This system is based 
on earlier concepts of Kazempoor et al. [24]. Their system includes on 
the air side a recirculation system and they modelled the internal heat 
recovery of the 昀氀uids in detail. Frank et al. [7] used pure hydrogen and 
air, with a fuel recirculation system and investigated different heat re-
covery possibilities including a catalytic afterburner. Giap et al. [13] 
studied with his colleagues a rSOC-system where waste steam is used in 
electrolysis operation and a part of the produced hydrogen stream is 
recirculated. In their system the hydrogen is stored in a metal hydride 
hydrogen storage and the released waste heat is utilized for production 
of steam. In fuel cell operation hydrogen is dried and recirculated and 
heat of the air stream is used to supply the endothermic discharge of the 
metal hydride storage. Motylinski et al. [25] use a system operating with 
hydrogen, water and air, that has a fuel recirculation system. Singer [21] 
addition included the possibility of operating the system with methane 
from a gas grid, which is making this system most similar to the one 
investigated in this work. The rSOC-System studied here (Fig. 1) is 
operated with hydrogen or methane in FC operation, while oxygen from 
air acts as oxidant. A recirculation path on the side of the exhaust fuel, 
active in both operation modes and driven by fan, ensures high system 
ef昀椀ciencies and within fuel utilisation limits of the stack. 

The different system operation modes considered in this work are:  

" Fuel Cell operation (FC)  
o FC operation with hydrogen as fuel (FC-H2)  
o FC operation with methane from a gas grid as fuel (FC-CH4)  

" Electrolysis Cell operation (EC), with the option of storing the 
hydrogen or providing hydrogen to external processes or market. 

In FC operation, hydrogen (H2) or methane (CH4) are considered as 
fuel gas entering from the point 1 in Fig. 1, while air enters at point 2. 
Both gas streams are preheated in internal heat recovery heat ex-
changers (Fuel HX and Air HX) before entering the electrochemical cell 
stack. In the stack the oxygen ions are transported through the electro-
lyte at around 750 çC from air to fuel channel. The driving force is the 
difference of the electrochemical potential of the two electrodes in the 
gas streams. This potential difference multiplied by the ion charge 
transfer equals the externally utilizable electrical energy. In the fuel 
channels, on the electrode surface, the exothermic reaction of hydrogen 
and oxygen to steam is taking place. A part of the released reaction heat 
is used for preheating the incoming gas streams. However the overall 
system is net exothermic and heat can still be extracted for external use 
(e.g. industrial processes or district heating) at temperatures of up to 
700 çC at the high temperature heat exchanger (HT-HX), as indicated in 
Fig. 1. When operated with natural gas, a larger share of the reaction 
heat is used internally, to supply the endothermic methane steam 
reformation. This reaction takes place in an external reformer just before 
the fuel enters the stack (CH4-Reformer). The depleted fuel gas, after the 
stack and passing the heat exchanger (Fuel HX), is mainly recirculated. 
The recirculation path includes a condensing heat exchanger (Fig. 1, 
Cond. 1), where cooling below the dew point takes place. The conden-
sation and removal of water from the recirculation stream has a positive 
effect at the system ef昀椀ciency, as the hydrogen partial pressure stays 
high. A mechanical fan (recir. Fan) is considered as driver for the 
recirculation. In FC operation depleted exhaust fuel gas is burned 

Nomenclature 

rSOC-System reversible Solid Oxide Cell System 
EC operation of the system in electrolysis cell 
FC operation of the system as fuel cell 
Pel system net electric power 
Pstack electric power of the electrochemical stack 
ÛQth thermal energy 
H2 molecular hydrogen 
CH4 methane, natural gas 
fi thermal coupling factor in operation mode i 
ηi Ef昀椀ciency in the operation mode i  

D. Banasiak et al.                                                                                                                                                                                                                               
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together with exhaust air (Catalytic Burner Fig. 1) to increase the 
extractable waste heat. The combined exhaust gas stream after this 
combustion is used to preheat the incoming air, before leaving the sys-
tem at point 4. 

In EC operation, which is the reverse of FC-operation, water enters 
the system at point 1 in Fig. 1. An air stream, entering at point 2, is not 
needed as a reactant, but is used to control the stack temperature. The 
water is evaporated either by electric heat generation or other heat 
sources. If waste heat (e.g. from industrial processes) is available, it can 
be utilized here to signi昀椀cantly increase the system ef昀椀ciency. In elec-
trolysis operation the preheating of the incoming gases with heat re-
covery exchangers (Fuel HX and Air HX in Fig. 1) is not suf昀椀cient and 
electric heaters for fuel (Fuel e-heater) and air (Air e-heater) must 
further increase the temperature. In the stack, at the electrode surface, 
the steam molecules are dissociated. The oxygen ions can then be 
transported to the air side of the stack by applying an electric 昀椀eld, that 
is higher than the electrochemical potential difference of the electrodes. 
This potential difference and the electric current associated with the 
transport of oxygen ions is the electric power that must be applied to the 
system. Due to this oxygen transport, the air becomes enriched with 
oxygen. Hydrogen together with steam stays on the steam side of the 
stack. If the electric power applied to the stack in EC operation would be 
increased, at some point the stack internal losses generate enough heat 
to equal the thermal energy demand in the stack. This point is known as 
the thermoneutral point. Above this point no thermal energy input from 
additional components (electric fuel and air heater) is necessary. The 
hydrogen enriched steam, that is generated in the stack can be recir-
culated. In electrolysis operation it is advantageous to cool the recir-
culated stream only slightly in the condenser (Fig. 1 Cond.1). Ideally the 
steam should not fully condense but be reused for another pass through 
the electrochemical stack. However, the recirculation blower demands a 

temperature limitation to 80 çC, which causes signi昀椀cant condensation. 
Before the hydrogen can be stored or consumed by industrial processes 
(Fig. 1 point 3), the water content must be reduced by another condenser 
(Fig. 1 Cond.2). 

2.2. Industries waste heat availability and coupling possibilities 

The energy intensive industries shown in Table 1 and the energy 
extensive industries in Table 2, in accordance with results from the 
project “Abwärmekataster Steiermark” [26], are determined as suitable 
candidates for the integration of an rSOC-System. Furthermore, other 
metal producing industries besides steel were identi昀椀ed as promising, as 
they have large waste heat potentials at temperatures above 100 çC. In 
Table 1 the source of heat, that can be used for steam production in 
electrolysis mode, is shown together with the corresponding tempera-
ture and typical heat 昀氀ow rate. In cement, glass, refractory and steel 
production the waste heat, which is available in form of gas streams, can 
be used directly to produce steam at 1 bar for the electrolysis operation. 

Fig. 1. Flowsheet of the considered rSOC-System with recirculation of the stack exhaust fuel and its thermal coupling possibilities: industrial waste heat can be 
integrated in electrolysis cell operation (EC) for steam production at the evaporator, replacing an electric energy demand, then hydrogen is generated with high 
electric ef昀椀ciency. In fuel cell operation (FC) heat can be extracted from the HT-HX heat exchanger at high temperatures (>700 çC) and is utilizable additionally to 
the generated electricity. 

Table 1 
Energy intensive industry key heat sources for coupling with rSOC-System and 
temperature and heat 昀氀ow for typical plant sizes in Austria.   

Cement Glass Lime Refractory Steel 
Heat source Clinker 

cooler, 
raw gas 

Flue gas: 
before/after 
e-昀椀lter, 
annealing 
oven 

Flue 
gas 

Flue gas Flue gas: 
Sinter, LD- 
converter 

Temperature 
in çC 

300 380 – 500 70 – 

100 
180 – 300 110 – 140 

Heat 昀氀ow in 
MW 

10.4 3.8   3 – 7  
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In lime production the temperatures are slightly below 100 çC, so that 
high temperature heat pumps would be required. However, in this case 
one must consider additionally the ef昀椀ciency of the heat pump and its 
investment costs. 

The industries presented in Table 1 are in 昀椀rst order running 
constantly all year long with interruptions only by scheduled mainte-
nance. This means, that the waste heat is available nearly constantly. 
However, there are batch processes involved, for example the LD- 
converter in a steel plant. In this case the waste heat 昀氀ow must be 
delivered continuously to the rSOC-System, since constant cycling of the 
rSOC-System would lead to fast degradation. In comparison, the costs of 
steam storage systems are low. Similar 昀氀uctuations appear in the cement 
industry, the internal heat demand increases when the raw material mill 
is operating. That means, whenever this mill is operating, the available 
waste heat is reduced. Simultaneously, the raw material mill causes high 
peaks in electricity consumption. The rSOC-System’s FC operation can 
be used in this case for peak shaving. Similar mills are used in lime-, 
refractory- and steel (sinter plant) production. A different reason for 
昀氀uctuations in availability of process waste heat was identi昀椀ed in the 
refractory production. Here, depending on the product type, an addi-
tional cooler is activated after the cooling zone in the tunnel oven. This 
non continuously operating cooler is generating additional utilizable 
waste heat. 

Energy extensive industries can also be interesting for the coupling 
with an rSOC-System especially if the waste heat is above 100 çC. A 
selection of investigated industries ful昀椀lling this criterion is shown in 
Table 2. The heat 昀氀ow rate of these industries is signi昀椀cantly lower than 
of energy intensive industries. 

The integration to industries, of Table 1 and Table 2, allows the 
utilisation of process waste heat by the evaporator of Fig. 1. Addition-
ally, many locations of energy intensive industries, especially the ones 
shown in Table 1, have a connection to a district heating network. This 
utilization of the process waste heat in a district heating network re-
duces the heat, that is available for integration in the rSOC-System’s 
evaporator. From a 昀椀rst point of view, a district heating network is 
therefore competing with the heat demand of the rSOC-System’s EC 
operation. However, the fuel cell operation with natural gas can be the 
main operational mode in winter, so that even more heat for district 
heating can be provided. In such an operation strategy other heat gen-
eration units like gas boilers or heat pumps can be replaced. In summer 
on the other hand the heat demand in district heating is low, allowing an 
unreduced waste heat utilization in electrolysis mode. Furthermore, it is 
predicted that in future there will be an excess of renewable electricity 
during summer months while there will be a shortage of renewable 
energy during the winter months. This matches perfectly this industrial 
pattern of a favourable EC operation mainly in summer months and FC 
operation mainly in wintertime. This implies, that industries which can 
provide waste heat at a suitable temperature and are connected to a 
district heating network, are very likely to enable a highly bene昀椀cial 
thermal coupling both in FC and EC operation mode. 

Theoretically, it would be interesting to 昀椀nd industries, that offer 
both a waste heat source for steam production and processes with high 
temperature heat demand. In this case the EC operation could be oper-
ated with steam produced by industrial heat and the heat produced in FC 
operation could be utilized by another industrial process with a mini-
mized loss of exergy. The rSOC-System can consume heat at ~100 çC at 
times of EC operation and providing heat at 700 çC during FC operation. 
In this way the system can provide the service of a high temperature heat 
pump together with the time decoupling of a storage. However, such 

pattern of processes was not found in the investigated industries. 
In the future many industrial high temperature processes, in the 

effort of becoming climate neutral, will switch from fossil energy sources 
to hydrogen (e.g. hydrogen direct reduction in steel plants). This means 
that an ef昀椀cient hydrogen production on site is of high interest. 

3. Methods 

In this section we discuss the methods employed in our investigations 
of the impact of thermal coupling on the ef昀椀ciency of the rSOC-System. 
It is divided into two subsections. At 昀椀rst is presented the approach used 
in modelling the rSOC-System (shown in Fig. 1). This model allows us to 
perform system simulations, understand the behaviour and create per-
formance maps. Secondly, we describe the calculation of the system 
ef昀椀ciency for single operation modes, the round-trip operation and in 
scenarios. This is used to quantify the effect of the thermal coupling to 
industries. 

3.1. Modelling approach of the rSOC-System 

In our study we made use of computer simulations to reproduce the 
behaviour of a 5 kW FC and 15 kW EC System. The simulations were 
based on thermodynamic steady state models of the rSOC’s components 
like heat exchanges, condensers, the recirculation system and a semi- 
empirical model of the electrochemical stack, that was provided by 
AVL List GmbH. A detailed description of this model, enabling design 
and off-design calculations, with all relevant parameters was already 
published by Paczona et al. [22,23]. The modelling was done in the 
environment of Dymola [27] from Dassault Systems. The data for the gas 
mixtures was taken from the NASA ideal gases data implementation in 
Dymola. We determined the design parameters for the system compo-
nents through a parameter sweep which includes engineering knowl-
edge (e.g. the design pinch point temperature difference of the heat 
exchangers was set to 10 K). The optimum setting of internal system 
parameters (recirculation rate and fuel utilization) within the allowed 
operation range were determined for different part load points through 
an optimization algorithm which maximizes the system’s ef昀椀ciency. The 
fuel utilization at stack level was limited to a maximum of 0.8 according 
to the stack limitations and in accordance with literature [28–31]. By 
optimising the recirculation rate and fuel utilization, these parameters 
are 昀椀xed, so that a real-world system at the end of its development cycle, 
is represented most accurately. The stack operation temperature for all 
simulations was set to 750 çC. Furthermore, assumptions about the 
thermal control strategy had to be made: In our model, by controlling 
the air mass 昀氀ow and its temperature, we can ensure a maximum tem-
perature difference, between any two of the in- and outcoming gas 
streams of the stack and the stack itself, of below 100 K. This thermal 
control strategy for the stack is used also by Preininger et al. [30,32]. It 
ensures that the stack does not experience spatial temperature differ-
ences of more than 10 K/cm [29] in order to avoid high degradation or 
destruction. As a result of this constraint, the heating and cooling rates 
in the here considered planar stacks must be limited to 1 K/min up to 10 
K/min [18,29,33]. This means that a cold start for these systems most 
likely takes one to two hours. However, as the system reached its 
operational temperature of 750 çC the change of operation mode (EC, 
FC) can happen in a few minutes [6,19,28]. 

The energy consumption of the compressor in the hydrogen storage 
system was simulated in Python with the help of the PropSI function of 
the CoolProp package [34]. In this model the temperatures for start, 
intercooling and end of the compression were chosen to be equal. Four 
compression stages were chosen for the compression from 1 bar to 300 
bar. In each stage an adiabatic process is simulated and an isentropic 
ef昀椀ciency of 0.92 and electric ef昀椀ciency of 0.98 is considered. These 
ef昀椀ciency values were obtained from the calibration with the datasheet 
of the ionic piston compressor (IC90) of the Linde Hydrogen FuelTech 
GmbH [35]. 

Table 2 
Typical heat 昀氀ow for waste heat above 100 çC of selected energy extensive 
industries.   

Meat-processing Brewery Textiles Grain mill 
Heat 昀氀ow in kW 51 1200 75 47  
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3.2. System ef昀椀ciency in different operation modes 

The effect of thermal coupling between the rSOC-System and in-
dustries is investigated based on the steady state ef昀椀ciencies which are 
de昀椀ned in this section. The ef昀椀ciency of the rSOC-Sytem is given by the 
ratio of useful energy output divided by the needed energy input. 

In fuel cell operation the energy input is solely the energy stream of 
the fuel (Pfuel), which can be hydrogen or natural gas. The useful elec-
tricity output (Pel) in this operation is the electric power produced by the 
stack (Pstack), which is decreased by the system self-consumption for the 
air fan (Pfan) and the recirculation blower (Prec.). An additional useful 
energy output can be the heat stream from the HT-HX heat exchanger 
( ÛQHT−HX, see Fig. 1). In case of operation with natural gas, a part of this 
heat stream is used to supply the steam reformer ( ÛQreformer). This is 
needed to pre reform the natural gas into hydrogen before entering the 
stack, where internal reformation takes place as well. The net heat 
stream leaving the system ( ÛQth). is the difference of those two heat 
streams. By multiplying this heat 昀氀ow with a thermal coupling factor 
(fFC), that is equal to zero in case of no and one in case of full heat uti-
lization, we end up with equation (1) for the system ef昀椀ciency in fuel cell 
operation (ηFC). 

ηFC =
ÛEout,FC

ÛEin,FC

=
Pel + ÛQth

Pfuel

=
Pstack − Pfan − Prec. + fFC "

(

ÛQHT−HX − ÛQreformer

)

Pfuel

(1) 

By setting the thermal coupling factor to one, we assume explicitly 
that the excessive heat and produced electricity are equal in quality. This 
is well justi昀椀ed for high temperature processes acting as heat sinks or in 
any other case where chemical energy, which has an exergy content 
almost equal to electricity, is converted to heat. In some cases, one might 
prefer to weight the heat by using the Carnot-factor, in which case the 
used energy is the exergy content. This is a good approach especially in 
case when there are low temperature heat consumers connected, like a 
district heating grid. 

In electrolysis cell operation, the ef昀椀ciency (ηEC) is almost the inverse 
of the one in fuel cell operation. However, an additional term must be 
added to the total electric energy consumption (Pel), the consumption of 
the electric high temperature heaters (Pe-heater), which are only active in 
the endothermic electrolysis mode. Furthermore, the net thermal energy 
demand ( ÛQth) is the difference of the heat demand of the evaporator 
( ÛQEvaporator) and the internal available heat ( ÛQHT−HX). By introducing 
another thermal coupling fraction for EC operation (fEC) we arrive at 

equation (2). This thermal coupling fraction is introduced in such a way, 
that it re昀氀ects no waste heat availability for evaporation in case being 
equal to zero and fully coverage of heat demand in case of being equal to 
one. 

ηEC =
ÛEout,EC

ÛEin,EC

=
Pfuel

Pel + ÛQth

=
Pfuel

Pstack − Pfan − Prec. − Pe−heater + (1 − fEC) "
(

ÛQEvaporator − ÛQHT−HX

)

(2) 
Again, we assume here, that the quality of heat and electricity is 

equal. This is perfectly justi昀椀ed, if the energy demand in the evaporator 
is covered electrically, in case there is no suitable waste heat source 
available. 

With the de昀椀nitions of the ef昀椀ciency in the operation modes in 
equation (1) and equation (2), the round-trip ef昀椀ciency is simply the 
product of the ef昀椀ciency in fuel cell operation and electrolysis operation 
as can be seen in equation (3). 
ηRT(fFC, fEC) = ηFC(fFC) " ηEC(fEC) (3) 

This de昀椀nition is only applicable to the case of a closed hydrogen 
side, where hydrogen is produced via electrolysis and the same amount 
is consumed in FC operation. However, this is not a round-trip ef昀椀ciency 
of a closed system, as the origin and destination of the heat streams is not 
accounted for. In this way we assume, that no additional energy is 
needed to provide external available waste heat or to further use the 
heat extracted at the high temperature heat exchanger (HT-HX). 

In case of an open system, methane can be taken from a gas grid and 
hydrogen can be also sold to a market instead of converting it back to 
electricity. Then the overall scenario system ef昀椀ciency (ηS) can be 
de昀椀ned as the quotient of the sum of the energy produced and leaving 
the system in all timesteps and the energy imported over the system 
boundaries, according to equation (4). This corresponds to the real 
conversion ef昀椀ciency, that can be reached in speci昀椀c scenarios. Intro-
ducing operation hours (hi) for all possible operation modes allows us to 
derive the explicit form for calculating scenarios, as shown in the 
continuation in equation (4). Here it is not explicitly written that one 
operation modes can also have different ef昀椀ciencies, these contributions 
must simply to be added accordingly to the summations in the numer-
ator and denominator. It shall be also noted that the consumption of 
hydrogen in FC operation reduces the output of hydrogen produced in 
EC operation, as self-consumed hydrogen does not leave the rSOC- 
System, as is visible in the numerator in equation (4). In this way we 
do consider explicitly the case that, the consumed hydrogen of FC 
operation is previously produced by EC operation.   

In the calculations in section 4.2 four different possibilities for the 
coupling to industrial waste heat sources and sinks are considered. In the 
case f = 0 there is no thermal coupling present. For the case fFC = 1 there 
is a heat sink present but no heat source and in case fEC = 1 it is exactly 
the other way around, with an available heat source but no sink. In the 
case f = 1 both, thermal couplings for EC and FC operation, are 
considered. 

ηS =

3

t,i

ÛEsys−out,i(t)(t) ÛE

3

t,i

ÛEsys−in,i(t)(t)

=
hFC,H2 " ηFC,H2 " ÛEin,FC + hFC,CH4 " ηFC,CH4 " ÛEin,CH4

hFC,CH4 " ÛEin,CH4 + hEC " ÛEin,EC

+
hEC " ηEC " ÛEin,EC − hFC,H2 " ÛEin,FC

hFC,CH4 " ÛEin,CH4 + hEC " ÛEin,EC

(4)   
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3.3. Validation of the model part load behaviour 

The model validation was performed by analysing the agreement of 
the part load ef昀椀ciency curve with the laboratory measurement data of 
Peters et al. [28], as can be seen in Fig. 2. The date of our model was 
calculated for the same conditions (fuel side recirculation rates and fuel 
utilisation) as in the laboratory set up of Peters et al. However, the 
electrochemical stacks under investigation are different. This results in 
lower maximum current densities for our system of 0.3 A/cm2compared 
to 0.5 A/cm2 for the system used by Peters et al. In Fig. 2 A) we see that 
the slope of our curve and the slope of the measurement points of Peters 
et al. is very similar and the absolute values are in good agreement. The 
shift of the points of Peters et al. towards higher current densities, can be 
due to slightly different electrical properties of the cell stack. In EC- 
mode, which can be seen in Fig. 2 B), the ef昀椀ciency of our model is 
higher than in the case of the reference system. If we would add an 
additional constant term of ÛQl = 1.8 kW to our considered heat losses, as 
is illustrated in Fig. 2 C), the ef昀椀ciency curve calculated by our model 
resembles the laboratory measurements of Peters et al. very well, as can 
be seen in Fig. 2 B). A constant heat loss term, that does not change with 
the system’s operation power is related to heat transfer through the 
system surface to ambient. Our model is aimed at depicting a future 
commercial system with good thermal insulation, this justi昀椀es this 
discrepancy between our model and the laboratory system of Peters 
et al. 

4. Results and discussion 

The results of the steady state simulations, described in section 3.1, 
were used to create ef昀椀ciency- and performance maps for the different 
operation modes (see Fig. 4 and Fig. 5). These performance maps enable 
the comparison of a standalone application to thermal coupling, to 
waste heat sources and heat consumers. Based on these results the in-
昀氀uence of thermal coupling is investigated in different scenarios. This 
subsection is divided into, 昀椀rstly, the overall system operational 
behaviour and conversion rates and, secondly, the in昀氀uence of thermal 
coupling on the rSOC-System ef昀椀ciency. 

4.1. Operational behaviour of rSOC-Systems 

The operation of the rSOC-System is characterized in FC operation by 
the conversion of fuel (H2 or CH4) to electricity. In EC operation the 
conversion of electricity and thermal energy to hydrogen is of interest. 
These conversion rates are shown in Fig. 4 for the three operation modes 
of the rSOC-System. Additionally, the relation between electric power 
and heat 昀氀ow as well as the compression energy consumption of a 
hydrogen storage can be seen in Fig. 4. 

In FC operation (see Fig. 4 A) the fuel consumption (Pfuel, solid lines) 
is a convex function of the electrical system output power (Pel). This 
means as the power increases the speci昀椀c fuel consumption increases as 
well. This results in the decrease of electric ef昀椀ciency as the electric 
power output increase, which is visible in Fig. 5 A and B. The reason for 
this convexity is an increasing internal resistance of the rSOC stack, as 
the load increases. This internal resistance increase is connected to the 
transport of hydrogen to the active electrode surface (concentration 
losses [24,36]). The heat generation of the stack is shown in dotted lines. 
In hydrogen operation the generated heat follows a similar trend as the 
fuel consumption ( ÛQth, black dotted line), as the increased internal 
resistance causes higher heat generation. However, in an operation with 
methane the high temperature waste heat, is lowered by the reformer’s 
heat consumption and does not show the same characteristics. The 
reason is that in the operation with CH4 the concentration losses in-
crease sharper and therefore more cooling air is needed, which in return 
increases the low temperature heat loss while more high temperature 
heat is needed for preheating the higher mass 昀氀ow of incoming air. In 
Fig. 3 the dependency of the extractable high temperature waste heat is 
shown for a wider operation range. Here in graph A it is visible, that in 
FC- H2 operation as well as in FC-CH4, the trend is similar. Which un-
derlines the argument that a higher air mass 昀氀ow needed for cooling 
reduces the high temperature extractable heat. However, with CH4 the 
decrease of waste heat happens already at a lower stack power of around 
5 kW compared to 7 kW in operation with H2. In Fig. 3 B the decrease of 

Fig. 2. Validation of the part load behavior in A) FC mode and B) EC mode. In B) it can be seen, that the model used by us in this work can be adjusted to the values 
obtained by Peters et al. by using an additional constant heat loss factor ÛQl which is set here to 1.8 kW. C) shows the heat loss behaviour in our system and the heat 
losses if an additional constant value of 1.8 kW is added. 

Fig. 3. A) Dependency of the high temperature net waste heat ( ÛQth) on the 
stack power in the two different FC operations, B) The HT-HX heat ( ÛQHT−HX) is 
reduced by the reformer heat ( ÛQreformer) demand to the extractable high tem-
perature heat ( ÛQth) in FC-CH4 operation. 
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the HT-HX heat is visible at high stack power of above 6 kW. However, 
the reformer heat consumption still increases, which results in the 
observed sharp decrease of extractable high temperature heat. The 
reformer heat demand increases in this model linearly with the stack 
current and since the power increases slower than linearly, the reformer 
heat increases faster than linearly with respect to the stack electric 
power. 

In electrolysis mode (Fig. 4 B) the hydrogen production (Pfuel) is 
linear with respect to the electric system power consumption (Pel). In the 
illustrated case the thermal energy demand of the evaporator is shown 
separately from the system electric power consumption. The reason for 
the linear relationship is the here investigated operation below the 
thermoneutral point (described in section 2.1). In the thermoneutral 
point the heat generated by electric losses in the stack would be equal to 
the heat demanded by the endothermic electrolysis reaction and thus 
not require any additional electric heaters. An operation below this 
point means that heat must be provided to the stack by such external 
heaters, to maintain a constant operation temperature. An increased 
electrolysis power means higher internal heat production through 
electrical losses and by the same amount the power demand of electric 
heaters is reduced. Therefore, the slope of the curve stays constant, 
which is approximately equal to the constant inverse speci昀椀c electricity 
consumption of stack plus heater. However, the heat losses of the system 
consist of a constant surface related part and a gas stream related part. 
The surface related part only depends on the geometry and temperature 
of the system. This means that it is a constant value decreasing the 
system ef昀椀ciency. The gas stream related part, on the other hand, de-
pends only on the 昀氀ow rate, which is related to the system power. 
Therefore, it effects the slope of the ef昀椀ciency-power curve but not its 
shape. The constant surface part of the heat losses makes the operation 
at high powers, close to the maximum limit of the system, favourable for 
reaching high ef昀椀ciencies, since the relative contribution of the surface 
related constant heat loss decreases. This can be seen in Fig. 5 C. The 

thermal heat requirement ( ÛQth, black dotted line) in the evaporator is 
mainly a function of the water mass 昀氀ow, as the speci昀椀c evaporation 
energy stays constant, in昀氀uenced only by the internal heat recovery 
system. It shows the same trend as the hydrogen production however by 
a factor of 7.5 smaller. 

Fig. 4 C shows the energy consumption in a hydrogen storage system 
as a function of the state of charge (SOC). The curves for different 
storage temperatures show a nearly logarithmic behaviour, although the 
compression is composed of four stages with intercooling. Furthermore, 
the increase of energy demand with increasing temperature is visible. A 
temperature increase from −10 çC to + 30 çC increases the compression 
energy demand by 25%. 

4.2. In昀氀uence of thermal coupling on the ef昀椀ciency of the rSOC-System 

According to equation (1) and (2) the ef昀椀ciency of the rSOC-System 
for the two extreme cases of thermal coupling, re昀氀ecting no and full 
coupling (f = 0 and f = 1), can be calculated. In hydrogen fuel cell 
operation, there is almost no difference in the ef昀椀ciency at low electric 
power between the case of pure electric (f = 0) and fully thermally 
coupled ef昀椀ciency (f = 1) as can be seen in Fig. 5 A. The reason is that, at 
low power all heat generated by the stack is needed to cover the system 
heat losses. As the load increases, the ef昀椀ciency without thermal 
coupling (f = 0) decreases, as the internal stack resistance increase, 
which causes more generation of unused heat. However, if the generated 
heat can be used (f = 1) the system ef昀椀ciency increases signi昀椀cantly with 
higher load, since the relative impact of heat losses decreases. 

The FC-CH4 operation (Fig. 5 B) looks for low powers like the 
hydrogen case. Right from the point where the two lines (f = 0 and f = 1) 
intersect (at 2.6 kW), there is waste heat available for external use 
( ÛQHT−HX − ÛQreformer in equation (1) is positive), which increases the ef昀椀-
ciency notably. However, the increase in ef昀椀ciency is not as pronounced 
as in the case of hydrogen, as there is much less excessive heat available. 

Fig. 4. Performance of a 5 kW / 15 kW rSOC-System, in its operation range for A) fuel cell mode with hydrogen and methane and B) electrolysis cell mode. Graph C) 
shows the energy demand at different temperatures relative to the hydrogen energy, for a storage allowing up to 300 bar at state of charge (SOC) equal to 1, for 
compression start temperatures of −10 çC, +10 çC and 30 çC. 

Fig. 5. In昀氀uence of thermal coupling on the ef昀椀ciency (calculated according to equation (1) and (2)) of a 5 kW / 15 kW rSOC-System A) in fuel cell mode with 
hydrogen, B) in fuel cell mode with natural gas and C) in electrolysis mode. 
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The reforming of methane to a hydrogen-rich gas mix uses most of the 
available heat. As discussed in 4.1 the available high temperature excess 
heat decreases at higher electric power and therefore the advantage of 
thermal coupling is the highest at moderate system load of 3.2 kW. At an 
operation below the intersection point at 2.6 kW, the internally gener-
ated heat is not suf昀椀cient to cover heat losses and the demand of the 
steam reformation. Therefore, this heat requirement reduces the ef昀椀-
ciency in f = 1, while in f = 0 it is not taken into account. 

In contrast to FC operation, the situation is different in EC operation. 
Here in both cases of thermal coupling the ef昀椀ciency increases with 
increasing electrical system power, as can be seen in Fig. 5 C. This in-
crease is because of the operation below the thermoneutral point, if this 
point would be crossed, the ef昀椀ciency would start decreasing if the 
power is increased further. Below the thermoneutral regime the elec-
trical losses, present as heat, reduce the electricity consumption of the 
high temperature heaters by the same amount. In addition, the relative 
contribution of losses to ambient have smaller impact and therefore the 
ef昀椀ciency increases with increasing power. 

In all cases of Fig. 5, besides low power in FC operation, the thermal 
coupling signi昀椀cantly increases the system ef昀椀ciency. However, the 
bene昀椀t of thermal coupling in the FC- CH4 operation is less pronounced. 

With the de昀椀nition for the round-trip ef昀椀ciency according to equa-
tion (3) we can calculate the ef昀椀ciencies of a system, that is operating in 
a closed hydrogen cycle. The results for this calculation are shown in 
Fig. 6, together with the ef昀椀ciency in the nominal points from the Fig. 5 
A and C. It is interesting that the round-trip ef昀椀ciency, for the case of 
thermal coupling only in FC-H2 operation (66%), is higher than in the 
case where there is a thermal coupling only in EC operation (61%). The 
ef昀椀ciency increased by + 12% and + 7% respectively compared to the 
case f = 0. When we consider a thermal coupling in both operation 
modes (f = 1) the round-trip ef昀椀ciency increases to 75%. Which is an 
increase of + 21% compared to an ef昀椀ciency of 54% in f = 0. In case the 
rSOC-System’s heat is used in district heating, heat pumps are a 
competing heat providing technology. In this case the ef昀椀ciency increase 
of the FC operation is decreased by the factor of the heat pump’s coef-
昀椀cient of performance, which is usually in the range of 2 to 3.5 
depending on ambient conditions. This would result in a lower ef昀椀ciency 

increase in FC operation of only + 4% to + 8% and the increase of the 
round-trip ef昀椀ciency would be only + 3% to + 6%. 

The calculation of open system scenarios is possible with the 
approach in equation (4) and the operation mode ef昀椀ciencies from 
Fig. 5. For the scenarios of Table 3 the corresponding scenario ef昀椀-
ciencies can be seen in Fig. 7. The scenario operation times in the 
different modes in Table 3 were chosen in a way that FC and EC oper-
ation are represented with similar shares. Basically, these operation 
times would have to be determined by an economic evaluation. The 
in昀氀uence of the thermal coupling depends strongly on the share of 
operation time of the different modes in the different scenarios. In sce-
nario 1 the impact of thermal coupling in FC operation (fFC = 1) has a 
much smaller impact on the ef昀椀ciency than in scenario 5. Since in sce-
nario 1, with the FC-CH4 operation, much less waste heat is available, 
than in scenario 5 where FC-H2 operation is used. Scenario 2 shows the 
lowest increase of ef昀椀ciency (+6%) due to thermal coupling, since the 
system is 75% of the time operated in FC-CH4 mode, where the least 
coupling potential is present. Similarly, the FC coupling effect in sce-
nario 1 is less pronounced. The ef昀椀ciency increase, from f = 0 to f = 1, in 
all other scenarios than 2 is larger than + 10%. The scenarios where the 
FC-H2 operation is present (3, 4 and 5), the presence of a heat sink (fFC =
1) can signi昀椀cantly improve the ef昀椀ciency in comparison to f = 0. In 
contrast of the here calculated scenarios to the round-trip ef昀椀ciency, the 
impact of the thermal coupling in EC operation is more important than 
in FC operation. This is a consequence of the power difference of the FC 
(5 kW) and EC (15 kW) operation, which means that in the same 
timeframe bigger amounts of energy are converted. The round-trip 
scenario of Fig. 6 corresponds to approximately 70% FC-H2 operation 
and 30% EC operation. 

5. Conclusion 

The results for the behaviour of the rSOC-System and the coupling to 
industrial processes allows us do make general conclusions on the 
operation of this system as well as on the implications for industrial 
integration. The possible conclusions drawn from these insights and 
results are structured here in the three most important categories. 

Conclusion 1: Surrogate models. The results presented in Fig. 4 and 
discussed in section 4.1, gives a deeper understanding of the processes, 
that in昀氀uence the ef昀椀ciency of the rSOC-System. Furthermore, these 
curves can be used as computational inexpensive surrogate models in a 
steady state time series simulation. By including the dynamic system 
limitations, that are discussed in section 3.1, a quasi-dynamic simulation 
on basis of time series is possible for the rSOC-System. 

Conclusion 2: Round-trip and scenario system ef昀椀ciencies. In Fig. 5 we 
can see the high signi昀椀cance of the increase in ef昀椀ciency caused by 
thermal coupling, of up to + 15%. This ef昀椀ciency increase in the single 
operation modes leads to a high impact on the round-trip ef昀椀ciency, 
which is shown in Fig. 6. From here we can conclude that a high 

Fig. 6. Change of ef昀椀ciency with thermal coupling for the operation as fuel cell 
(FC-H2), electrolysis cell (EC) and in round-trip operation. The round-trip (RT) 
ef昀椀ciency is calculated according to equation (4). 

Table 3 
Operation times in the different operation mode of the rSOC-System for the 
different scenarios for calculation of the scenario system ef昀椀ciency.  

Nr. Operation time of mode in %  
FC-H2 FC-CH4 EC 

1  50 50 
2  75 25 
3 25 25 50 
4 25 50 25 
5 50  50  

Fig. 7. Change of ef昀椀ciency with different thermal coupling in scenarios 
of Table 3. 
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temperature heat sink in FC-H2 operation is more important for the 
round-trip ef昀椀ciency, than the availability of industrial waste heat in EC 
operation. However, having both couplings result in the highest round- 
trip ef昀椀ciency. Furthermore, it could be economically bene昀椀cial at some 
times to operate the system in FC-H2 operation at lower powers as the 
ef昀椀ciency without thermal coupling is higher in this case. In addition, if 
there is only a low temperature heat sink present, the EC thermal 
coupling is of higher importance. In case of an open system no round-trip 
ef昀椀ciency can be de昀椀ned. However, in such a case the scenario system 
ef昀椀ciency of equation (4) can be used. The calculations for different 
scenarios of Table 3 result in Fig. 7. Here it is worth to note, that in case 
of a high share of electrolysis time, the availability of a waste heat source 
is most important. The impact of waste heat utilisation from FC-H2 
operation is of a similar magnitude. In case of FC-CH4 operation, the 
heat utilisation plays a much smaller role for the scenario system ef昀椀-
ciency. This means, that according to the economical boundary condi-
tions of the integration of an rSOC-System, the importance of an 
appropriate heat sink and heat source can vary tremendously. However, 
even with a low share of electrolysis time, the availability of a heat 
source is still important. 

Conclusion 3: Implications for the integration of a rSOC-System to in-
dustry. Industries with suitable waste heat are discussed in section 2.2 
and the important role of district heating networks as heat sinks is 
elaborated on. As the results of section 4.2 show, this possible thermal 
coupling in both operation modes (EC and FC), will result in high system 
ef昀椀ciencies in all possible scenarios. This makes the integration of rSOC- 
Systems to industrial sites, from a viewpoint of ef昀椀ciency, much more 
interesting, than nodes in the energy grid, where little thermal coupling 
can be achieved. In addition, if there is an industry with moderate 
temperature (>100 çC) waste heat, that operates also processes with 
high temperature heat demand, the rSOC-System could act as a heat 
pump and storage. Such a coupling would equal the scenarios of section 
4.2 with f = 1, which means a signi昀椀cant increase of the conversion 
ef昀椀ciency of +8% to +20%. However, such a pattern was not found in 
the investigated industries. 

6. Outlook 

In the results presented in section 4.2 the dependence of the thermal 
coupling ef昀椀ciency on the operation scenarios is clearly visible. 
Throughout a whole year of operation, the possibilities for thermal 
couplings in industries vary, as the waste heat availability changes with 
production plans and due to batch processes. Furthermore, the heat 
demand in district heating networks, that can be used as a sink for the 
heat generated in FC operation, have a pronounced seasonal pattern. 
Not only the coupling availabilities, but also the energy prices decide 
which operation is most economical at each point in time. The scenarios 
of Table 3 are chosen in a way covering a wide spread of possible 
operation, that can occur in real life application. However, it is not clear 
how these operation scenarios correspond to the time dependent 
behaviour of heat availability and market prices. A future approach shall 
be based on a dynamic time series calculation for the coupling possi-
bilities and energy prices. Here, for example a decision tree or an opti-
misation routine can decide for the most lucrative operation mode and 
system power. Also, the dynamic rSOC-system behaviour described in 
section 3.1 and the energy demand of the hydrogen storage system from 
Fig. 4 C must be integrated. Such a representation of the real application 
can determine the share of the different operations and correct the 
scenarios of Table 3 to be corresponding to real conditions. In addition, 
such a setup of the model enables the investigation of the impact of the 
dynamic constraints of the rSOC-system and a techno-economic assess-
ment. To be able to perform these calculations, additional to the here 
presented data and models, the time series of electricity, heat and gas 
昀氀ow in industries (from work of Binderbauer et al. [37,38]) and time 
series for energy prices must be known. 
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H I G H L I G H T S  

" Techno-economics of reversible hydrogen systems in uncertain market conditions. 
" Mathematical optimisation of system operation including dynamic limitations. 
" Market price range allowing the application of reversible hydrogen systems. 
" Effect of 昀氀uctuations, gas grid fees, storage costs, integration and degradation. 
" Analysis of two possible spatial system con昀椀gurations for rSOC and PEM systems.  
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A B S T R A C T   

The expansion of 昀氀uctuating renewable energy production, such as wind and PV, increases the mismatch to 
consumption. Power-to-Hydrogen-to-Power (PtHtP) systems are believed to be a key for balancing under and 
overproductions. PtHtP systems can provide temporal and spatial 昀氀exibilities and among them reversible solid 
oxide cells (rSOC) are a promising technology. They combine production of hydrogen and power in the same 
electrochemical stack. This generates a 昀椀nancial and environmental bene昀椀t since less resources are necessary for 
enabling both Power-to-Hydrogen and Hydrogen-to-Power. This work investigates the application of rSOC sys-
tems in comparison to reversible PEM systems consisting of electrolysis and fuel cell unit. In the present studies 
time-resolved optimization is employed for simulation of the optimal operation of the PtHtP technologies in 
different market price conditions for electricity, hydrogen and natural gas and with coupling to industry and 
district heat. Both systems have a zone of market prices, that allows for a positive economic performance over 
lifetime. The electricity‑hydrogen price difference in this zone is in the range from −83 €/MWh to 133 €/MWh 
depending on the scenario. Furthermore, the electricity price 昀氀uctuations are found to have the major impact on 
the pro昀椀tability. By studying the in昀氀uence of gas grid fees, one 昀椀nds that local compressed hydrogen storages can 
be used only for very short storage timescales up to a few hours. Finally, the derivation of application conditions, 
that are suitable for the two different spatial kinds of reversible hydrogen systems – spatially concentrated and 
delocalized and the two technologies – rSOC and PEM, is made.   

1. Introduction 

Many countries committed to reducing the emissions of anthropo-
genic greenhouse gases [1] and limiting the global rise of average 
temperature [2]. The increase of renewable production is undoubtedly 
one of the major pillars, allowing a transition of the energy sector to-
wards low greenhouse gas emissions and thus building a foundation for 
the transition of industry, transport, and building sectors. 

In many regions wind and PV-power will play a major role in 

renewable production, as e.g. Sejkora et al. showed in the analysis of 
technical renewable potentials for the case of Austria [3]. Sources, like 
tidal, run-of-river hydro, wind and solar energy, may have partly pre-
dictable production. However, these predictions relate to uncertainties 
of weather forecasts requiring dispatchable generation to balance the 
mismatch of predicted production and demand. The potential for per-
forming such dispatch actions by pumped hydro and dispatchable 
renewable sources, like geothermal and biomass, is much smaller than 
needed. This leads to over or under production that must be covered by 
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different strategies. 
For dealing with short-term 昀氀uctuations, we need strong electrical 

energy grid enhancement. Short-term imbalance requires technologies 
like pumped hydro, compressed air or batteries. The long-term 昀氀uctu-
ations with a monthly to seasonal periodicity require for both power- 
grid expansion and seasonal storage capacities. Also pumped hydro 
storages can contribute to this long-term balancing, however with 
geographical limitations [4]. The gas grid is already nowadays ful昀椀lling 
exactly this job of balancing differences in energy demand and avail-
ability on large spatial and long temporal scales. Therefore, many 
believe that the coupling of electricity and gas grid can provide the 
needed future 昀氀exibilities. Traupmann et al. [5] studied Power-to-Gas 
(PtG) and PtGtP in former coal-昀椀red power plant sites and concluded, 
that overloads in the grid can be mitigated by adjusting operations to the 
volatile generation situation in the grid. In Europe, there are plans to 
transform the natural gas grid partly into a hydrogen grid [6]. Cer-
niauskas et al. [7] conclude that a reassignment of the natural gas grid 
to hydrogen can be done and is the cheapest option to offer a hydrogen 
distribution system. Nazir et al. [8] review storage, transport and dis-
tribution in a H2-economy. They identi昀椀ed compressed H2 on the road as 
the early-stage transport path, followed by pipelines as underground 
storages and more consumers appear. Lord et al. [9] estimate the costs 
of hydrogen underground storage to be 0.04–0.06 $/kg for aquifers and 
1.61–2.76 $/kg for hard rock and salt caverns. These cheap storage 
capacities enable underground gas storages to provide long-term and 
seasonal cycling economically. Due to the 昀氀exibilities that PtGtP offers 
to the energy supply system and the plans to transform the natural gas 
grid to a hydrogen grid the focus in the present study is on GtP and 
Power-to-Hydrogen-to-Power (PtHtP) systems. This sector coupling can 
be achieved by fuel-cell (FC) and electrolysis cell (EC) technologies. 

1.1. State of the research with respect to 昀氀exible sector coupling 
technologies 

The electrical ef昀椀ciency of electrochemical fuel cells depends on the 
technology and can reach 50% up to 60% [10] for Polymer Electrolyte 
Membrane (PEM) and up to 65% [10,11] for Solid Oxide (SOFC). The 
advantage of electrochemical fuel cells is their applicability for smaller 
scales than gas turbines. Thus, they are enabling a better integration to 
the energy system close to consumers, making the waste heat accessible 
for heating purposes even in the absence of district heating grids. This 
potential for integrations is also shown by Salam et al. [12] who 
investigate a combined cycle power plant based on fuel cells and report 
electrical ef昀椀ciencies of 74%. Also Scaccabarozzi et al. [13] attested 
ef昀椀ciencies of 75.7% for a natural gas operated system based on a SOFC 
in combination with a Brayton cycle for CO2 capture. 

The production of hydrogen can be accomplished on different paths. 
Zainal et al. [14] conclude that solid oxide electrolysis cells (SOEC) 
outperform other technologies in terms of electric ef昀椀ciency, but yet 
have drawbacks in terms of technological readiness and costs. Further-
more, they 昀椀nd anion exchange membranes (AEM) and electri昀椀ed steam 
methane reforming to be promising alternatives. Mohebali et al. [15] 
compare alkaline electrolysis (AEL), PEM electrolysis and SOEC in an 
integrated system to produce H2, electricity and desalinated water. 
Schwarze et al. [16] report on the upscaling plans for a SOEC system to 
2.5 MW, with an electrical ef昀椀ciency of 84%. The ramp rates of the 
system considered by Schwarze et al. [16] is below 3 min for shutdown 
and below 15 min for switching from part to full load. 

These works lead us to the conclusion that PEM and SOEC/SOFC 
technologies seem very promising to be ef昀椀cient sector coupling 
technologies. 

The combination of EC systems with FC systems or gas turbines en-
ables PtHtP and a variety of such systems was already proposed in the 
literature. However, Rad et al. [17] employed an optimisation of 
technology choice based on timeseries to studied optimal energy supply 
solutions for rural areas. They found EC and FC systems to be not yet 

competitive and may only be used as backup technologies. Skordoulias 
et al. [18] investigated PEM electrolysis and combined heat and power 
gas turbine plants as PtHtP technologies. They conclude on the price 
limits for natural gas and CO2 necessary to make the integration of green 
hydrogen into the gas turbine plant economically viable by using static 
prices. Furthermore, support and market schemes to boost the imple-
mentation of the technology are proposed. Bukhari et al. [19] studied 
PtHtP employing PEM electrolysis and combined cycle gas turbines as 
conversion technologies on basis of time resolved operational and 
design optimisation. They found that hydrogen is economically better 
suited for large-scale energy storage than batteries. Yue et al. [20] re-
view the PtHtP path including H2 storage. They conclude that capital 
and H2-production costs are not yet competitive for a wide introduction. 
Reduced system costs, improved ef昀椀ciency and durability are keys for 
enabling an economical operation. Risco-Bravo et al. [21] reviewed the 
development of power-to‑hydrogen-to-power (PtHtP) technologies and 
attested that high ef昀椀ciency, sector coupling capability and reduction of 
grid dependency can help to exploit the potentials of these systems. 
Escamilla et al. [22] make static investigations of three electrolysis 
technologies (PEM, AEL and SOEC) and three H2 storage pathways 
(compressed, lique昀椀ed and in metal hydrides) with a gas turbine closing 
the PtHtP cycle. They conclude that the round-trip ef昀椀ciency is critical 
for the viability of the H2 energy storage path. 

Not only separated EC/FC systems can perform PtGtP operations. 
Reversible solid oxide cells (rSOC) systems combine both power and 
hydrogen production in one system and are thus a very promising 
conversion technology. Furthermore, rSOC systems offer fuel 昀氀exibility, 
allowing them to operate with H2 as well as CH4. These system employs 
the same electrochemical stack as SOEC systems. However, additional 
and different BoP components and a more sophisticated design process 
are required. The heat exchangers and blowers must be able to operate 
under both electrolysis and fuel cell conditions, with very different mass 
昀氀ows and the power electronics must allow a bidirectional operation. 
The rSOC systems enable PtHtP with round trip ef昀椀ciencies above 50%. 

A report on the operation of a highly ef昀椀cient rSOC pilot system by 
Schwarze et al. [23] with a power of 150/30 kW in EC/FC operation 
gives high hopes for the technological readiness and the integration to 
industrial environment. It is shown that with steam being fed to the 
electrolysis an ef昀椀ciency of 84% is possible. In fuel cell operation the 
natural gas was converted to electricity with an ef昀椀ciency of 50%. 
Laboratory measurements for quanti昀椀cation of the performance of rSOC 
stacks were performed by Königshofer et al. [24]. Peters et al. [25] 
performed long-term experiments with a 15/5 kW rSOC-system, with 
fuel side recirculation to reach high ef昀椀ciencies of 70% in EC and above 
60% in FC operation. Furthermore, they determined the time required 
for switching between operation modes as 3 min from EC to FC and 13 
min from FC to EC. Santhanam et al. [26] arrived at round trip ef昀椀-
ciencies of 53%–60% based a model that implements the stack perfor-
mance through measurement data. These works have proven, that rSOC 
systems can act as large-scale 昀氀exible load and power source in the 
energy grid and that they can effectively combine both conversion di-
rections of PtHtP in one unit with high round-trip ef昀椀ciencies. Hutty 
et al. [27] investigated the economic application abilities of reversible 
solid oxide cells for microgrids and performed a techno-economic 
comparison to battery energy storage systems. They used time 
resolved operational and design optimisation and found that H2 storage 
systems for microgrids may be favoured only if a high self-suf昀椀ciency 
ratio is required and low PV capacities are available. Wang et al. [28] 
investigate PtXtP based on rSOC systems, where different forms of the 
hydrogen carrier are compared. They attested that the rSOC system is a 
key enabling the penetration of 昀氀uctuating renewable production, 
coupling of energy sectors and decarbonization of the transport sector 
and chemical industry. Similarly, PEM stacks may be used in reversible 
systems as Paul et al. [29] reports and Ito et al. showed with a labo-
ratory system [30]. However, there are no recent reports on the prog-
ress of reversible PEM systems, which is why they will not be considered 
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further in the present work. 
Electrochemical-cell-based PtGtP systems are today hardly 

economical due to the high investment costs. However, the systems are 
still undergoing rapid progress in development and the costs are ex-
pected to drop soon. This investment cost development was studied by 
Böhm et al. [31] for AEL, PEM and SOEC based on technological 
learning. They show that the investment costs for these three technol-
ogies will decrease signi昀椀cantly with market penetration in the future. 
Soon PEM will have lower costs than AEL and SOEC shows the largest 
potential for cost reduction, making them competitive in investment 
cost around 2050. Furthermore, SOEC, according to Zhao et al. [32] 
and Gerloff et al. [33], is the more environmentally friendly electrolysis 
technology in comparison to AEL and PEM. Since they base on the same 
electrochemical stack, the costs for a rSOC system are expected to be 
only slightly higher than the ones for SOEC [34]. 

1.2. Structure of the work and research questions 

We found that literature covering reversible electrochemical sys-
tems, based on different technologies and evaluations of economics are 
present. The before mentioned investigations on economic system per-
formance either employ static methods or time resolved operational 
optimisation. A shortcoming of these approaches is the lack of a sys-
tematic investigation of the uncertain market prices' in昀氀uence on the 
techno-economic performance. That is why the present study analyse 
the in昀氀uence of different market prices on the techno-economic results 
obtained from optimized plant operation. Furthermore, most studies 
concern PtGtP technologies that employ either hydrogen and power 
generation in separate locations (delocalized reversible systems) or 
having them concentrated in one location (concentrated reversible 
systems). Nevertheless, no comparison of the applicability of these ap-
proaches for energy system level is done. 

The present study aims at investigating the economic application 
limits for PtHtP systems based on rSOC and PEM-EC/FC electrochemical 
stacks. The The PEM system with short reaction time, for changing load 
and operation mode, is chosen in contrast to the slow rSOC systems. The 
latter systems have fuel 昀氀exibility due to high temperature, therefore 
CH4 and H2 are considered. CH4 operated rSOC systems are not carbon 
neutral, but have a high potential for CO2 capture, which can be easily 
separated from the CO2-H2O 昀氀ue gas stream, as shown by Scaccabarozzi 
et al. [13]. The methodology in this publication is based on the techno- 
economic analysis of the optimal operation found for different variations 
of future hourly resolved energy market prices. In this way system dy-
namics and temporal price 昀氀uctuations can be investigated. With given 
hourly-resolved timeseries for industrial electricity consumption, waste 
heat availability and district heat demand, the in昀氀uence of different 
integrations to such industrial and residential energy systems is inves-
tigated. A novelty of the present methodology is the computational 
inexpensive implementation of the system degradation, which decreases 
the pro昀椀tability within the system's lifetime. Furthermore, the optimal 
sizing of the local H2 storage in the presence of a gas grid is investigated. 
Thus, the conditions which would be necessary for enabling local H2 
storage can be derived. This is fundamental for concluding on the 
applicability of delocalized and concentrated reversible systems. 

The three research questions the present study aims to answer are:  

(1) What are the in昀氀uences on the reversible zone? 

The reversible zone is introduced as the market price range for which 
the electrochemical PtHtP systems are economically viable. Followed by 
investigating different in昀氀uences on this reversible zone, which allows 
us to answer questions (2) and (3).  

(2) Do we need spatially concentrated or delocalized reversible 
systems? 

The bene昀椀ts related to placing EC and FC unit in one site (concen-
trated) in comparison to a placement in different locations (delocalized) 
are analysed. The distinction for reversible systems into concentrated 
and delocalized will be made in the conclusion. Connected to this 
question is the analysis of the local storage of H2 in comparison to a 
connection to a gas grid infrastructure.  

(3) Do rSOC or PEM-EC/FC systems perform better? 

A holistic picture of the performance of rSOC and PEM-EC/FC sys-
tems is created. Enabling a conclusion on the best ways of utilizing both 
technologies.  

(4) What is important for rSOC system engineering? 

This question concerns the importance of dynamic parameters for the 
application of the rSOC-system. 

The present work starts by presenting the modelling approach used 
to represent both the rSOC and PEM-EC/FC based PtHtP system with 
compressed local H2 storage and gas grid connection. The rSOC system 
model includes the ramp dynamics, as the transition from cold to warm 
state and between different operation modes is much slower than in PEM 
systems. This is followed by an explanation of the PtHtP system's in-
teractions with energy markets for electricity, CH4, H2 and district heat 
and with industrial sites. Consequently, the market prices and industrial 
energy streams, that play a role thereby are shown. The quantitative 
evaluation of the proposed PtHtP systems is performed based on simu-
lations of the optimal unit-commitment for lowest energy prices, via 
mathematical optimization on an hourly basis. Based on these optimal 
energy costs, the economics of the PtHtP systems, including degrada-
tion, are evaluated by means of the net present value method. The re-
sults section starts by identifying the market price zone, when the 
operation of rSOC systems is economically viable, which is called the 
reversible zone. Furthermore, the in昀氀uence on this reversible zone is 
studied for: electricity price 昀氀uctuations, the gas grid fee, H2-storage 
costs and the integration scenario. Additionally, the sensitivity of the 
techno-economic calculation concerning the investment parameters is 
discussed. 

2. Methodology 

This section describes the employed models, calculation scenarios 
and the approach for quantitative evaluation of rSOC and PEM based 
reversible systems. 

2.1. The model of the reversible systems 

As reversible systems, that can generate hydrogen and reversibly 
convert it back to electricity, PEM-EC/FC- and rSOC-systems, which are 
shown in Fig. 1, are considered. The PEM-EC/FC system consists of two 
sets of electrochemical stacks with separate balance of plant compo-
nents, one for electrolysis (EC) and the second for fuel cell (FC) opera-
tion. The rSOC system is based on a bidirectional electrochemical cell 
stack and bidirectional balance of plant components. Both systems 
include a compressed H2 storage system and access to a gas grid 
providing CH4 or H2. 

In FC operation these reversible systems are supplied on the stack's 
hydrogen side with either H2 and in the case of the rSOC system 
optionally also with CH4. The option in which the rSOC system operates 
only with H2 is denoted as rSOC-H2. When CH4 is used, denoted as rSOC, 
a reformer upstream the stack entrance provides a pre-reformed syn-
thetic gas mix. There are two pathways of providing fuel to the system:  

" FC-H2 – operation as fuel cell using hydrogen from a pressure vessel 
that was produced in electrolysis operation. 
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" FC-GG – operation as fuel cell with fuel gas from gas grid infra-
structure: In the case of the rSOC system the grid gas is methane and 
for the rSOC-H2- and the PEM-EC/FC system it is hydrogen. 

In EC operation, water is supplied on the hydrogen side and ambient 
air is used for thermal management on the oxygen side of the stack. 

" EC - operation as electrolysis cell: Hydrogen is produced with elec-
trical energy from the grid. The produced hydrogen can either be 
sold to a market with an assumed constant H2 price or stored in a 
compressed gas storage on site for later FC operation. 

In addition to these active operation modes, the system can be either 
in a cold standby (CSB) or warm standby (WSB) mode. For the PEM-EC/ 
FC system CSB and WSB are equal and do not include any energy con-
sumption. It is assumed in the calculations with hourly time resolution, 
that the PEM-EC/FC system has no dynamic limitations (Table 1 column 
PEM). However, start-up times of up to a few minutes are realistic. The 
rSOC systems needs a cooldown phase for a switch to CSB. In this time 
the operation temperature (750 çC) is decreased to ambient tempera-
ture, during which 20% of the WSB electric power is used. A heat-up 
phase, for changing to warm operation modes, with related energy 
consumption, is required (Heat-up and cool-down time in Table 1). 
Furthermore, costs for this transition (ramp warm cost) are assigned, 
which are 昀椀xed to a value that corresponds to reaching the end of the 
stack lifetime after 6000 such cycles at system costs of 1500 €/kW. In the 

WSB mode, the system is electrically kept at the operation temperature 
(see Table 1 for warm standby). In WSB the system can be switched to an 
active operation (EC, FC-H2 and FC-GG) within a few minutes, while 
consuming electricity or hydrogen like in operation but without output. 
For the transition between any two warm states transition costs (Ramp 
EC, Ramp FC-H2 and Ramp FC-GG in Table 1) are inclueded, repre-
senting a system devaluation at costs of 1500 €/kW for 150.000 and 
300.000 transitions. These low values are based on Schefold et al. [35] 
who describe that only little or no degradation is expected for load 
switching and transitions. The effect of transition to EC is higher ac-
cording to Nuggehalli [36]. 

A detailed description of the model of the rSOC system in Fig. 1 is 
given by Paczona et al. [38]. In this publication, the detailed modelling 
process and choice of engineering parameters can be found, including 
heat exchanger design pinch point difference, considered pressure drops 
and thermal and electrical control strategies. In addition to modelling 
details, the application in industries and the thermal coupling possibil-
ities with conversion curves and underlying processes are described by 
Banasiak et al. [39]. Further ideas concerning the system coupling 
possibilities are described by Vialetto et al. [40] who investigate a rSOC 
system in a paper mill. 

The part load conversion curves considered here were calculated by 
Banasiak et al. [39] for a modelled system with a nominal power of 5/ 
15 kW in FC/EC operation, with EC operation below the thermo-neutral 
point. This model was validated with the results of Peters et al. [25] and 
shows a similar behaviour as reported by [41]. This rSOC system de-
termines the systems' EC/FC power ratio for the calculations. The ef昀椀-
ciency in FC-H2 operation at nominal power of 5 kW is 65%, considering 
only the produced electricity, and 79% when the high-temperature 
waste heat is additionally utilized, as can be derived from Fig. 2 A). 
One can see in Fig. 2 B) that at the nominal power of 17.5 kW the ef昀椀-
ciency is 81%, if Pel and Qth are met electrically, and 91% when Qth is 
provided by free waste heat. The part-load energy conversion behaviour 
of the PEM stack is represented by the three points of the piecewise 
linearization given in Table 2. These part load data sets are scaled up to 
the nominal EC system power of 23.0 MW, which is used in the simu-
lations (see subsection 2.5). The system dimension of 23.0 MW electrical 
power in electrolysis operation arises from the integration to the in-
dustry and district heating network (see discussion in section 3.2.3) and 
is considered in all scenarios, if not explicitly stated differently. 

Fig. 1. Flowsheet of the considered reversible systems: PEM-EC/FC and rSOC system.  

Table 1 
System dynamic parameters.  

Parameter rSOC PEM 
Heatup power kW/kWEC** 0.365 0 
Warm standby in kW/kWEC** 0.008 0 
Heat-up and cool-down time in min 120 0 
Ramp-to-EC time in min 13 [23,25,37] 0 
Ramp-to-FC time in min 3 [23,25,37] 0 
Ramp warm cost in €/kWEC** 0.25* 0 
Ramp EC cost in €/kWEC** 0.01* 0 
Ramp FC-H2 cost in €/kWEC** 0.005* 0 
Ramp FC-GG cost in €/kWEC** 0.005* 0  
* Josef Schefold et al. [35] suggests no degradation due to cycling of the 

rSOC-stack, however low costs to prevent unrealistic optimization results are 
included. 

** kW/kWEC - power relative to installed electrolysis power. 
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2.2. Interaction of the PtGtP system with grid infrastructure and industrial 
sites 

The present research considers reversible systems with a H2 storage 
that can interact with grid infrastructure for electricity, natural gas, 
hydrogen, and district heating. Furthermore, the systems can interact 
with industrial sites with given electrical and district heat demand as 
well as with available industrial waste-heat. In such a setup, multi- 
revenue streams are possible by using 昀氀uctuations in energy prices, 
selling hydrogen, self-consumption of produced electricity and 
providing heat to a district heating grid. 

The considered PtHtP systems have different ways of interacting 
with district heat infrastructures and industry. In the present work, three 
coupling scenarios are considered, representing three levels of interac-
tion between the rSOC system and peripheral systems, as illustrated in 
Fig. 3 and described below. The reversible system can either be a single 
plant combining EC and FC operation or spatially separated plants with 
speci昀椀c EC or FC units. 

Reference case (RC): In this scenario, the reversible system in-
teracts solely with the grid for electricity and gas. The system is subject 
only to the volatility of the energy market for electricity and grid gas. It 
can be operated in EC operation to produce hydrogen at low electricity 

prices and FC operation during high prices. The FC operation can be 
fuelled by either previously produced and stored hydrogen or gas from 
the gas grid. The grid gas is CH4 in the case of the rSOC system and H2 for 
the rSOC-H2 and the PEM-EC/FC system. In the case of rSOC-H2 and 
PEM-EC/FC systems, the hydrogen price for gas bought from the grid is 
equal to the remuneration for hydrogen sold to the market. The price for 
electricity or gas purchased from the grid includes the fee for the grid 
operation (for further details on the considered energy prices see section 
2.3) 

Industrial coupling (IC): This scenario extends the RC scenario by 
adding the timeseries for electricity demand and waste heat availability 
of an industrial site, which are described in section 2.4. The direct in-
dustrial consumption of FC produced electricity reduces the amount of 
grid electricity which includes grid fees and therefore generates a higher 
pro昀椀t than selling it to the market. Furthermore, industrial waste heat, if 
available at a given timestep and of suitable temperature, can be used for 
providing steam to the EC operation of the rSOC and rSOC-H2 system. 
This increases the electric ef昀椀ciency by >10% [44]. Systems with a 
nominal FC power larger than the power consumed by the industry 
cannot fully bene昀椀t from the self-consumption. Similarly, a nominal EC 
power that requires more steam, than can be produced by industrial 
waste heat, loses advantage of the coupling. 

Industry with district heating network (IDH): The IDH scenario 
extends the IC scenario by including the heat demand of a district 
heating system (the timeseries is discussed in section 2.4). In this sce-
nario heat generated by the rSOC- and rSOC-H2 system can be utilized if 
the district heat demand is not fully covered by industry. However, the 
district heat demand reduces the available waste heat from the industry, 
which reduces steam production for electrolysis operation. 

An overview of the variations of the calculation scenarios, including 
investigated technologies, market prices and integration cases, is given 
in Table 3 and illustrated in Fig. 4. A more detailed description is given 
in Appendix A. 

2.3. The energy market and district heat prices in the base price scenario 

In this section, the scenario base prices for electricity (cel), grid gas 

Fig. 2. Energy conversion curves for the rSOC-System and speci昀椀c energy consumption of the compressor for the H2 storage [39].  

Table 2 
PEM part-load points for conversion ef昀椀ciency from electricity to H2 and back 
(estimated on a report of the Danish energy agency and Siemens Energy 
[42,43]).  

Parameter Value 
Load-fraction 0.15 0.4 1.0 
ef昀椀ciency 0.27 0.71 0.51  

Fig. 3. Illustration of the energy 昀氀ows to and from the rSOC system in a set up 
with energy grid, local H2 storage, industry and district heating network. 

Table 3 
Scenarios for the investigation of reversible systems.  

Nr. Name Description 
1 Technology  " rSOC – FC operation with CH4  

" rSOC-H2 – FC operation with H2  
" PEM-EC/FC 

2 Shift Electricity- 
price 

Variation of electricity price by a constant shift, the H2 
sales price is unchanged. This results in a change 
electricity-H2-price spread. 

3 Fluctuation 
Modi昀椀cation 

Amplitude in Fourier spectrum of electricity price 
multiplied by a factor (fm) 

4 Gas grid fee Difference between H2 sales price and H2 purchase 
price (ggf). This difference can arise from grid fees, 
governmental support and H2 storage costs in the grid. 

5 Integration RC, IC and IDH  
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(cgg) and hydrogen (cH2) is discussed. The prices are considered in 
hourly resolution for the location of Austria. Furthermore, the approach 
used to derive the district heating price from these time series is shown. 
The energy market prices can be seen in Fig. 5 for the considered price- 
scenario years 2030 and 2050. Traupmann et al. [5,45] provide more 
details about modelling these electricity and natural gas prices, which 
are considered as base scenario in this work. Historic timeseries for the 
year 2020 [46] are modi昀椀ed to match the expected development of the 
average electricity price [47], which are in昀氀uenced by CO2-prices, the 
share of renewable energy sources, and extreme price events [48]. The 
time series for day-ahead spot-market electricity purchase prices in 2030 
has a minimum of −72.6 €/MWh and a maximum of 249 €/MWh with a 
mean value of 68.2 €/MWh. In 2050 the minimum price is −101 
€/MWh, the maximum 335 €/MWh and the mean value 87.8 €/MWh. 
The remuneration for electricity sold to the grid is lower than the pur-
chase price. The difference is the grid fees, which is 9.08 €/MWh [49] 
for Styria in Austria. The reversible systems therefore can generate 
higher pro昀椀ts, by supplying self-demand in comparison to market 
trading. The electricity market in 2050 is expected to be more in昀氀uenced 
by the volatility of renewable production, which results in a higher 
variation between minimum and maximum prices, whereas the mean 
price only slightly increases. The price for gas from the grid consists of a 
mixed price for natural gas, biogas and hydrogen according to Traup-
mann et al. [5]. The gas price modelling approach is based on quarter- 
hourly resolved historical data for 2020 [50] and includes scenario 
assumptions for future gas routes including renewable gases. This price 

has little variability from 32.4 €/MWh to 46.1 €/MWh and a mean value 
of 36.7 €/MWh in the scenario year 2030. In 2050 the price varies be-
tween 33.8 €/MWh to 48.1 €/MWh with a mean of 38.2 €/MWh. The 
price for hydrogen that can be sold by the operator of the rSOC system to 
a market is set to the constant value of 101.2 €/MWh and 61.4 €/MWh 
for the years 2030 and 2050 respectively. Due to the uncertainty of the 
H2 price in future yet to be established markets, the analysis is based on 
the variation of the spread between hydrogen and electricity price. For 
the rSOC-H2 and the PEM FC/EC scenarios, the grid gas price is set equal 
to the H2 price. For grid gas purchase todays gas grid fee of 1.059 
€/MWh [51], for Styria in Austria, is added on top of the gas market 
prices. The price duration cures in Fig. 4 show the increase of volatility 
for the electricity price. Furthermore, one can see here clearly, that in 
2030 the H2 price is mostly above the electricity price and in 2050 it is in 
the lower middle region. 

In the scenario IDH, with the heat demand shown in Fig. 6, the price 
for heat (cdh) sold to the district heating network is required. This price 
is determined by taking the minimum of the grid gas price (cgg) and the 
electricity price (cel) divided by the COP of a generic heat pump ac-
cording to eq. (1) for each time step. In the calculations, the COP of the 
electric heat pump is set to the constant value of 3.0. By determining the 
district heat price in this way, a direct competition in the heat market is 
assumed, where the cheapest technology, either gas burners or electric 
heat pumps, de昀椀ne the heat price. 

cdh = min
(

cgg, celCOP
)

(1) 

Due to the uncertainty of all future energy prices the sensitivity 
analysis in section 3.2 investigates the in昀氀uence of average prices of all 
considered energy carriers and vary the magnitude of 昀氀uctuations as 
well as grid gas prices (for details about these variations see Appendix 
A). 

2.4. Industrial electricity demand and waste heat implementation 

Two industry types, with different operational patterns and magni-
tude of energy streams were chosen. This shall allow us to compare the 
in昀氀uence of the industry type on the operational regime of the rSOC 
system. For the IDH scenario, a timeseries for the district heat con-
sumption of a typical Austrian small city which is housing various in-
dustries is generated. 

The time series for the electricity consumption and the waste heat 
were generated for the generic examples of a packaging glass-producing 
company with a production of 10 t/h and for a brewery with a beer 

Fig. 4. Illustration of the variations performed for the energy market price (Nr. 
2,3 and 4 in Table 3). 

Fig. 5. Energy market prices and duration curves for the scenario years 2030 and 2050 for the energy carriers electricity (blue), grid gas (orange) and hydrogen 
(black) according to Traupmann et al. [9]. (For interpretation of the references to colour in this 昀椀gure legend, the reader is referred to the web version of this article.) 
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production of 20,800 l/h and 80 employees. The synthetic energy time 
series were generated with the industrial load pro昀椀le simulation soft-
ware Ganymed [52,53], which is based on surveys of industry sites in 
Austria and physical modelling of main aggregates. This software de-
livers the electricity consumption for the whole plant for one week as is 
shown in Fig. 6 on the right. This is considered a representative week 
and added up to represent the full year shown on the left in Fig. 6. The 
electricity consumption for glass is 6.83 MW with a variation of <0.01 
MW and for the brewery on average 6.00 MW with a minimum of 4.42 
MW and a maximum of 8.55 MW. The waste heat calculated by 
Ganymed is reduced to represent the utilizable heat for 1 bar (100 çC) 
steam production as a feed for the rSOC's EC operation. In this reduction, 
technical limitations of heat exchange, like pinch point temperature 
difference and dew points in 昀氀ue gas, are included. This utilizable waste 
heat is shown in Fig. 6. For the glass production, a waste heat temper-
ature of 380 çC with an energy stream of 2.90 MW varying only slightly 
between 2.89 MW and 2.98 MW, is considered. The brewery has an 
average waste heat stream of 1.20 MW varying between 1.17 MW and 
1.29 MW. Unused waste heat is released to the environment, this means 
that the reversible system has the freedom but not necessity to use the 
available heat. 

The time series for the district heat demand is calculated according to 
the guidelines for gas consumption for heating purposes [54]. For this 
approach, a temperature time series is required, which is generated with 
the web interface of renewables.ninja [55] for the year 2019 for the 
considered city in Austria. The yearly district head demand in this 
location is estimated to be 18 GWh. The resulting time series for the heat 
demand in the district heating network is shown in Fig. 6 on the left in 
blue. It is assumed here that industrial waste heat 昀椀rstly covers this 
demand and only the reminder is available for integration to EC oper-
ation. One can see, that in the case of the glass industry, the industrial 
waste heat covers the base load of the district heating most of the time. 
From May to November a substantial amount of waste heat cannot be 
used by the district heating network. The picture looks different for the 
brewery, which produces much less waste heat. Therefore, the waste 
heat excess is much reduced. 

2.5. Optimization model and model parameters 

An optimization algorithm for simulating the optimal operation of 

the PtGtP system in different market price conditions is employed. The 
optimization model incorporates the following: the connection of the 
different assets, as shown in Fig. 3; the implementation of the conversion 
behaviour and dynamic limitations according to section 2.1; the 
implementation of the exogeneous energy prices from Fig. 4 and the 
exogeneous industry energy streams from Fig. 6 with a time resolution of 
1 h. 

It was decided to employ a MILP formulation to represent the system 
to be optimized. The conversion curves or Fig. 3 were transformed into 
piecewise linear sections with the number of points shown in Table 4. 
For the PEM system the 0.4 and 1.0 part load ef昀椀ciency points from 
Table 2 are chosen. The number of points was chosen in such a way as to 
give a good run-time performance and accuracy. Test calculation runs 
have shown that including the point for the part load value of 0.15 does 
not have observable in昀氀uence on the results. The limitations for the 
discrete choice of the operation mode and the way of hydrogen usage 
result in another set of integer linear equations. Furthermore, the dy-
namic limitations from Table 1 are formulated as integer linear 
boundary conditions. The boundary conditions for the H2 storage are 
linear equations re昀氀ecting the limitations of being empty or full and the 
state of charge. The latter parameter is used for calculation of the cor-
responding compression energy demand. Due to the small overall 
contribution of the compression energy, the mass 昀氀ow partial load 
behaviour of the compressor is not considered. The resulting model has 
the variables: system electrical power; operation mode (EC, FC-H2, FC- 
GG, WSB, CSB), hydrogen utilization (store or sell) and storage size. 
Depending on the interaction scenario (according to section 2.2), the EC 
operation can utilize industrial waste heat or provide heat from FC 
operation to district heating, according to the availability and demand at 
the speci昀椀c point in the timeseries. 

The target function (cenergy) of the optimization consists of a 

Fig. 6. Energy streams in the selected industrial sites of glass production and a brewery and the district heat demand of a residential area. The two graphs on the 
right show the weekly pro昀椀le for the industries that was added up to obtain the total timeseries for a year. 

Table 4 
Parameters in the optimisation problem.  

Parameter Value Variation tested 
Timestep size in min 60 30 
NPPL* for EC mode 2 3 
NPPL* for FC and CH4 mode 3 2, 4 
NPPL* for the compressor 2 3  
* Number of Points in the Piecewise Linearization. 
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summation over all timesteps, as shown in eq. (2(2) and includes the 
following cost contributions: electrical energy consumption (Eel,con) 
times energy price (cel) in EC-operation, WSB-phase and during heat-up- 
and cool-down-phase (according to Table 1); energy content (LHV) of 
consumed grid gas ( ÛQgg,con) times its price (cgg); energy content (LHV) of 
H2 sold to market ( ÛQH2,m) times its price (cH2); thermal energy sold to a 
district heating grid ( ÛQdh,g) times its price (cdh); number of ramp events 
to a warm operation state (EC, FC-H2 and FC-GG, Table 1) times costs 
per ramp events (cramp,i) of the kind i. Furthermore, the annual speci昀椀c 
storage investment costs (cst) times the storage size (Qst) are added to the 
target function. The speci昀椀c storage investment costs need to be 
adjusted, so that the annual storage investment costs are adjusted to the 
length of calculated time series in relation to storage-lifetime. 

cenergy =
3

t

(

cel " Eel,con + cgg " ÛQgg,con− cH2 " ÛQH2,m− cDH

" ÛQDH,g

)

+ cs+t (2)  

cs+t =
3

icramp,i " ni+ cst "Qst (3) 
The optimization aims to minimize the value of the target function 

(cenergy), which represents the total costs of energy supply including 
energy supply, storage investment and transition costs. The optimization 
model is formulated in Python in the language of Pyomo [56,57] and 
solved with Gurobi optimization [58]. From the found minimum for 
cenergy the storage costs and transitions costs (cs+t) are subtracted, so that 
one arrives at the total energy costs in €/y which are used in further 
calculations (cenergy,rev-sys). The storage costs are investment costs and 
not revenue and therefore they are considered in the CAPEX costs of eq. 
(11). 

2.6. Including degradation to the PtGtP systems 

The curves of Fig. 2 and values in Table 2 are adopted in the 
following way to represent the conversion behaviour of a system that 
underwent degradation. For this purpose introduce the degradation 
parameter d is introduced. At d = 0 the system is at the initial non-
degraded state. For d larger than zero, degradation reduces the electrical 
conversion ef昀椀ciency. 

In EC operation it is assumed that the electric power that can be 
applied to the stack stays the same, but the output of hydrogen is 
reduced (see eq. (4)). Therefore, also the production of steam can be 
reduced (see eq. (5)). 
PEC,dfuel = PEC,0fuel " (1−d) (4)  

ÛQEC,d
th = ÛQEC,0

th " (1−d) (5) 
In FC-H2 and FC-GG operation a similar assumption is made as in EC 

operation, namely the input energy 昀氀ow stays constant, which is in this 
case the fuel gas. As a result of degradation, the output electric energy is 
reduced by the degradation parameter, as is depicted in eq. (6). By the 
same amount, that the electric energy is reduced the amount of heat 
produced increases. By adding a heat utilization ef昀椀ciency (ηheat) which 
is set to 0.8, one arrives at eq. (7). 
PFC,del = PFC,0el " (1−d) (6)  

ÛQFC,d
th = ÛQFC,0

th +PFC,0el " d*ηheat (7) 
Simulations for the optimized operation with parameter variation for 

the electricity-gas-price spread, grid gas price and degradation factor are 
performed. Based on these results one can 昀椀x the coef昀椀cient a1 of the 
linear relation between the annual pro昀椀t (pa) and the operation time and 
degradation according to eq. (8). A more detailed description and the 
values for a1 are given in Appendix B. 

Δpa(d,h) = a1 " h " d (8)  

2.7. Investment calculation 

For the economical evaluation, the method of the net present value 
for the investment costs and cash 昀氀ows is employed. In this calculation, 
the investment costs of the different units in the system and the cash昀氀ow 
during the system's operation are needed. Furthermore, assumptions 
about the change in the value of money units over the operation time are 
made. 

The scale-dependent investment costs of a SOEC system are taken 
from Böhm et al. [31]. The power-speci昀椀c costs are 昀椀xed to 1000 €/kW 
(2030) and 400 €/kW (2050) which represents a system with a size of 20 
MW. Similarly, the PEM-EC system is approached and the costs are 昀椀xed 
to 600 €/kW (2030) and 250 €/kW (2050). The costs for reversible 
systems are derived from the EC system costs and with a power ratio of 
three between EC and FC, according to the limitations of the chosen 
rSOC system. The resulting system investment costs in relation to the EC 
system costs are shown in Table 5. The costs for the rSOC system are 
lower than the sum of EC and FC system, since after adjustment stack, 
power electronics and balance of plant components can be used in both 
operation modes. The resulting price for the reversible systems is shown 
in Table 5. 

The speci昀椀c compressor cost is set to the value shown in Table 6 in 
accordance with Tahan et al. [59] adapted for the known power of 
electrolysis. The ultimate H2 storage costs in Light-Duty Fuel Cell Ve-
hicles are estimated by the U.S. Department of Energy [60] (see 
Table 6), this same value is applied as costs for speci昀椀c investment costs 
of stationary H2 storage. 

The optimal operation of the reversible systems is determined by 
solving the optimization model of section 2.5. The annual pro昀椀t (pa) 
generated by the optimal operation of the reversible system is the dif-
ference between the annual energy costs with and without the appli-
cation of such a system, according to eq. (9). The costs without a 
reversible system are the result of the costs from energy consumption 
without 昀氀exibility. In the RC scenario, this is zero and with industrial 
size it is equal to the industrial electricity demand times the price, 
summed for all timesteps. The costs with reversible system are calcu-
lated from energy consumption of the optimal operation according to 
the optimization model. 
pa(d) = cenergy,no.rev−sys− cenergy,rev−sys(d) (9) 

The optimization result for the annual pro昀椀t depends on the degra-
dation parameter d, as was discussed in section 2.6. The degradation 
(dlt) over the system lifetime (lt) is set equal to 10% for all systems. Then 
the actual degradation (d) can be calculated according to eq. (10) by 
using a linear temporal behaviour. 

d(t) = dlt
lt " t[y] (10) 

The return on investment with the method of the net present value is 
used for the evaluation of economics. In this way the system's economic 
performance over the lifetime (lt) of the main components can be 
evaluated. To stress the fact, that in this calculation not a deprecation 
period and interests but the lifetimes and in昀氀ation rate of money (i) are 
considered and called the Return on Lifetime (ROL, see eq. (11)). By 

Table 5 
Speci昀椀c investment costs for EC-, FC system and reversible systems in percent of 
the EC system investment costs.  

Technology 
Power 

EC 
20 MW 

FC 
6.7 MW 

Reversible 
20/6.7 MW 

PEM in %EC 100 33 133 
SOC in %EC 100 33 125  
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setting this ROL in relation to the investment cost of the system (CAPEX) 
one arrives at the relative Return on Lifetime (rROL) as can be seen in 
the eq. (12). The investment parameters used for the calculation of the 
ROL and rROL are compiled in Table 6. A rROL of zero or higher means 
that the system pays of its CAPEX during lifetime. A negative rROL-value 
leads to negative economics respectively. 

ROL = −CAPEX+
3lt

t
pa(d(t) )
(1 + i)t (11)  

rROL =
ROL
CAPEX (12)  

3. Results 

In this section the de昀椀nition of the reversible zone, scenario-speci昀椀c 
in昀氀uences on this zone and the results of the sensitivity analysis with 
respect to investment parameters, are presented. 

3.1. Zone for reversible operation with respect to the electricity‑hydrogen- 
price spread 

The graphics in Fig. 7 show the change of the rROL and the 
operation-mode, with the average spread between electricity and 
hydrogen sales price (Δel,H) according to eq. (13). 

Δel,H =
1

8760
38760

t=1 (cel(t)− cH2(t) ) (13)   

This price spread was varied by increasing or lowering of the elec-
tricity price. A resulting positive spread means, that the average price for 
electricity is higher than for hydrogen and a negative spread means in 
average higher hydrogen than electricity prices. Consequently, for a 
positive spread the FC operation and for negative spread the EC opera-
tion is dominant (see Fig. 7 B to D). At electricity prices much lower than 
the hydrogen sales price (Δel,H <−60 €/MWh for 2030) only systems for 
pure EC operations are economically viable, as the FC operation is rarely 
chosen. At a positive spread (Δel,H > 10 €/MWh for 2030 and Δel,H > 50 
€/MWh for 2050) the FC operation dominates, as can be seen in Fig. 7 B, 
and a system only capable of operating in this mode is economically 
viable. In these market price regions, both reversible systems, the rSOC 
system and the PEM-EC/FC system are not economically competitive to 
single-mode systems since the investment cost are 25 (33) % higher for 
the rSOC (PEM-EC/FC) system than for single-mode systems (Table 5). 

The region, in between the two regions of extreme operational choice 
of eighter pure EC or pure FC operation, was found to be the reversible 
zone. The limits for this reversible zone are determined in such a way, 

that EC and FC operation each is contributing 10% of the operation time, 
which does not yet say that it is economical. 

For 2030 there is only a very small reversible zone and only for the 
rSOC system, from spreads between −50 €/MWh to 10 €/MWh and an 
even smaller zone with positive rROL. Since the positive rROL reversible 
zone is very small (Fig. 7 A), the probability that in 2030 exactly such 
spreads occur is small. Within this reversible zone the in昀氀uence of the 
chosen technology is marginal. 

In the year 2050 the PEM system performs better and beats the rSOC 
system for price spreads below 0 €/MWh, as is visible in Fig. 7 A. Even 
though the PEM system has a lower EC ef昀椀ciency the high price 昀氀uc-
tuations in 2050 and the fast reaction time, enables enough pro昀椀table 
operation time. Together with lower investment costs the PEM-system 
outperforms the rSOC systems up to 0 €/MWh. However above this 

Table 6 
Investment parameters.   

Parameter Value 
CAPEX rSOC price in €/kWPEC** 1250 (2030) 

500 (2050) 
PEM-EC/FC price in €/kW 798 (2030) 

333 (2050) 
Storage price* in €/kWh 8 [60] 
Compressor price in €/kWEC** 100 [59]  
rSOC lifetime (ltstack) in y 10 [43]  
PEM EC/FC lifetime in y 20 [43]  
Storage lifetime* (ltst) in y 20  
Compressor lifetime (ltc) in y 20  
Interest (in昀氀ation) rate (i) in % 5  
Degradation over liftetime (dlt) in % 10  

* The storage price and its lifetime is not only relevant for the investment 
calculation but also for the operational and design optimization, where the 
optimal storage size is determined. 

**
€/kWEC – price relative to installed electrolysis power. 

Fig. 7. Dependence of the rROL (A.) and operation shares (B.-D.) on the elec-
tricity-H2-price spread (Δel,H) for a rSOC, rSOC-H2 and PEM-FC-EC system, with 
blue highlighted reversible zones. (For interpretation of the references to colour 
in this 昀椀gure legend, the reader is referred to the web version of this article.) 
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spread, the rSOC system performs better in the reversible zone (higher 
rROL), because it can operate with grid gas that is cheaper than H2. 
Furthermore, it was found that in EC operation the system operates more 
than three-fourth in full load. In FC operation however the part load 
share varies from 0 to 100% in different scenarios. 

Overall one 昀椀nds that, for an electricity-H2-price gap between −50 
€/MWh and 10 €/MWh for 2030 and from −40 €/MWh to 50 €/MWh for 
2050 a reversible zone exists. The reversible zone in 2050 is signi昀椀cantly 
wider than in 2030 which is because of price 昀氀uctuations. This means, 
that it is much more likely that future energy electricity and hydrogen 
prices will lie within this reversible zone. 

Furthermore, it is found that PEM and rSOC technology perform 
differently under changed market price spreads and price 昀氀uctuations, 
which comes mostly from the conversion ef昀椀ciencies and investment 
cost and not from the system dynamics. A contribution to the difference 
between the 2030 and 2050 scenarios comes from the different magni-
tudes of price 昀氀uctuations, which will be studied closer in section 3.2.1. 

3.2. In昀氀uences on the reversible zone 

In this section the in昀氀uence of electricity price 昀氀uctuations and grid 
gas price on the reversible zone (introduced in section 3.1) and the 
competition between rSOC and PEM systems is investigated. 

3.2.1. In昀氀uence of temporal 昀氀uctuations in the electricity price timeseries 
Here the in昀氀uence of the magnitude of periodical 昀氀uctuations in 

three different time domains on the rROL and on the numberer of 
switching events between operation modes is studied. The amplitude of 
the 昀氀uctuations in the base timeseries as introduced in section 2.3 is 
multiplied by the 昀氀uctuation multiplier (fm). This happens for the four 
respective time periods (overall, Long-term, Mid-term and Short-term) 
in the Fourier spectrum, as described in detail in Appendix A. 

Exemplarily one can see in Fig. 8 that decreased short-term 昀氀uctu-
ations (fm = 0.001) lead to less diversity in the choice of operation 
modes. In the shown speci昀椀c scenario, FC-GG operation dominates. 
When increasing these 昀氀uctuations (fm = 2.0), the EC and FC operation 
are more balanced over the year. The same is true for mid- and long-term 
昀氀uctuations. The yearly accumulated distribution of operation for 
overall increased 昀氀uctuations, can be seen together with the rROL in 

Appendix C, Fig. A3. Mid-term 昀氀uctuations have a very similar in昀氀uence 
like short-term 昀氀uctuations. The more 昀氀uctuations, the more the overall 
diversity in operation choice increases. Increased long-term 昀氀uctuations 
increase the seasonal specialization for FC operation in winter and EC 
operation in summer. 

Fig. 9 shows that higher 昀氀uctuations at any timescale lead to a strong 
increase of pro昀椀tability (rROL). The effect of short-term is the strongest 
followed by long-term and then by mid-term 昀氀uctuations. The number 
of ramp actions from one operation mode to another correlates posi-
tively with mid- and short-term 昀氀uctuations and negatively with long- 
term 昀氀uctuations. The change of 昀氀uctuations on all timescales (Over-
all) has the strongest in昀氀uence and is approximately the sum of the effect 
of the separately changed three timescales. 

Furthermore, Fig. 9 shows that the effect on the PEM system is 
signi昀椀cantly stronger than for the rSOC systems. The reason is that the 
larger marginal gap for turning PEM systems on is less relevant at higher 
昀氀uctuations. This marginal gap is a consequence of the ef昀椀ciency gap 
between EC and FC operation. 

One can see in Fig. 10 that the highlighted reversible zone is much 
wider and has a wider positive rROL-zone for increased 昀氀uctuations 
than for the base case shown in Fig. 7. Therefore, in the case of high 
昀氀uctuations, it is highly likely that the future energy prices will lie in the 
reversible zone and installation of reversible systems will be lucrative. 
Furthermore, one can see that the PEM system pro昀椀ts stronger from 
increased 昀氀uctuations and is then the better choice for a wider region. 

3.2.2. In昀氀uence of gas grid fees 
This section discusses the in昀氀uence of the cost difference between H2 

purchase and sales price which is equal to the gas grid fee. The gas grid 
fee is added on top of the energy base price (section 2.3) of H2 and CH4. 
This fee determines whether purchasing H2 from the grid is more 
lucrative than investing into a local H2 storage. High grid fees suppress 
FC operation with grid gas, so that operation with locally stored H2 is 
more lucrative. The result for the reversible zone for practically disables 
gas grid connection is shown in Fig. 11. Here, one can see that, the rROL 
is drastically reduced compared to Fig. 7 A and a wide market price 
range in the reversible zone does not allow economical operation. This is 
because of the storage investment costs and compression energy de-
mand. The rROL is positive only for an electricity‑hydrogen-spread 
below 20 €/MWh, when the electrolysis operation is dominant (as 
shown in Fig. A4). Then storing a part of produced H2 for conversion to 
electricity is lucrative due to the higher price 昀氀uctuations of 2050 in 
comparison to 2030. This allows for an overlap of the average price zone 
when both EC and FC operation are pro昀椀table (see section 3.2.1 for more 
details concerning 昀氀uctuations). 

Fig. 8. Effect of 昀氀uctuation magnitudes (fm) in different time domains (peri-
odicities: “Overalll” 1 h to 8760 h, “Long-term” 168 h to 8760 h, “Mid-term” 

168 h to 12 h and “Short-term” 1 h to 12 h) on the rROL (top) and number of 
operation mode changes (bottom). 

Fig. 9. Weekly share of operation in the different modes for the rSOC system in 
2050 with daily to hourly 昀氀uctuations suppressed (fm = 0.001) and enhanced 
(fm = 2.0). 
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The decrease of rROL and change in operation times can be seen in 
Fig. 12 for the year 2050. As the grid fee increases one can see a decrease 
of grid gas operation (GG) and increase of operation with locally stored 
H2 (H2). However, also the time in warm standby increases. For a H2- 
storage price of 8.0 €/kWh (1.0 €/kWh), the local storage (H2) and gas 
grid (GG) operation have the same operation time share at a grid fee of 
33 €/MWh (15 €/MWh), as shown in Fig. 12. The corresponding optimal 
H2 storage size is 0.12 GWh (530 GWh), which can be emptied in only 16 
(70) hours of FC operation. The grid fee at this point is a multiple of 
today's grid fee of 1.059 €/MWh [51] for Styria in Austria. The levelized 
costs of aquifer underground storage facilities of around 2 €/MWh ac-
cording to Lord et al. [9], have to be added to the grid fee of Styria, since 
such large scale storage technologies need to be connected to the grid to 
allow long term H2 storage. At a grid fee equal to this sum of current grid 
fee and levelized underground storage costs of 4 €/MWh the optimal size 
for local H2 storage is 0.02 GWh (0.170 GWh). This shows that under 
current conditions it is worth to store H2 locally only for very short 
timescales for less than three hours of FC operation. If the storage in-
vestment cost is reduced to 1 €/kWh the time for supplying the FC 
operation increases to 22 h. In Appendix E the in昀氀uence of the storage 
investment costs is looked at more closely. There one can see that highly 
decreased storage costs would be necessary for allowing pro昀椀table sys-
tems under high gas grid fee conditions. 

Finally, one can say that storing H2 locally in pressure vessels for 
more than on an hourly basis is not an economical option and the 
presence of gas grid connection is crucial for a wide economical 
reversible zone. 

3.2.3. The possibilities of rSOC-industry coupling and ideal rSOC system 
size 

The bene昀椀t of coupling to industrial sites can arise from the two ways 
of coupling: Firstly, the utilization of industrial waste heat in EC oper-
ation. Secondly, the self-consumption of produced electricity and shift-
ing of electricity purchase to cheaper timesteps. First, the optimal scales 
for the systems from the side of waste heat availability and energy de-
mand of the industry are examined. This analysis will be followed by 
interpreting the results found by the optimization model for the inte-
gration scenarios ((5) in Table 3). 

The investigated industries have an average waste heat stream of 
2.90 MW in the case of glass production and 1.20 MW in the case of the 
brewery, according to section 2.4. The electricity consumption is on 
average 6.83 MW for glass production and 4.42 MW up to 8.55 MW for 
the brewery (see Fig. 6). Scaling the system to the average (minimal) 
available waste heat stream, according to the heat fraction in EC (12.6%, 
see section 2.1), would result in an electrolysis system size of 23.0 MW 
for glass production and 9.52 MW for the brewery (according to Fig. 6). 
The appropriate system scale calculated, by starting from the electricity 

Fig. 10. Dependence of the rROL on the electricity-H2-price spread for a rSOC-, 
rSOC-H2 and PEM-FC-EC system under increased electricity price 昀氀uctuations 
(fm = 2.0), with blue highlighted reversible zone. (For interpretation of the 
references to colour in this 昀椀gure legend, the reader is referred to the web 
version of this article.) 

Fig. 11. Dependence of the rROL on the electricity-H2-price spread for a rSOC-, 
rSOC-H2 and PEM-FC-EC system at a grid fee of 123 €/MWh, with blue high-
lighted reversible zone. (For interpretation of the references to colour in this 
昀椀gure legend, the reader is referred to the web version of this article.) 

Fig. 12. In昀氀uence of the grid fee for two speci昀椀c storage investment prices (1 
and 8 €/kWh), in the scenario year 2050 for the 23 MW rSOC-H2 system. The 
in昀氀uence is shown for the parameters: A. rROL, B. operation shares and C. 
optimal H2-storage size. 
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consumption and considering the power ratio of three between EC and 
FC, is 20.5 MW for glass production and 13.3 MW for the brewery. 

The effect of the system size, as can be seen in Fig. 13, is the 
following: In the glass (brewery) industry, the rROL is constant up to a 
size of 23 (9.5) MW, then a steep decline in pro昀椀tability follows for the 
IC scenario. The value where this decrease starts corresponds very well 
to the value calculated in the previous paragraph based on the waste 
heat of the industry. This means that a rSOC system smaller than this 
scale resulting from the industry waste heat availability has the 
maximum bene昀椀t from coupling. Above this scale the bene昀椀t declines 
for the coupling in the industry IC. In the scenario shown in Fig. 13, the 
system operates 75% in EC- and 25% in FC-mode. Even in scenarios with 
reversed operation shares (25% EC and 75% FC), the point of decreased 
rROL is at the same value, however, the slope of decrease is 昀氀atter. The 
in昀氀uence in the IDH scenario is shown for the glass production in 
Fig. 13. Here the waste heat availability due to consumption of the 
district heating grid is highly reduced and therefore, the transition to a 
rROL-declining region is less pronounced. The advantage of the district 
heating network acting as FC-heat-sink, does not outweigh the lack of 
heat for EC operation and the connected decrease in ef昀椀ciency. Even 
though the pro昀椀les of electricity demand and waste heat availability are 
different for the glass and brewery industry, the effect on the rROL is 
very similar. Therefore, the glass industry is chosen as a representation 
of industry coupling in all other presented calculations. 

The increased rROL in the IDH and IC scenarios leaves the width of 
the reversible zone of Fig. 7 unchanged. However, it allows a wider 
region of the reversible zone to have a positive rROL, as shown in 
Fig. 14. Further details concerning the coupling to industries are con-
tained in the Appendix D. 

3.3. In昀氀uence of dynamic system parameters on the rROL 

Here the rROL's dependence on parameters, that re昀氀ect dynamic 
limitations of the rSOC system, is discussed. The base values of these 
parameters are compiled in Table 1 in section 2.1. The energy con-
sumption connected with non-active modes of the rSOC system includes 
the heat-up, cool-down and WSB phase. It was modulated simulta-
neously for all three phases from halve to triple its base value (rem times 
the value in Table 1). In Fig. 15 one can see the effect on the rROL which 
is of small signi昀椀cance, for scenarios with high gas grid fees and would 
be non-observable under low grid fees. The effect in scenario 2050 is 
stronger than in 2030 since WSB is of higher importance here. In sce-
narios with insigni昀椀cant CSB or WSB times, the effect is neglectable. 

Due to a vanishing number of cold start events, the heat-up time was 
found to have a neglectable in昀氀uence in all the calculated scenarios. The 
CSB mode, with connected cool-down and heat-up phase, is only very 

rarely a good economic choice, the WSB is preferred. The time for ramp- 
to EC and ramp-to FC is far below the 1 h resolution limit of these cal-
culations. Therefore, an in昀氀uence in the model may only arise by the 
extension of the included non-useful time, but no impact on the rROL 
was observed. 

3.4. In昀氀uence of investment parameters on the rROL 

This section analysis the in昀氀uence of parameters in the investment 
calculation Table 6) on the result of the ROL, which is calculated ac-
cording to eq. (11). Fig. 16 shows that the speci昀椀c investment costs for 
the stack (cstack) and its lifetime (ltstack) have the highest in昀氀uence on the 
ROL calculation. With a much smaller but signi昀椀cant impact, the in-
terest rate (i) and degradation over the lifetime (dlt) follow. However, 
the in昀氀uence of the degradation is not only through the investment 
calculation. Degradation in昀氀uences additionally the optimal choice of 
operation and therefore the reversible zone. An estimation for this in-
昀氀uence is presented in Appendix B. The lifetime of storage (ltst) and 
compressor (ltc) have only a secondary role since the connected in-
vestment costs are much lower than the ones for the stack. 

Since the investment costs of system and compressor have the most 
signi昀椀cant impact on the rROL, the mechanism of in昀氀uence on the cal-
culations is clari昀椀ed here. The system's operation is optimized inde-
pendent from these CAPEX costs, which play a role only in the 
investment calculation (according to eq. (11) and (12)). Therefore, the 
reversible zone is not in昀氀uenced by a variation of these investment costs. 
Changed investment costs only displace the lines of rROL, as indicated in 
Fig. 17, while the reversible zone stays unchanged. This means however, 

Fig. 13. In昀氀uence of rSOC system size on the rROL in the glass industry and the 
brewery in different coupling scenarios according to section 2.2 for the year 
2030 and a spread of −33 €/MWh electricity and hydrogen price. 

Fig. 14. In昀氀uence on the reversible zone by coupling scenario IC (dashed, 
vertical solid lines show boundaries of the reversible zone) in comparison to RC 
(solid, 昀椀lled reversible zone). 

Fig. 15. In昀氀uence of the energy consumption during non-active times (WSB 
and CSB) of the rSOC system with high grid fees (ggf equal 202 €/MWh (2030) 
and 123 €/MWh (2050)). 
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that rSOC and PEM-EC/FC lines change the position with respect to each 
other if the deviations of CAPEX are different for these technologies. 

4. Discussion 

The presented investigations of rSOC and PEM-EC/FC reversible 
systems in section 3.1 show, that a zone for the price spread between 
electricity and hydrogen price exists, where both operation EC and FC 
operation play a signi昀椀cant role. This market price zone is called here 
the reversible zone because reversible systems have in this zone at least 
10% increased operation hours compared to single-mode systems and 
can thus be economically more lucrative. In Fig. 7 one can see, that in 

2030 a wide range of the reversible zone has a negative rROL. In this 
case, only a small part of the reversible zone relates to a positive in-
vestment result. Whereas, in 2050 the whole reversible zone is pro昀椀t-
able. Outside this zone on the left (right) in Fig. 7, EC (FC) systems alone 
would be economically the best choice. However, there is a low chance 
that in the future such prices will be seen since electricity and hydrogen 
price will be coupled by PtHtP systems. Also, the volatility due to 
renewable power production increases which widens according to sec-
tion 3.2.1 the reversible zone. This means, that in the future the rSOC 
and PEM reversible hydrogen systems are likely to 昀椀nd pro昀椀table 
application. 

With the help of the present study, it can be concluded furthermore 
on the in昀氀uences on this reversible zone and the spatial arrangement. 
Additionally, one can compare PEM and rSOC systems and show the 
impact of engineering parameters.  

(1) What are the main in昀氀uences on the reversible zone? 

Table 7 gives an overview of the lower and upper limits of the 
reversible zone with positive rROL, compiling the results of section 3.1 
and 3.2. In this table the base price (ggf = 0.0 and fm = 1.0) is compared 
to increased 昀氀uctuations and increased gas grid fees. One can see clearly, 
that increased 昀氀uctuations in the electricity price lead to an increased 
width of the economic reversible zone. Increased gas grid fees on the 
other hand, strongly decrease the economical reversible zone, as they 
decrease the rROL drastically. An exception is the case 2050 with ggf =
12.3 and fm = 2.0, since here higher grid fees only transfer operation 
time from FC to EC. 

The in昀氀uence of electrical and thermal coupling to industries (sce-
nario IC) increases the pro昀椀tability signi昀椀cantly and thus makes larger 
regions of the reversible zone pro昀椀table, as is shown in Fig. 14.  

(2) Do we need spatially concentrated or delocalized reversible 
systems? 

In section 3.2.2 one can see that the connection to a gas grid infra-
structure, providing gas with low storage costs, is of high importance to 
allow a wide pro昀椀table reversible zone. On one hand, this means that 
reversible systems without gas grid connection can be pro昀椀table only for 
very speci昀椀c market prices (narrow economic reversible zone with 
positive rROL and only for 2050, see Fig. 11). Having a gas grid 
connection allows for a wider reversible zone, making the prospects for 
pro昀椀tability more robust. However, for injecting hydrogen into the grid 
comes with safety and quality regulations and compression may be 
necessary depending on the injection point in the grid. Therefore, 
injecting to gas grids relates to investment costs [61], so this connection 
is economically non recommended below megawatt-scale EC-units and 
gas lines in proximity. In section 3.2.2 the optimal storage size under 
different gas grid fees is determined. It is found that only short-term 
storage of H2 is locally feasible. 

With a gas grid connection, it is not necessary to place EC- and FC- 
unit in one location, the units can be spatially distributed. This delo-
calized system has the advantage of using the gas infrastructure for 
distributing energy. In this way, the necessity for strengthening the 
electricity grid is reduced. Conversely, a concentrated reversible system 

Fig. 16. Sensitivity of the ROL (eq. (11)) with respect to investment parameters 
for the rSOC and PEM technology. 

Fig. 17. In昀氀uence of the rSOC CAPEX on the rROL and reversible zone (base =
Figure 7 A 2050). 

Table 7 
Comparison of the positive-rROL-reversible zone electricity‑hydrogen-price- 
difference limits for the rSOC system under changed market prices.  

Parameter setup Lower limit [€/MWh] Upper limit [€/MWh]  
2030 2050 2030 2050 

ggf = 0.0, fm = 1.0 −53 < −34 −34 52 
ggf = 0.0, fm = 2.0 −83 < −34 48 108 
ggf = 12.3, fm = 2.0 – < −34 – 133 
ggf = 12.3, fm = 1.0 – < −34 – 21  
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is solely dependent on the electricity grid for energy distribution that 
can only temporarily shift load and production. The concentrated rSOC 
systems offer an investment advantage by increasing the system costs 
compared to a pure EC system only slightly (Table 5). This means, that 
there can be locations where rSOC systems are economically preferred. 
The question of whether concentrated or delocalized reversible systems 
are more suitable is a question of the trade-off between the services 
provided for the electricity grid by delocalized systems and the invest-
ment advantage of reversible systems since the local hydrogen storage 
plays a subordinary role. 

A strong impact on the system economy comes from the integration 
to consumers as shown in Fig. 13 for two industry types. For delocalized 
reversible systems, the locations for a good system integration are easier 
to 昀椀nd, as the coupling possibility for only one mode at once should be 
met. EC units can be placed by renewable production or the SOEC- 
technology can be placed by waste heat sources [39]. The FC units 
can independently be placed by electricity and heat consumers like in-
dustries or residential sites. Locations combining both consumption and 
production of energy are necessary for concentrated reversible systems 
to enable high ef昀椀ciency of energy usage. Anyway, concentrated 
reversible systems may be considered for electrical- and gas-off-grid 
applications or emergency energy supply. However, Schöne et al. 
[62] and Cruz-Soto et al. [63] performed a techno-economic evalua-
tion of power-to‑hydrogen-to-power in isolated off-grid communities, 
where PtHtP systems need a cost reduction to be competitive with fossil- 
fuel-based systems. 

Concentrated reversible systems are well suited for locations of 
seasonal 昀氀uctuating renewable production and heat demand. These 
conditions are given in sites which are dominated by room heat demand, 
like is the case for many industrial sites and residential areas. The room 
heating has a strong seasonal pattern, as can be seen in Fig. 6. Waste heat 
of the FC operation can be used for the base heat demand of the room 
heating and a small heat pump or electric heater may be employed to 
cover peak loads. In this way, the increased electrical grid load for 
heating can be reduced in winter. In summer, the concentrated revers-
ible system can produce H2, especially in regions with high potential for 
PV and wind power generation. This helps to reduce concurrent peak 
production and balances seasonal production and demand. In this 
application the reversible system must be competitive to alternative 
heating systems. However, for the required seasonal balancing of pro-
duction and demand, a connection to the storage facilities of the gas grid 
is crucial. The gas grid needs to provide fuel for FC operation and the H2 
produced in EC operation may be injected to the grid or consumed by 
nearby industries.  

(3) Do PEM-EC/FC- or rSOC systems perform better? 

As one can learn from Fig. 12, systems with gas grid connection 
perform much better than with local H2 storage. In the case of CH4 grids, 
rSOC systems are therefore preferred to PEM systems. However, sites 
close to H2 underground storage facilities can perform similarly well like 
grid-connected systems. In the case of H2 gas grids the economic pref-
erence of PEM-EC/FC- or rSOC-H2 systems is not clear, since in Fig. 7 
one 昀椀nds, that in the scenario year 2030 the rSOC system and in 2050 
the PEM-EC/FC system is more lucrative. This difference in the scenario 
years comes from the magnitude of market price 昀氀uctuations and the 
difference in assumed system cost according to Table 6, which is a big 
factor of uncertainty. From Fig. 9 one can conclude that 昀氀uctuations 
have a higher positive impact on the PEM system, as it can react faster 
and with less costs for changing the operation mode (see Table 1). This 
means that higher 昀氀uctuations point to PEM-EC/FC system. However, 
the system cost uncertainty does not allow an absolute comparison of the 
technologies.  

(4) What is important for rSOC system engineering? 

In the section about sensitivity concerning system parameters (sec-
tion 3.3), one can see that the energy consumed by the rSOC system for 
non-active operation is signi昀椀cant for the economics of the system 
operation. The time needed to switch between operation modes on the 
other hand was found to be irrelevant. In the simulations no high 
frequent switching from cold standby to warm operation was observed 
in any scenario that is relevant to the application of a rSOC system. 
Therefore, no in昀氀uence of increased heat-up time on the economics is 
observed. Even though the choice of 1 h for preheating is already at the 
lower limit of reported values. Current SOC stacks allow a heating rate of 
1–10 K/min [64,65] which would result in a preheat time of 1 to 7 h. In 
section 3.4 the system's degradation was found to be of similar impor-
tance to the economics like in昀氀ation. The degradation does not only 
impact the investment calculation but also in昀氀uences the choice of op-
erations, which results in less reversible operation for higher degraded 
systems. 

5. Conclusions 

In this work the reversible zone, where reversible hydrogen systems 
have bene昀椀cial economics, is determined and studied under the in昀氀u-
ence of different market prices. The systems' degradation over the life-
time is found a signi昀椀cant impact on economics and is accounted for by a 
novel computationally inexpensive method. This method correlates 
active operation time and degradation with the pro昀椀t made by the 
system. 

Fluctuating electricity prices are found to be a major in昀氀uencing 
factor for the pro昀椀tability of the investment into reversible hydrogen 
technologies (see section 3.2.1). Higher price 昀氀uctuations on any tem-
poral scale cause a much wider zone, when reversible systems are a good 
choice, and drastically increased pro昀椀tability. Furthermore, the thermal 
and electrical coupling to industries and district heating can increase the 
pro昀椀tability in any given market price conditions. 

In section 3.2.2 the importance of costs connected with the storage of 
produced hydrogen is analysed in terms of gas grid fees and investment 
costs for local storage vessels for compressed H2. The results show, that 
under high storage costs the pro昀椀table reversible zone becomes very 
small. Thus, it is risky to make an investment in reversible systems under 
such conditions. Furthermore, these investigations show that storing H2 
locally is economically feasible only for timescales up to a few hours. 

The observations connected with local storage and the importance of 
gas grid connection enable us to discuss the applicability of spatially 
concentrated and delocalized reversible systems, in section 4 point (2). 
Concentrated reversible systems show potential for integration to in-
dustrial and residential areas with waste heat availability, heat demand 
and renewable production. Furthermore, these systems may 昀椀nd appli-
cation in off-grid communities and in case of energy safety. It would be 
interesting to study the difference in the in昀氀uence of concentrated and 
delocalized systems on the load situation of electricity grids. This can 
show different aspects, for these systems application, that are not within 
the scope of the present studies. 

The answer to the question whether PEM-EC/FC or rSOC systems 
perform better is impacted by the high uncertainty of future system 
investment costs, especially for rSOC systems. However, in the present 
cost scenario the economic preference depends on the speci昀椀c market 
price and coupling scenario. This means that rSOC systems are inter-
esting for application if the cost reduction for rSOC systems, as projected 
by Böhm et al. [31], will be observed. 

We propose future studies to make investigations concerning the 
spatial system arrangement including the specialities of different con-
version technologies, uncertainty of investment costs and the in昀氀uences 
on electrical distribution systems. Such combined study can generate a 
clearer outlook for application potentials which is crucial for planning 
the structure of future energy supply systems. 
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Appendix A. Market price variations for the sensitivity analysis of section 3.2 

In this part of the appendix, the methodology, for changing the market prices that are shown in Fig. 4 for the analyses in section 3, is shown. 
Changing the spread between electricity and hydrogen price: 
To investigate the in昀氀uence of the price spread between electricity and hydrogen the electricity price is shifted by a constant value. The average 

spread for the base scenario between the electricity and hydrogen price (eq. (13)) is −33.0 €/MWh in 2030 and 26.4 €/MWh in 2050. The average 
spread between electricity and grid gas price is 31.5 €/MWh in 2030 and 49.5 €/MWh in 2050. 

Changing the temporal 昀氀uctuations in the electricity price: 
The change of the temporal 昀氀uctuations is achieved by applying a fast Fourier transform to the electricity price time series, multiplying a section of 

the frequency spectrum by a spectrum 昀氀uctuation modi昀椀er (fm), and transforming this modi昀椀ed spectrum back to the time domain. The spectrum of 
the yearly time series with hourly resolution is divided into three regions as follows: Long-term periodicity with frequencies between 1 and 52 a−1, 
re昀氀ecting seasonal to weekly 昀氀uctuations; Mid-term periodicity with frequencies between 52 and 730 a−1, re昀氀ecting weekly to halve daily 昀氀uctu-
ations; Short-term periodicity with frequencies between 730 and 8760 a−1, re昀氀ecting halve daily to hourly 昀氀uctuations; Overall periodicities from 1 
to 8760 a−1. The spectral amplitudes of these three different frequency ranges are then multiplied by the spectral modi昀椀er (fm). The back transform of 
this spectrum is the new price time series with a modi昀椀ed long-, mid- or short-term periodicity or overall periodicity. 

Variation of gas grid fee: 
The grid gas price is shifted by the gas grid fee (ggf). This is equal to the difference in H2 purchase and sales prices for the rSOC-H2- and PEM-EC/FC 

system. For the rSOC system the grid gas purchase price is affected, which is not directly related to the H2 sales price. For ggf > 1 the purchase of gas 
from the grid is discouraged. A value smaller than one could be achieved by introducing subsidies for producing H2. 

Appendix B. Degradation 

Here the dependence of the annual pro昀椀t on the degradation parameter d of the reversible systems is discussed (according to eq. (9)). The way of 
including the degradation allows us to estimate the economic performance over the systems lifetime based on the calculation for the 昀椀rst year, when 
the system is not yet degraded. The operational and storage design optimisation is performed on a yearly hourly-resolved timeseries for different 
degradation values and for different operation conditions. This results in different active operation times and choice of operation modes. In Fig. A1 one 
can see the calculated points and the 昀椀tting curves for the resulting in昀氀uence of the degradation on the annual pro昀椀t for a PEM- and a rSOC system. The 
degradation decreases the annual pro昀椀t. Furthermore, a strong dependence of the degradation-in昀氀uence on the active operation time of the system can 
be observed. At higher active operation times the degradational in昀氀uence is higher, as can be seen in Fig. A1. The least squares optimization algorithm 
of SciPy for Python [66] is used for determining the value of the 昀椀tting parameter a1 of eq. (8). The form of the 昀椀tting function (eq. (8)) was chosen 
without a constant offset, since at zero operation hours, the in昀氀uence should vanish. The 昀椀tted curves can be seen in Fig. A1. With this 昀椀tting curves, 
the degradation can be implemented in the techno-economic evaluation, without performing the operation optimisation calculations for the whole 
lifetime of the system, but only for an exemplary year. Furthermore, this dependence on changed system ef昀椀ciency could be used as an easy way to 
represent systems of lower ef昀椀ciency, than the ones investigated here. 

D. Banasiak and T. Kienberger                                                                                                                                                                                                              



Applied Energy 371 (2024) 123639

16

Fig. A1. Change of annual relative pro昀椀t due to degradation depending on the active operation time for the rSOC- and PEM-technology. The dotted lines show the 
applied 昀椀tting function, with a1 the 昀椀tting parameter of eq. (8). 

The degradation of the system does not only in昀氀uence the economic performance, but also the optimal choice of operation modes. The change of 
operational choice with degradation can be various, as illustrated in Fig. A2. The left graph in Fig. A2, shows a case when the choice between 
electrolysis and fuel cell operation is in昀氀uenced, but no increase of stand-still-time is observed. In this case the reversible zone undergoes only a 
displacement with respect to electricity-H2-price spread but stays constant in its width. In the case of the right graph in Fig. A2, the fast decrease of FC- 
H2 and EC operation share consequently decreases the width of the reversible electricity-H2-price zone. This means, that during the lifetime of the 
reversible systems, the width of the reversible zone is decreasing. In the present investigations only the reversible zone on basis of the results for the 
non-degraded state is studied, which is the 昀椀rst year of the system's application. This is justi昀椀ed because the in昀氀uences of 昀氀uctuations and gas grid fee 
is indicative for any degraded state.

Fig. A2. In昀氀uence of degradation on the operation share exemplary for two different sets of calculation parameters.  

Appendix C. Supplementary 昀椀gures for the investigation of in昀氀uences on the reversible zone 

Here the market price dependence of the rROL together with the operation shares under high electricity price 昀氀uctuations (Fig. A3, which extends 
Fig. 10) and high grid gas fees (see Fig. A4, which extends Fig. 11) are discussed. Increased 昀氀uctuations 昀氀atten the operation share curves close to the 
EC-FC intersection point, which leads to a widening of the reversible zone. For the increased gas prices especially in 2050 the FC-H2 operation plays a 
signi昀椀cant role in contrast to the results for the base grid fee shown in Fig. 7 and Fig. A3 for base and increased 昀氀uctuations respectively. In 2030 the 
FC-H2 operation cannot play a signi昀椀cant role since price 昀氀uctuations are too low. In this case no overlap of EC and FC operation and therefore no 
reversible zone with respect to electricity‑hydrogen price spread is seen. 
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Fig. A3. Dependence of the rROL and operation shares on the electricity-H2-price spread for rSOC, rSOC-H2 and PEM-EC/FC system under overall increased 
electricity price 昀氀uctuations (fm = 2.0), with highlighted reversible zone.  
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Fig. A4. Dependence of the rROL and operation shares on the electricity-H2-price spread for rSOC, rSOC-H2 and PEM-EC/FC system under high grid gas fees and 
base 昀氀uctuations (fm = 1.0, ggf equal 202 €/MWh (2030) and 123 €/MWh (2050)), with highlighted reversible zone. 

Appendix D. Supplement to industrial coupling 

In Fig. A5 one can see the coupling to industry (IC) added in addition to the reference case (RC) to the plot of rROL and share of operations. The 
reversible zone is nearly unchanged for the IC-scenario. However, due to the utilization of industry waste heat and electricity self-consumption, the 
rROL increases. This allows in 2030 for a wider range of the reversible zone with a positive rROL. In EC operation the industry coupling in昀氀uences only 
the rSOC systems, whereas in FC operation the PEM system gains a higher bene昀椀t from the electricity self-consumption. This means for the IC-scenario, 
that at the right end of the reversible zone, the PEM system gains an advantage over the rSOC system. On the left end of the reversible zone, the rSOC 
system gains an advantage over the PEM system. 
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Fig. A5. Dependence of the rROL and operation share with highlighted reversible zone on the electricity-H2-price spread for the coupling scenarios RC (solid) and 
IC (dashed). 

Appendix E. Storage investment costs 

In this investigation one can see the in昀氀uence of local storage costs on the pro昀椀tability of the system application. In the case with highly priced grid 
connection the FC-H2 operation plays especially in 2050 a signi昀椀cant role. The ideal storage size and the rROL is strongly in昀氀uenced by the storage 
investment costs, as can be seen in Fig. A6. At increasing low storage investment costs from 0 to 5 €/kWh, the ideal storage size decreases drastically. 
Low storage costs enable more time of FC-H2 operation and reduce the standby time slightly. Therefore, the system can be operated more pro昀椀tably 
and the rROL increases signi昀椀cantly with decreasing storage costs. This means that the economic performance under high grid gas prices could be 
improved greatly if storages with low investment costs would be available. However, this signi昀椀cant increase in rROL can be observed in Fig. A6, it is 
not enough to enable an economic self-supply of hydrogen for the RC base scenario. This 昀椀gure also shows that the in昀氀uence of the storage price for a 
variation between 0.8 and 16 €/kWh is rather small compared to the in昀氀uence of the coupling scenarios, which underlines the importance of thermal 
system integration. 
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Fig. A6. rSOC-H2 system: In昀氀uence of the H2-storage price (stc) on the rROL, operation and storage size in the 2050 scenario with ggf equal 123 €/MWh (2050).  
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