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HIGHLIGHTS

® CE method can be used next to round trip efficiency to design Bi-SOC systems.

® Bi-SOC year-round cumulative exergy efficiency varies from 33% to 73%.

® Bi-SOC energy efficiencies range between 29% and 66%.

® Bi-SOC performance is higher for different operating condition of SOFC and SOEC.
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Bi-directional solid oxide cell systems (Bi-SOC) are being increasingly considered as an electrical energy storage
method and consequently as a means to boost the penetration of renewable energy (RE) and to improve the grid
flexibility by power-to-gas electrochemical conversion. A major advantage of these systems is that the same SOC
stack operates as both energy storage device (SOEC) and energy producing device (SOFC), based on the energy
demand and production. SOEC and SOFC systems are now well-optimised as individual systems; this work
studies the effect of using the bi-directionality of the SOC at a system level.

Since the system performance is highly dependent on the cell-stack operating conditions, this study improves
the stack parameters for both operation modes. Moreover, the year-round cumulative exergy method (CE) is
introduced in the solid oxide cell (SOC) context for estimating the system exergy efficiencies. This method is an
attempt to obtain more insightful exergy assessments since it takes into account the operational hours of the SOC
system in both modes. The CE method therefore helps to predict more accurately the most efficient configuration
and operating parameters based on the power production and consumption curves in a year.

Variation of operating conditions, configurations and SOC parameters show a variation of Bi-SOC system
year-round cumulative exergy efficiency from 33% to 73%. The obtained thermodynamic performance shows
that the Bi-SOC when feasible can prove to be a highly efficient flexible power plant, as well as an energy storage
system.

1. Introduction knowledge, SOECs are the only electrolyser cells that have shown the

possibility of operating in reversible mode without exhibiting severe

Efficient electrical energy storage and power-to-gas solutions could
play a substantial role in increasing the penetration of fluctuating re-
newable energy resources, thus mitigating the worst impacts of climate
change, and in integrating different energy grids and infrastructures
[1-8]. Among the various technologies, solid oxide electrolyser cell
(SOEQ) is currently the focus of numerous research and development
efforts because it converts electricity into chemical energy with a higher
efficiency compared to alkaline electrolyser and proton exchange
membrane electrolyser technologies [9]. Moreover, to the present

* Corresponding author.
E-mail address: g.botta@tudelft.nl (G. Botta).

https://doi.org/10.1016/j.apenergy.2018.05.061

Received 23 November 2017; Received in revised form 11 May 2018; Accepted 15 May 2018

Available online 26 June 2018

degradation [10,11]. This allows them to compete with compressed air
and pumped hydro energy storage methods, and advanced batteries
[12-14].

Bi-directional solid oxide cell (Bi-SOC) systems store electricity by
producing a synthetic fuel in the electrolysis mode and generating
electricity by electrochemically oxidising fuel in fuel cell mode, based
on the energy demand and production [12-14]. Fig. 1 sketches the
working principle of a Bi-SOC system where power is produced from
biomass-derived syngas or from H,, and can then be used for a wide
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Nomenclature

Symbols

A cell/stack area [m?]

E molar energy flow rate of the fuel on the basis of LHV
[kw]

Ex exergy [kW]

F Faraday constant [C/mol]

h molar enthalpy of component [kJ/mol]

I current [A]

J current density [A/m?]

n mole flow rate [kmol/s]

1_J pressure [bar]

Q heat flow rate [kW]

T operating temperature [°C]

t operational hours [hours]

\% voltage [V]

w work flow rate [kW/MW]

z number of electrons generated/required per electro-
chemical reaction [-]

n efficiency [%]

Subscripts

D destruction

ec electrolyser cell

fc fuel cell

in inlet

k component k

NST nernst

out outlet

sys system
Abbreviations

ASR area specific resistance
Bi-SOC  bi-directional SOC
CE cumulative exergy
GT gas turbine

LHV lower heating value

REaccuracy relative error

ReSOC reversible SOC

SOC solid oxide cell

SOFC solid oxide fuel cell

SOEC solid oxide electrolyser cell
UF utilisation factor

TIT turbine inlet temperature
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Fig. 1. Bi-SOC energy system.

array of applications. Analogously, H, is produced from H,O in the
electrolysis mode, using a renewable energy source (e.g., solar, wind,
hydro). The H, produced can then be used in other processes, converted
to others chemicals, or can be stored and converted again to power by
the same Bi-SOC operating in the fuel cell mode when necessary.
Potentially, Bi-SOC systems are flexible regarding both the fuel and
the energy sources fed to, compatible with reduced CO, emission tar-
gets in power generation mode, adaptable to local energy needs and to
different applications [10]. However, this is not yet a sufficiently
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mature technology to set up efficient and cost-effective operation.
Moreover, SOCs are now optimised for one mode only, while Bi-SOCs
must operate efficiently in both SOFC and SOEC modes.

SOFC systems have been extensively investigated. Recent works
focused on the optimization of SOFC and combined SOFC-Gas Turbine
(SOFC-GT) systems. A techno-economic optimization of a SOFC micro-
combined heat and power (CHP) systems (10-20 kW size range) is
presented by Braun [15]. The system configurations and operating
parameter selections could allow a minimum life-cycle cost while
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achieving maximum CHP-system efficiency, reaching a life-cycle cost
abatement of over 30% and CHP efficiency improvements of about 20%
as compared to the base scenarios. Whiston et al. introduced an ex-
ergetic and economic comparison between the performance of a SOFC-
GT system and of a SOFC system [16]. Even if combined systems are
still in the demonstration phase, the study upholds hybrid systems’s
continued investigation and development since the hybrid system
generated power more efficiently (66% exergy efficiency) than the
stand-alone SOFC system (59% exergy efficiency). Via a parametric
study, Khani et al. [17] carried out an energy and exergo-economic
evaluation of a SOFC-GT-absorption chiller system, studying the influ-
ences of key operating parameters on the performance of the system. A
series of optimal working conditions are proposed and combining the
SOFC with a gas turbine resulted in a higher exergy efficiency (4 6.5%).
The stack was the highest contributor to the total irreversibility. Bang-
Mgller et al. [18] performed an exergy analysis and optimization of a
hybrid plant consisting of a two-stage gasifier, SOFC and GT resulting in
a gain of 6% in electrical efficiency when integrating the heat man-
agement. The optimal configuration produced 290 kWe reaching an
electrical efficiency of 58% based on LHV. A cogeneration plant con-
taining an SOFC, a GT, an air preheater, and an inlet air cooling system
was optimized by Hajabdollahi et al. [19], considering the presence of
combustion chambers, heat exchangers, inlet air cooling system and
SOFC as design variables. The system containing the SOFC resulted in
lower exergy destruction in the air compressor and higher exergy de-
struction in the heat recovery steam generator. Hosseinpour et al.
presented, and optimized from energy and exergy perspectives, a co-
generation system consisting of SOFC and a Stirling engine [20]. The
energy efficiency of the combined system was about 76%, while that of
the stand-alone SOFC plant was around 25% lower. The combined
system reached a maximum exergy efficiency of about 56%, and in both
systems the air heat exchanger had the greatest exergy destruction rate.

When compared to SOFC or other electrolysers, SOEC is still young
and relatively unexplored. However, there have been rapid and inter-
esting developments in SOECs, displaying that this technology is up-
and-coming in a near future [21-23]. Unfortunately, costs are still high
[24]. Techno-economic analyses and system design have been per-
formed mainly in recent years. De Saint Jean et al. carried out an
economic assessment of a power to methane system via SOEC and CO,
methanation [25]. The resulting high cost of SNG were associated with
the cost of SOEC stacks and their performance degradation. Varone
et al. presented an economic evaluation of 50 MWe power-to-liquid
plant producing methanol from renewable energy via SOECs [26]. The
estimated cost of renewable methanol production was competitive with
the present production methods. Guendalini et al. showed that accep-
table conditions for efficient and economic viable power-to-gas for
improved wind energy dispatchability are possible and they might be
further improved with a reduction of the electrolyser cost and elec-
tricity price [27]. A SOEC model developed in Aspen Plus™ is presented
and used in [28] to execute a parametric analysis, and an energy and
exergy assessment. The highest energy and exergetic efficiency resulted
in about 78% and 92%, respectively. Sunfire GmbH in the last few years
has been involved in several projects where high temperature electro-
lysis was integrated in power-to-gas or power-to-liquid technologies
[29-33]. Also Haldor Topsoe, during recent years, started intensively
researching SOEC for power-to-gas, mostly from a theoretical and
system design perspective [34-37]. Moritz et al. have shown that in-
creasing pressure (from 0.05 to 2 MPa) improved kinetics and mass
transport in SOEC, but influenced negatively its thermodynamic effi-
ciencies. When working at low pressure, the SOEC resulted in higher
performance if operating at lower current densities. Conversely, at
higher pressure the SOEC was more efficient if operating at higher
current densities [38].

While SOFC has been largely investigated and SOEC is being re-
cently studied, only a limited number of studies has been directed on Bi-
SOC technology. Sunfire GmbH carried out a stack test with 26 cycles
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switching between SOFC and SOEC mode at low current densities
(0.3-0.4 A/cm®). The stack presented a 0.06% degradation per ReSOC
cycle [39]. Graves et al. have shown that serious electrolysis-induced
degradation can be erased by cycling between electrolysis and fuel-cell
modes [11]. Perna et al. used a thermo-electrochemical model built in
Aspen Plus™ to analyse a ReSOC unit fed with syngas and H, [40]. A
round trip efficiency of about 70% was obtained when the system ran
under its optimal conditions at low temperature (700 °C). A thermo-
dynamic approach was used to investigate the influence of key oper-
ating parameters on the performance of a ReSOC by Wendel et al. [41].
While pressurized systems achieved high efficiency at high temperature
and fuel utilisation, non-pressurized systems required lower tempera-
ture and energy density. Kazempoor et al. developed and validated a
model to analyse the performance of reversible operation SOC under
several operating conditions [42]. The results showed that the total
electrochemical losses of the cell can be very diverse between the two
operative modes. A thermodynamic assessment of a ReSOC via a model
developed using Aspen Plus™ is presented also by Hauck et al. [43],
where it is pointed out that high temperature and high pressure could
improve the performance of the ReSOC system, despite the still existing
challenge of degradation, cost and transient operation. Mottaghizadeh
et al. presented a process system model implemented with Aspen Plus™
[44]. A round trip efficiency of about 54% was obtained when working
at ambient pressure, increasing to 60% when operating at 25 bar.

The scientific literature review clearly indicates that the cell-stack
operating parameters have a great effect on system performance and
optimizing the operating conditions to suit both modes is crucial to
attain high Bi-SOC efficiency. However, Bi-SOC can hardly operate at
maximum efficiency in both the modes when operated at the same
conditions, thus having an impact on operating cost. For instance, re-
ducing current density can improve performance in SOFC mode, but
SOEC performance in terms of hydrogen production is lowered.
Furthermore, while in SOFC mode voltage and over potential reduce
with increasing temperature, resulting in better performance, higher
exergy efficiency can be achieved in SOEC mode at low temperatures.
Also, while high pressures increase the operating voltage and reduce
diffusion losses thus boosting performance in SOFC mode, it is not clear
if this is beneficial in SOEC mode since an increase in the Nernst po-
tential is disadvantageous when working in electrolysis mode.
Nonetheless, pressurizing the SOEC can be favourable at the system
level. In fact, other aspects like water pressurization or hydrogen
compression for storage, might justify the operation of SOEC systems at
elevated pressure.

Only few system design studies aiming at optimising the stack
parameters to work in both operating modes are currently available.
Moreover, the commonly adopted exergy analysis method that is,
round-trip efficiency, is insufficient in providing a practical estimation
for such systems. In fact, despite being widely used, round trip effi-
ciency analysis does not take into account the operating time in each
mode and therefore cannot be probably used as sole criteria to design a
bi-directional system.

This report presents the results from a steady state energy and ex-
ergy analyses for different bi-directional system configurations char-
acterized by steam electrolysis when the stack operates in SOEC mode,
and both syngas and H, oxidation when the stack operates in SOFC
mode. We evaluated the effect of operating conditions, such as pressure,
temperature, fuel utilisation, and current density, on the Bi-SOC system
performance to address differences and similarities between SOC con-
figurations for hydrogen and syngas oxidation and steam electrolysis.
Furthermore, this paper introduces the application of the year-round
Cumulative Exergy (CE) method into SOC context, a method proposed
and used in literature to optimise energy systems considering their
yearly based usage [45,46]. This method can be an extremely useful
tool for identifying the components contributing the most to the exergy
destruction and exhaust exergy losses based on the excess energy pro-
duction and energy demand profile for a year. Therefore, the method
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allows the identification of operating conditions and system config-
urations necessary to obtain high conversion efficiencies.

Section 2 of this paper describes the modelling approach and the
calculation procedure used to quantitatively estimate energy and ex-
ergy flows of the SOC systems, and details the initial assumptions. The
results section for the individual modes, Section 3, presents a series of
SOC system configurations, from a simple system with minimal bal-
ance-of-plant (BoP) components to more complex systems including
turbine-bottoming cycle. This section explores the sensitivity of the
system performance to SOC stack parameters, thus seeking to optimise
the process flow. Section 4 illustrates the results of the analysis carried
out on the bi-directional systems. Sections 3 and 4 use the calculation
method presented in Section 2 to draw the conclusions on the system
energy and exergy performance. The paper concludes summarising the
findings to appraise future Bi-SOC system design and analysis, pro-
viding a starting point for future research and proving the usefulness of
the year-round CE method in selecting the favourable configuration and
operating parameters.

2. Calculation methodology and modelling approach

This section introduces the hypotheses used in modelling the Bi-SOC
stack and the system components, the methodology to calculate the Bi-
SOC system performances metric definitions, the assumptions and the
system operating conditions selected for the analysis.

2.1. SOC stack and system models

The first part of the subsection presents the mathematical modelling
of the zero-dimensional SOC stacks, the electrochemical equations that
characterize the stack and the main assumptions. The second part il-
lustrates the system configuration and the BoP components modelling.

2.1.1. SOC stack modelling description and internal equations

Fuel cell and electrolyser are modelled in Aspen Plus™ using the
available reactors, as well documented in literature [28,40,43,44,47].
Gibbs reactors are used to perform calculations based on the input re-
actant composition, temperature and pressure on the basis of Gibbs
energy minimisation, whereas stoichiometric reactors are used to si-
mulate the electrochemical reactions at specified operating conditions,
and separators which reproduce the separation of the anode and
cathode outcome flows, and they represent the electrolyte. The elec-
trical and the heat required or produced are calculated via a mathe-
matical model, which is coded in a calculator block using FORTRAN
language. Our SOC components models, already presented in our pre-
vious work [48], have been built and validated through experimental
results from DTU [49,50], as presented in Section 2.1.1.1.

In the literature, a wide range of SOFC or SOEC models are based on
Faraday’s current determined through an assumed utilisation factor
[51-54]. The current, I, can be related to the total inlet molar flow of
fuel (SOFC mode) or steam (SOEC mode), their respective utilisation
factor and Faraday’s relationship, Egs. (1) and (2).

Ifc = ZFflfuel,in UEfL (@D)]
)

Once the current is fixed, the lumped current density, J, can be
obtained using the total active area of the SOC stack, for both SOFC and
SOEC.

J=1I/A

Iec = ZFr'lHZO,in UF{;L

3

Commonly, SOFC or SOEC models are based on a linear approach
[9,47,51,54]. The equations of the stack (4) and (5) represent the op-
erative voltage of SOFC and SOEC stack as a function of the inlet Nernst
potential [48] and an equivalent area specific resistance (ASR).

Ve = Vnsrin—JASR (©))
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Vie = Visrun + JASR 5)

The ASR is calculated via an empirical expression, determined in
Politecnico di Torino and presented by Giglio et al. in [55], Eq. (6).

©

This equation is derived from the interpolation of experimental data
from DTU [49,50], and it is valid in a range of 750-850 °C, and for
pressure up to 10 bar [55].

The same ASR in both SOEC and SOFC modes is assumed in line
with the work of Desideri et al. [56] and of Ferrero et al. [57].

The electrical power produced by the SOFC or demanded by the
SOEC can be expressed as the product of the operative voltage (Vp,V..)
and the current, and it is related to the heat flow (Q) through the energy
balance. A modelling strategy to compute extra cooling/heating air is
suggested by De Groot [53]. The SOC is enclosed within an adiabatic
control volume, although the reaction is assumed to be at isothermal
conditions. Then, assuming a constant temperature difference over the
cell-stack, the necessary air flow can be determined through heat bal-
ance. Assuming inlet temperature equal to the reaction temperature,
this heat balance can be written as in Eq. (7). Here, product molar flows
see an enthalpy increase up to h(Pin,Tin), caused by the reaction heat

Qmax .

Z [flk,outhk(Pin;nul)_’;lk,nuthk (Pin,’En)] = Qmax

ASR = 35.71exp[—0.0057(T;,—273.15)—0.0217P,,]

()

Therefore, in order to operate in highly endothermic or exothermic
regions, extra air could be provided to heat up or cool down the cell
[58,59]. However, temperature difference between SOEC outlet and
inlet varies with the voltage, depending on its difference with ther-
moneutrality and it depends on the specific operating region. Therefore,
the operating region is assumed in advance, as done by Fu et al. [58].
Constant temperature difference between the outlet and the inlet tem-
peratures is 100 K when operating the stack as SOFC, and —100 K when
operating the stack as endothermic SOEC.

Combining the equation to calculate the operative voltage, the
global current density definition, and Faraday's law, the internal set of
equations to be added to the conservation equations are obtained.
Furthermore, Peng-Robinson equation has been selected as equation of
state (EOS), since it is appropriate for rich hydrogen applications [47].

SOFC and SOEC assumptions summary [48]:

e Adiabatic SOC

e Constant utilisation factor

e Isothermal electrochemical reaction at SOC inlet temperature
(Tiso = Tin)

® [sobaric electrochemical reaction at SOC inlet pressure (Pisop = Pin)

e Constant temperature difference between outlet and inlet tempera-
tures, SOFC: AT = 100K and SOEC: AT = —100K

® Linear equation with Vygr is as reference voltage, and ASR based on
operating temperature and pressure

e Same ASR assumed for both SOFC and SOEC modes

2.1.1.1. SOC model validation. The developed 0D isothermal models
rely on the empirical ASR equation from Giglio et al. [55] and on
lumped Nernst voltage calculated using the inlet compositions. The
scope of this section is to provide the model validation through
comparing the results predicted from our model and the results
obtained in DTU [49,50]. In these publications the authors report
experimental results of polarization curves in fuel cell and electrolyser
modes at different pressures and compositions. Moreover, they also
present overall ASR values. These can also be compared to the ASR
values obtained through the slope of the IV curves from our model.
For the purpose of the validation, the fuel cell and electrolyser cell
models are analysed without considering any extra elements in the
flowsheet. In a SOC stack, several repeating cells are assembled.
However, the model of such a stack can be built for the smallest unit
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cell, which is expected to depict the response of the whole stack, sub-
jected to the use of proper boundary condition, as reported by Brandon
et al. in [60].

Table 1 compares the SOC ASR values obtained with 50% H, and
50% H,O fed in the fuel electrode, when the cell operates at 750 °C and
under different operating pressures.

As can be seen the ASR obtained from this work compares well with
the one obtained by Jensen et al. at all pressures reported. Even if we
change composition and compare the ASR reported by Ebbesen et al.
[50] we get reasonably good agreement. Table 2 compares the ASR
values obtained when the fuel electrode is fed with 10% H,, 50% H,0,
45% CO,, the cell operates at ambient pressure and at different tem-
peratures.

The choice of using the inlet Nernst potential as reference voltage is
taken after having checked its accuracy via comparison with the work
of Jensen et al. [49]. The resulting voltages are reported in Table 3 for a
SOC operated at 750 °C, at several pressures, fed with different com-
positions at the fuel electrode, and with pure oxygen at the air elec-
trode.

To evaluate the reliability of our model, the IV curves obtained from
it are compared with the reproduction of the IV curves experimentally
obtained from the work of Jensen et al. [49]. Results are illustrated in
Fig. 2, for different pressures and different fuel electrode composition,
when the cell operates in both modes at 750 °C, and with pure O,
passing over the air electrode.

Similar trends are obtained, and the average relative error when
predicting the polarization curves, resulted in a range of 1-3%. From
the IV curves and the ASR values obtained we can conclude that the
model provides good agreement with existing experimental dataset.
Slight deviations are observed but these are well within acceptable
range for the simulation.

2.1.2. SOFC and SOEC systems configuration and system components
(BoP) model

The focus of this paper is not only on SOC stack operating condi-
tions, but also on the analysis of the necessary BoP auxiliary compo-
nents. The energy production via SOFC is considered for two different
scenarios: hydrogen as inlet fuel and syngas as inlet fuel, with the latter
case being based on direct internal reforming and the water gas shift
reaction assumed to completely convert CO to H, [61], due to the fa-
vourable operating condition of the stack. The same stack is assumed to
work also as steam electrolyser (SOEC) in case of excess of renewable
energy.

Initial configurations for SOFC and SOEC systems are shown in
Fig. 3. Every system can be divided into different sections, specifically
SOC (yellow short dashed line), heat recovery (light blue solid line) and
compression sections (red dash-dot line). Furthermore, SOEC systems
present a separation section, which is necessary to separate the pro-
duced hydrogen from residual steam (grey long dashed line), as well as
a heating section (green dotted line).

Environmental conditions are assumed for all plants to be 25°C
(298.15K) and 1.013 bar (1 atm). All system components are assumed
adiabatic. Heat and pressure losses occurring within the necessary pi-
peline system are neglected. Generally, a pressure drop equal to the 2%
of the inlet pressure is chosen for any heat exchanger, ideal heater,
afterburner or SOC [62,63]. Compressors are assumed to work con-
stantly at their design point with an isentropic efficiency of 80% and
mechanical losses are ignored [48]. In addition, outlet pressure is de-
fined for every compressor. Heat exchangers are assumed to be counter
current and adiabatic and are set to maintain the desired outlet tem-
perature of the cold stream. A minimum temperature approach of 20 °C
is considered to define temperature ranges in the heat recovery section.

Concerning SOEC systems, external heat sources are modelled
through ideal heaters, while an ideal flash separator is used for hy-
drogen separation. In ideal heaters and the flash separator, no exergy
destruction is assumed during heat addition to the process flows [64].
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Regarding SOFC systems, only electrical power is considered as the
useful product and no electrical losses due to AC/DC conversion or AC
generation through synchronous generator are considered.

2.2. Improving system design and performance metrics

The first part of the subsection shortly explains the general strategy
followed to enhance the system performance while the second and third
parts describe the energy and exergy efficiency analyses of the systems
operating in individual as well as bi-directional mode.

2.2.1. Sensitivity analyses of performance to operating parameters and
identification of more efficient system configurations

The effect of different system configurations has been studied as
means for SOC system efficiencies improvement, and a sensitivity
analysis has been carried out to study the effect of the SOC stack
parameters (current density, fuel utilisation, and operating tempera-
ture) on the system performance and further ameliorate the process
chain.

2.2.2. Energy efficiency analysis of individual modes and bi-directional
system

2.2.2.1. Energy consideration of SOFC and SOEC stack and
systems. Efficiency based on hydrogen or syngas lower heating value
(LHV) at 15°C and 1.013 bar (241.722 MJ/kmol, 184.537 MJ/kmol) is
computed for the SOFC and SOEC component, Egs. (8) and (9) [48,65].

We

7, = —————— %100
fe Afusel,in LHV el (8)
n inUF LHV}
7]90 — HZO,I.H ec - H2 100
Wee + Qec )

Heat requirement takes into consideration both entropy change and
the irreversibility due to the resistance. Moving from components to
system, when the stack is working in SOFC mode, BoP auxiliary power
is subtracted from the system power output, to estimate the system net
produced power (W net). System energy efficiency is achieved dividing
this value with the inlet fuel molar flow times the LHV, as expressed in
Eq. (10) [48,65]. The heat requirement for preheating the fuel and air
to the SOFC operating temperature is taken care of by the heat recovery
unit from the outlet streams.

I’Vnet

o 100
el in LHV fuel

e =
‘ (10)

In the SOEC systems, the net hydrogen flow between system inlet
and outlet (15, UFec) is multiplied with the LHV and divided with
the sum of overall heat and power requirements, Eq. (11) [48,65].
ﬂlflyzso’in UF,.LHVyy; .

Whet + Oner

sy

ec

100
11)

2.2.2.2. Energy analysis definitions for bi-directional system. The bi-
directional system consists of the same stack working in two
operating modes, this does not imply that the hydrogen produced

Table 1

Comparison of SOC ASR values obtained experimentally from Jensen et al. in
[49] and the ones resulted from our model, with mixture of 50% H, and 50%
H,0, at 750 °C and different pressures.

Pressure [bar] ASR [Qcm?] A [Qcm?] REaccuracy [%]
Jensen et al. [49]  Our model

1 0.52 0.49 0.03 6

3 0.47 0.47 0 0

10 0.42 0.40 0.2 5
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Table 2

Comparison of SOEC experimental ASR values attained from [50] and the nu-
merical values obtained from our model, with mixture of 10% H,, 50% H,O,
45% CO,, at ambient pressure and different temperatures.

Temperature [*C]  ASR [Qcm?] A [Qcem®]  REaccuracy [%]
Ebbesen et al. Our model
[50]
750 0.51 0.49 0.02 4
800 0.37 0.37 0 0
850 0.26 0.27 0.01 5
Table 3

Comparison of Vysr,, calculated via our model and the OCV experimentally
measured in [49].

Fuel electrode Pressure OCV [V] Vnst,in [V] A [V]  REaccuracy [%]
composition [bar]
80%H,, 20% Jensen Our model
H,0 et al. [49]
1 1.037 1.052 0.015 1.4
3 1.062 1.077 0.015 1.4
10 1.084 1.103 0.019 1.7
50%H,, 50% Jensen Our model
H,0 et al. [49]
1 0.969 0.992 0.023 2.3
3 0.996 1.015 0.019 2
10 1.011 1.042 0.031 3

from the stack when working as an electrolyser fulfil exactly the total
hydrogen requirement for the stack when working as a fuel cell.
The Bi-SOC system efficiencies are designed as follows:

Waetsorc + Esorc—Esorc

If Esorc > Esorc,  Mpisoc = — -
' Waet.soec + Qnet,soEC 12)
. . Whet.sorc
If Esoec > Esorcs Mpi_soc = =3 T . .
' Waet.soec + Qnetsoec + Esorc—Esorc
(13)
. . Wher,s0rC
If Esorc > Esorc, Mpisoc = =~
' Waet.soec + Qnet.soEC 14

where Bsorc = Nu20,ins0rc'UFecLHVi2 and Esopc = Nel,insorc LHV el
When the energy content of the hydrogen produced by the electrolyser
system is higher than the energy content of the fuel input to the SOFC,
net chemical energy is produced by the bi-directional SOC system in
addition to the net power produced by the fuel cell system. When the
energy content of the fuel input to the SOFC is higher than the energy
content of the H, produced via SOEC, net chemical energy needs to be
added to the overall.

2.2.3. Exergy efficiencies analysis on individual modes and bi-directional
system

2.2.3.1. Exergy considerations for SOFC and SOEC stack and systems. The
general steady state exergy balance is applied to every system
component. Only chemical and thermomechanical exergy are
calculated and taken into account. The Baher state is chosen for this
work [47].

Electrical work is pure exergy, while exergy of heat depends on
temperature. Moving to exergy efficiency, the exergy source and pro-
duct terms can be defined for every component. These are used within
the functional exergy efficiency definition, which is the ratio between
the defined exergy product to the defined exergy source. Total exergy
variation (out-in) is used as SOFC exergy source, as well as SOEC pro-
duct. These differences are computed using stream values at SOC
component outlet and inlet.

1105

Applied Energy 226 (2018) 1100-1118

750°C - 1 bar
— 15 50%H20,50%H2
2
> 1.2
&
= 0.9
S
o 0.6
£ =—Our model
& 03
g Jensen et al. [49] .
o
o 0
-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1 1.2
Current density [A/cm2]
750°C - 3 bar
—_ 15 50%H20,50%H2
2
o 1.2
0
4]
S 0.9
>
oo
.E Jensen et al. [49] 06
g == Our model 0.3
o
o 0
1 -0.8 -06 -04 -0.2 0 02 04 06 038 1 1.2
Current density [A/cm2]
750°C - 1 bar
_ 15 20%H20,80%H2
2
> 12
&
= 0.9
o
>
1) 0.6
E =—tr— Our model
© 0.3
g_ Jensen et al. [49]
o
-1 -0.8 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1 1.2
Current density [A/cm2]
750°C - 3 bar
- 1.5 20%H20,80%H2
2
> 2
[T
S 0.9
£ .
>
o 0.6
5 Jensen et al. [49]
o 0.3
@ =+ Our model .
o
o 0
1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1 1.2

Current density [A/cm2]

Fig. 2. Comparison of SOC IV curves obtained experimentally from the work of
Jensen et al. [49] and numerically from our model.

The electrical work is then used as SOFC product and SOEC source.
Heat exchangers have the total exergy change at the hot side (in-out)
and total exergy change at the cold side (out-in), being respectively
source and product terms. No exergy destruction is assumed for ideal
heaters and flash separators.

The exergy destruction for a component is estimated using the Eq.
(15) [64,65].

Exp = Z (R in €k in— Pk out k.ou)—W + EXq (15)

Fuel cell system source is the fuel (H, or syngas) chemical exergy
input, while net power is the useful product (W) as in Eq. (16)
[64,65]. Conversely for SOEC, the useful product is the net chemical
exergy increase between hydrogen outlet flow from the flash separator
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and hydrogen inlet flow. Exergy sources are the overall net power and
heat exergy provided to the system as illustrated in Eq. (17) [64,65].
The chemical exergy change due to oxygen production is not included
among the exergy product, thus it is a loss.

nsys — I’Vnel
EXfe Exfuel,in (1 6)
sys ExHZ,out_ExHZ,in
TEXee = 73
! u/net + ExQnet (17)

2.2.3.2. Year-round cumulative exergy losses on bi-directional system

2.2.3.2.1. Rationale and definition. In a Bi-SOC system the same SOC
stack operates as both energy storage and power generating device,
based on the energy demand and production. However, as explained in
the previous section, SOEC and SOFC system have their own different
efficiencies and exergy losses. Although the two systems have similar
BoP components, their contribution to the exergy destruction varies
based on the operating scenario. The year-round CE method is
introduced to identify more accurately the process steps responsible
for the largest exergy losses and to more effectively optimise the process
flow chart. This method takes into account the yearly operational hours
of the Bi-SOC system in both the fuel cell and electrolysis mode
individually. Based on the operational hours, the exergy analysis is
carried out for SOFC and SOEC systems evaluating all individual chain
components contribution and those components causing the highest
yearly exergy destruction are the target of the optimisation.

Based on the operating regime in a year, the off-design parameters
of a system may vary and this could be incorporated in the year-round
CE analysis to obtain a more accurate idea of the exergy flow in the
system. However, in the present study, the system is assumed to operate
at design conditions. The assumption is a simplification of real oper-
ating conditions. Nonetheless, this approach might be accurate when a
number of smaller systems are used in parallel to meet the varying
loads. In fact, some of the systems can be switched on or off but the
working ones will be operated at design conditions.

The SOC system exergy efficiency is calculated as the ratio of the
final exergy product and final exergy source in a year. For the SOC
system, the exergy product when working as electrolyser is the differ-
ence between the exergies of the outlet hydrogen stream and the inlet
hydrogen stream, while when working as fuel cell the exergy product is
the net power produced. The SOEC exergy source is the sum of net
power requirement and exergy of the heat requirement while the SOFC
exergy source is the exergy of the inlet fuel stream.

Similarly to the system energy efficiency calculation mentioned
before, the Bi-SOC system CE efficiency is calculated as reported in Egs.
(18) and (19), with tsopc and tsopc being the yearly operational hours of
the system in the two individual modes.

CE—sys
EXBi-soc
Exp sorc-tsorc

If Exinsorctsorc > EXoutsoec'tsogc 7

Exs soectsorc + EXssorctsorc—EXp sorc-tsoec  (18)
If Exinsorctsorc > EXoutsorctsorc ﬂg)}i:f?bc
_ Expsorctsorc—EXs sorctsorc + EXp sokc*tsorc
Exs soecttsorc
19)

2.2.3.2.2. Estimation of the operational hours for the individual
modes. In order to apply the CE method, the yearly operational hours
of the SOC in both modes has to be pinpointed. In this work, the
estimation is based on a literature review of the foreseen Dutch energy
demand and production. Based on [66], the Dutch average excess
capacity in 2020 will be 2060 MW. In the same year, a total of 2 TWh of
excess electricity will be available over the year. This electricity will be
available for a total duration of 984 h in a year. In the year 2050, a total
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of 27.6 TWh of excess electricity will be available over the year with an
average excess capacity of 7130 MW. The amount in excess will
increase significantly leading to 3950 h per year.

In this analysis, the bi-directional SOC will operate 984 h in elec-
trolysis and 7776 h in fuel cell mode considering the installation in the
year 2020. In the year 2050, the system will work 3950 h and 4810 h in
SOEC and SOFC, respectively.

2.3. Bi-directional system and stack operating conditions: Base-case
assumptions

Parameters selection for system analysis involves the stack inlet and
outlet temperatures, pressure, current density, fuel utilisation, and inlet
composition. A study with starting set of parameters termed as base-case
is presented. Considering the base-case, an improved-case is then pro-
posed after a detailed sensitivity analysis of the stack parameters and
their influence on the system efficiency.

Here the values of these parameters, for the scenario henceforth
named base-case are reported:

e Utilisation factor of steam (UE.) or Utilisation factor of fuel
(UF) = 0.75 [67]

® SOC Inlet temperature (T;,) = 800 °C [40,42-44]

e Inlet pressure (p,,) = 1.2 bar for the atmospheric case and 10 bar for
the pressurised case [43,44,49]

The fuel/steam electrode inlet compositions (y,) are kept the same
for base-case and improved-case and are reported in Table 4 [47,68-70],
the flow rate of syngas of 0.141 kmol/s is determined such that the
equivalent flow rate of hydrogen in the inlet stream is 0.11 kmol/s.

Hydrogen oxidation and steam electrolysis are studied at 800 °C. An
absolute temperature difference of 100 °C is assumed over the SOC
component. The SOEC is modelled in endothermic mode. Air compo-
sition is on molar basis 21% oxygen and 79% nitrogen.

SOFCy» atmospheric systems is designed to operate at a typical
voltage 0.75V [48] with a power output of 12 MW. The resulting cur-
rent density (8204 A/m?) is used as an input in the SOFCgyngas and SOEC
configurations. Table 5 shows inputs and outputs for both SOFC and
SOEF systems.

3. Analysis and results for individual modes
3.1. SOC Base-case system results (energy and exergy analysis)

Both energy and exergy analysis has been carried out for the three
base-cases illustrated in Fig. 3. Main results are summarised in Table 6,
and in the following section, for SOFC H,-based, SOFC syngas-based,
and SOEC configurations.

The SOFCy, component efficiency based on Eq. (8) is ~44% while

Table 4
Inlet compositions of fuel/steam electrode and their respective flow rates.
Component SOFCyy» SOFCsyngas SOEC
Flow Mole Flow Mole Flow Mole
rate fraction rate fraction rate fraction
[kmol/ [%] [kmol/ [%] [kmol/ [%]
s] s] sl
H,0 0.01 10 0.047 33 0.11 920
H, 0.11 90 0.038 27 0.01 10
CH4 0.011 8
co 0.028 20
CO> 0.017 12
Total flow 0.12 0.141 0.12
[kmol/s]
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Table 5
Inputs and outputs for SOFC and SOEC systems.
System Input Output
SOFCy2 V=075 W = 12MW fipr2,in = 0.11 kmol/s;
A = 1950.38 m*
SOFCsyngas  Tsyngasin = 0.14 kmol/s; V = 0.68; W = 10.9 MW
A = 1950.38 m?
SOEC fipr20,;n = 0.11 kmol/s; V = 1.142; W = 18273.25

A = 1950.38 m*

when working with syngas as a fuel the SOFCgyyg,s stack efficiency
reaches ~42% with a current density of 8204 A/m? and 10902 kW
electric power produced. When at atmospheric conditions, in SOFCy
mode, the overall system energy and exergy efficiencies are ~40% and
~41% while in the SOFCqyyg,s scenario the total energy and exergy
efficiency are ~3 and ~5 percentage points less, reaching ~37% and
~36%, respectively. Also in the syngas scenario, despite the en-
dothermic nature of the methane reforming reaction, the heat gener-
ated by the process is extremely high and hence the air requirement to
cool down the cell is large. Correspondingly, in both hydrogen and
syngas case, the compression requirement for the inlet air is the major
auxiliary energy intake of the systems decreasing their efficiency sig-
nificantly. The heat transfer is the main cause of exergy destruction in
both cases.

The SOEC current density is 8204 A/m? and the power requirements
of SOEC is 18,273 kW, with a voltage of 1.142V. The SOEC config-
uration energy and exergy efficiencies are ~76% and ~86%. The
thermal power required to heat up the inlet streams of the stack leads to
dominant auxiliary energy consumption. The stack is the limiting ex-
ergy component in this scenario. The exergy destruction fractions of the
individual components in the SOC systems are shown in Fig. 4. The EXp
nominal values in kW are reported in Table 7.

In accordance with literature [17,18,20,47,48,51,69], internal heat
transfer and SOC stack contribute to a high rate of the inlet plant ex-
ergy. The exergy analysis illustrates that the internal heat exchange has
the greatest exergy destruction rate, followed by the stack that also
heavily contributes to the total irreversibility. Also, atmospheric SOC
systems in the literature present energy and exergy efficiency generally
between 40% and 60% in fuel cell mode [50,61] and between 60% and
80% in electrolysis mode [28,71].

3.2. System configuration analysis and influence of operating parameters

In this subsection, the results of the different enhancement strate-
gies investigated are presented. From the base-case systems analysis, the
large cooling air requirement resulting in high outlet air exergy in-
dicates scope for optimisation. Therefore, Section 3.2.1 illustrates the
results obtained by adding air recirculation to the SOFC system when
fuelled with syngas. In the second part the SOFC and the SOEC systems
are evaluated when operated in pressurized conditions and the SOFC
system with the further addition of a gas turbine bottoming cycle for
both the H,-fuelled and the Syngas-fuelled case. Two system
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configurations for adding the gas turbine to the exhaust of the pres-
surised SOFC are analysed. These measures are expected to decrease the
exhaust exergy loss and the exergy destruction due to heat transfer. The
third subsection contains the results of the sensitivity analysis on SOFC
stack parameters and how they influence the performance of the whole
systems. This analysis was executed to decrease the exergy loss in the
stack component. The final subsection summarises the results of the
different system configurations and the influence that operating key
parameters have on the system performance.

3.2.1. Air recirculation configuration

Current densities have significant impact on fuel cell performance
with higher efficiency at lower current densities. Furthermore, the air
requirement can be reduced by operating the fuel cell at lower current
densities since lower heat production leads to a lower cooling air flow,
and therefore system compression duty requirements are also reduced.
However, when operating the SOC stack in electrolysis mode, different
current densities can lead to completely different results. Higher ex-
ergetic efficiency can be achieved at high operating current density.
Nevertheless, current density determines the difference between oper-
ating voltage and thermoneutral voltage. The thermoneutral voltage is
defined as the voltage at which the Joule heat generated by the loss of
the reactions in the cell and the heat consumption for the electrolysis
reaction are equal, which means that the electrical energy input equals
the enthalpy of reaction [72,73].

If the cell is operated below thermoneutral voltage, i.e. in the en-
dothermal mode, the electric energy input is below the enthalpy of
reactions. When operating at lower current densities in this region more
heat must be supplied to the stack to perform electrolysis and to
maintain the temperature. Conversely, if the voltage is higher than
thermoneutral, i.e. exothermal mode, the electric energy input exceeds
the enthalpy of the reaction. In this region growing current densities
lead to higher air flow necessary to cool the SOEC.

Another possible option to boost the temperature of the air exiting
the compressor at SOC inlet level, and which might reduce significantly
the air compression requirement, is the cathode air recirculation.
Essentially, the exergy destruction due to heating the inlet exergy
stream in the SOFCgyngas system is about ~20% and the exergy loss in
the outlet exergy stream is ~44%. Therefore, the system can be im-
proved via partially recovering the outlet exergy stream. Cathode air
recirculation is implemented at the SOFCgyngas System and its effect is
described in this section. Similar to the approach used in literature
[51,64,74], the stack assumptions and the operating conditions remain
the same, and the fraction recirculated is determined such that the
cathode inlet temperature is kept at the SOFC inlet nominal tempera-
ture, in our case 800 °C. Nernst voltage for the air recirculation con-
figuration slightly decreases accordingly with the reduction of oxygen
partial pressure in the cathode stream. The electric power produced
reduces by ~64 kW. Nevertheless, the system net work increases since
the air compression work reduces from 1297 kW to 411 kW. The system
energy and exergy efficiencies increase by 3 percentage points reaching
~40% and ~39%, respectively. The exergy destruction in the air
compressor and internal heat exchanger decrease significantly, in

Table 6
Inputs and outputs (in shaded cells) for SOFC and SOEC systems for the base-case scenario.
SOFC Hz-based SOFC syngas-based | SOEC

Pressure 1.2 bar 1.2 bar 1.2 bar
Tin 800 °C 800 °C 800 °C
Tout 900 °C 900 °C 700 °C
Area 1950.38 m2 1950.38 m2 1950.38 m2
Uch: UF,, 0.75 mol/mol 0.75 mol/mol 0.75 mol/mol
J 8203.58 A/m2 8203.58 A/m2 8203.55 A/m2
14 12 MW 10.9 MW 18.2 MW
)\ 0.75 0.68V 1.14V
Nsys.sorc / Nsys,soEc 40 % 37 % 76 %
N re / Mk ee 41% 36% 86%
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Fig. 4. Exergy destruction fraction of the individual components in the SOC systems.
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Table 7
Exergy destruction values of the individual components in the SOC systems.
Component EXp, SOFCyyy EXp SOFCgyngas [kW]  EXp, SOEC
[kw] [kw]
Stack 600 741 1593
Mixer 108 - 99
Internal heat 4700 4289 794
exchangers
Compressors and 278 265 59
Pump
Separator - - 302
Total 5686 5295 2847

accordance with [51,64,74]. Fig. 5 and Table 9 illustrate the exergy
destruction fractions and the exergy destruction kW values of the in-
dividual components in the two different scenarios.

Anode recirculation might also help in further enhancing the system
performance. However, when syngas is fed to the stack, the outlet
stream is rich in H,O(g) and CO, and has a very low concentration of
CO and H,, leading also to a significantly reduced open circuit voltage.
Hence, anode recirculation is not considered in the scenario where the
SOFC is fuelled with syngas. Nonetheless, the anode outlet stream can
be used as a source of high temperature heat, being approximately at
400 °C.

The outlet stream exergy losses can be diminished also integrating
the system at pressurized conditions with a gas turbine bottoming cycle.
Next section discusses the modelling of this scenario and its effect on
system performance.

3.2.2. Pressurized SOC individual systems and implementation of the
turbine bottoming cycle

3.2.2.1. SOFC and SOEC pressurized condition. The two base systems,
SOFC fed with H, and SOEC working as steam electrolyser are
evaluated in pressurized condition. Both fuel cell and electrolyser
SOCs show a decrease in the internal resistance with increasing
pressure from 3.64%10-5 to 3.01%10-5Qm? while the Nernst
potential increases by 0.05V reaching 0.89 V.

Pressurizing the SOEC has no significant effect on the stack heat and
the electric power requirement. However, the auxiliary work required
to compress the air increases drastically from 306.78 kW to 5672.30 kW
leading to system energy efficiency of ~64%, 12 percentage points less
than in the corresponding atmospheric configuration. When at 10 bar,
the exergy efficiency is ~70% as compared to 86% of the atmospheric
scenario. Nonetheless, pressurized operation has the advantage of
producing pressurized H, which might improve the complete process
chain efficiency, especially in presence of a gas upgrading process or
pressurized storage [71].

Also the SOFC pressurized scenario results in a lower system per-
formance. In fact, even though SOFC component efficiency is ~45% for
both atmospheric and pressurized cases, when operated at 10 bar the
SOFC system is inefficient since the auxiliary compression on work is
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larger than the produced SOFC power. This is in agreement with lit-
erature [51,64]. Nonetheless, in previous work, pressurised SOFC sys-
tems have been shown to be highly efficient when combined with a
bottoming Gas Turbine (GT) cycle [75].

In both systems, pressurization affects the heat recovery sections
modifying the water saturation temperature, product gas dew point
temperature and air temperature at the inlet of the heat recovery sec-
tion. As a consequence, higher system outlet temperature might
emerge. Hence, having system outlet streams at higher temperature and
pressure, a higher fraction of input exergy is lost at system outlet in the
form of thermo-mechanical exergy. This exergy could be partially re-
covered through the addition of a gas turbine at the outlet, as done in
different work [76].

3.2.2.2. SOFC scenario with integrated gas turbine, two expansion system
configurations. To take advantage of the exergy available at the SOFC
stack outlet and decrease the exhaust exergy loss, a Gas Turbine
bottoming cycle is added to the system. The performance of the
integrated SOFC-GT system is evaluated at 800 °C and 10 bar for both
hydrogen and syngas case. The system components in addition to the
earlier components include an afterburner and a gas turbine. The
afterburner is modelled using a stoichiometric reactor. The reactor is
adiabatic, thus resulting in an increased temperature of the stream at
the outlet of the afterburner.

Two different configurations, illustrated in Fig. 6, are studied and
compared in terms of energy and exergy efficiencies. As in literature
[51,77,78], the cathode air side split fraction in both configurations is
set to maintain the cathode inlet temperature, in our case 800 °C. The
gas turbine in both cases is modelled with pressure ratio 0.125 [64],
isentropic efficiency 90% and mechanical efficiency 100%. The anode
heat exchanger is modelled to raise the anode inlet temperature to
800 °C whereas the cathode heat exchanger is set such that the differ-
ence between the hot inlet stream and cold outlet stream is 20 °C.

In configuration 1 the turbine inlet temperature is lower than the
output temperature of the afterburner because of the heat recovery unit
with the inlet syngas stream. However, since increasing the turbine
inlet temperature (TIT) increases the power output of the turbine [77],
configuration 2 is implemented with an effort to increase the turbine

SOFCsyngas SOFCsyngas with air recirculation

3%

5%

o Stack
6% EMixing
u Heat transfer

® Compression

Fig. 5. Exergy destruction fraction of the individual components of the SOFC
system with and without air recirculation.
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Fig. 6. The two different expansion system configurations adopted to integrate the gas turbine with the SOFCgy,q.5 System.

inlet temperature. The outlet stream of the afterburner is split into two
streams such that 90% of the flow is let to the gas turbine while 10%
flows to the anode heat exchanger to avoid the need of external heat
source to partly preheat the anode stream.

When the stack is fed with syngas, the GT power produced increases
from 13,062kW in configuration 1 to 13,163kW in configuration 2.
However, due to the different recirculation split factors, the partial
pressure of oxygen at the cathode differs thereby changing the electric
and thermal power generated by the fuel cell. The cathode inlet air flow
rate required in configuration 2 (0.73 kmol/s) is larger than in config-
uration 1 (0.66 kmol/s), thereby increasing the required air compres-
sion power of ~670kW. Ultimately, configuration 2 provides a lower
total power output resulting in a system energy efficiency ~62%, ~2
percentage points lower than that of configuration 1 (~64%). Similarly,
the system exergy efficiency for configuration 2 (~60%) is lower by
about ~ 2 percentage points than in configuration 1. For this reason the
further analyses focuses only on configuration 1.

Thanks to the gas turbine integration, extra power is produced, in-
creasing the net power generated by the system by ~75%. The system
energy efficiency increases by ~ 27 percentage points from the base-
case, and ~ 24 percentage points from the case with air recirculation. At
higher pressure, the internal losses are lower and the cell voltage in-
creases. Hence, the power generated by the stack increases by
~1350 kW, leading to ~5 percentage points higher stack efficiency.
The system exergy efficiency increases significantly as well reaching
~62%. The energy and exergy performance of the SOFC systems, when
it is fed with syngas, are summarized in Table 8, conforming to [18,64].
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The integration with the GT reduces the system exergy losses from 45%
to 21% of the system inlet exergy. The exergy analysis, in line with
literature [50,61,76], shows an enhanced exergetic performance for the
pressurized scenario with GT, a better use of hot product gas for ad-
ditional preheating treatment, and a lower rate of exergy destruction.
The exergy destruction fractions are shown in Fig. 7.

Table 8
SOEC systems performance of the SOFC systems when fed with syngas.
1.2 bar 1.2 bar 10 bar
base-case base-case base-case
SOFCgyngas SOFCgyngas With air recirculation ~ SOFCgrsyngas
Petec,ic [KW] 10,903 10,838 12,261
W?(;r;ﬁg;s [kW] 108 108 1797
ngmp kW] 1297 412 6708
Wiy kW] 21
Wor [kW] - 13,063
Whet [KW] 9497 10,319 16,528
EXqyngasin [KW] 26,598 26,598 26,598
EXiotaLin [KW] 26,830 26,672 26,667
EXsyngas,out [KW] 9817 9809 5499
EXiotal,out [KW] 12,038 12,432 5499
Exp [kW] 5296 3922 4642
7sys,SOFC [%] ~37 ~40 ~64
~36 ~39 ~62

ng})}?‘fc [%]
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Table 9
Exergy destruction kW values of the SOFC components system with and without
air recirculation, and in pressurized conditions with GT integration.

Component EXp_SOFCayngas EXp_SOFCgyngas EXp_SOFCgyngas ~GT
with air [kW] Configurationl
recirculation [kW] [kW]

Stack 745 741 604

Mixer 235 - 186

Internal heat 2824 4289 743

exchangers

Compressors 118 265 836

and Pump

Gas Turbine - 464

Combustor - - 1810

Total 3922 5295 4643

For the system running with H, as fuel, the GT leads the system
energy efficiency to increase from ~40% to ~68%. When the SOFC is
combined with the GT, the higher compression work (8347 kW com-
pared to 1650 kW) is balanced by a lower overall exergy destruction
rate (3527 kW compared to 5686 kW) and higher electrical output
(26,436 kW compared to 12,000 kW). As a consequence, the system
exergy efficiency also rises to ~70%, as compared to the ~41% ob-
tained in the stand-alone system.

In line with literature, even though exergy destruction due to tur-
bine and burner addition is introduced, overall system exergy efficiency
is higher due to a better utilisation of the outlet exergy [16-18,51,78].
Specifically, the large reduction in heat transfer losses indicates the
advantage of internal heat transfer through anode and cathode re-
circulation. Fig. 8 and Table 10 show the exergy destruction fraction of
the different components in the various SOFCy configurations.

3.2.3. Sensitivity analysis on stack parameters and their influence on the
performance of the systems

Reduction in the stack exergy destruction might further improve the
system performance. Reduction in the stack exergy destruction might
further improve the system performance. For this reason, a sensitivity
analysis on the SOFC syngas stack operating parameters (i.e., fuel cell
current density, UF, temperature) is carried out to present the energetic
and exergetic performance. During each sensitivity analysis, only one
parameter is varied while the remaining assume their base case values.
The choice of optimising only the SOFC system is due to the expected
operational hours of the bi-directional system. In fact, while in 2050 the
expected operation time is almost the same between the two operating
modes, in 2020 the system is expected to operate for almost the 90% of
the time in SOFC mode.

The stack surface area is taken as 1950.38 m? and the inlet molar
flow has been varied between 0.064 kmol/s and 0.166 kmol/s (leading
to current density of 3710.16 A/m? and 9646.41 A/m?, respectively). At
high current density we expect an increase in the waste heat, therefore
the current density range is selected for achieving high stack efficiency

SOFC, 56 With

SOFCsyngas Y X
recirculation

5% 3%

air
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at lower current density and improving system thermal management.

The stack temperature is also a primary factor in determining the
electrochemical performance because of its influence on the ohmic re-
sistance of the solid electrolyte and the kinetics of the charge-transfer
reactions. Temperature has been varied between 700 °C and 900 °C.

The fuel utilisation also affects the system performance through
stack electrical performance and thermal characteristic. However, in
order to avoid a significant increase in the cathode concentration over
potential due to steam usage near the cell outlet, it is extremely im-
portant to keep the UF within certain limits [79]. For this reason, fi-
nally, while keeping the operating temperature at 800 °C for the above
current densities the utilisation factor has been varied between 0.65
and 0.85.

3.2.3.1. Effect of temperature, current density and utilisation factor on
stack performance. Looking at temperature variations, it has been seen
that higher operating temperatures are favourable due to the
corresponding resistance drop but lead to a reduction in Nernst
voltage. Nonetheless, the first effect is predominant and the cell
operating voltage increases with increasing temperature thereby
resulting in more electric power generated and improved stack
performance. The same occurs when reducing current density which
leads to a lower overvoltage.

When increasing the fuel utilisation, the current density increases
and correspondingly the overvoltage thus inducing a lower operating
voltage. However irrespective of the decrease in the cell voltage, the
SOFC efficiency increases because of a higher output power due to high
current density.

3.2.3.2. Comparison of energy and exergy performances of the SOFC
system for base-case and improved-case. This subsection illustrates the
effect of the parameters selected via sensitivity analysis on the
performance of the atmospheric and pressurized with GT scenarios.
This set of parameters, henceforth named improved-case, have been
compared with the results obtained in the base-case. Table 11
summarises the parameters that are different in the base-case and in
the improved-case. Both cases are studied for atmospheric and
pressurized conditions.

The SOFC system energy efficiency improves by operating the stack
more efficiently (i.e., at lower current density, higher temperature and
higher fuel utilisation). More precisely, the system performance at at-
mospheric condition increases by ~18% reaching a system energy ef-
ficiency of ~55%, while at 10 bar when integrating the gas turbine the
system energy efficiency increases from ~64% to ~73%. Also the
system exergy efficiency increases by ~ 18 percentage points at 1.2 bar
and of ~9 percentage points when working at high pressure with the
GT, reaching ~54% and ~71% respectively, confirming that fuel cell
systems are a promising efficient technology for electricity generation.
The stack exergy destruction fraction reduces considerably due to re-
duced current density, from 14% to only 3% at ambient pressure and

SOFCsy 2 GT (10 bar) Configuration1

ng:
M Stack

H Mixing

M Heat transfer
6%

H Compression

M Expansion

@ Combustion

10%

Fig. 7. Comparison of exergy destruction fractions of the individual components of the SOFC Syngas-fuelled system, at atmospheric pressure (base and with air

recirculation), and pressurized condition with GT integration.
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SOFCH2-GT (10 bar) Configurationl
M Stack

5%

H Mixing
M Heat transfer
@ Compression

H Expansion

i Combustion

Fig. 8. Comparison of exergy destruction fractions of the individual components of the SOFC Hx—fuelled system, at atmospheric pressure and 10 bar, and hybrid

configuration.

Table 10
Exergy destruction values of the individual components of the SOFC H2—fuelled
system, at atmospheric pressure and 10 bar, and hybrid configuration.

Component EXp, SOFCyy» EXp SOFCyy (10)  EXD SOFCyz -GT
[kW] kW] Configuration1 [kW]
Stack 600 830 162
Mixer 108 113 298
Internal heat 4700 1720 293
exchangers
Compressors and 278 2577 797
Pump
Gas Turbine 486
Combustor - - 1491
Total 5686 5240 3527
Table 11

Stack operating parameters in the base-case and improved-case.

Parameters Base-case Improved-case
Inlet H,, flow rate for SOFCH,/Inlet equivalent H, 0.11 kmol/s 0.05 kmol/s
for SOFC syngas/Inlet steam flow rate for
SOEC
Operating Temperature 800°C 850°C
UFye/ec 0.75 0.85

from 13% to 5% when operated at high pressure and integrated with
the GT. Table 12 illustrates a comparison of the performance of the
SOFC systems, when fed with syngas, and operating at base-case or
improved-case conditions.

3.2.4. Summary of the results in the individual modes

A detailed analysis of steam SOEC system and SOFC system using
syngas and H, as fuels was presented in the section above. Based on the
thermodynamic assessment of the simple schematic of an SOFC system
at atmospheric conditions, the exergy lost in the exhaust stream con-
stitutes the major loss while the major exergy destruction occurs in the
heat exchangers and stack. To boost the use of hot product gas for
additional preheating treatment, the base configuration is modified at
atmospheric condition incorporating cathode air recirculation, and at
pressurized condition integrating a GT as bottoming cycle. Further
improvement is made in the system performance by changing the SOFC
parameters current density, temperature and UF. The integration with
GT improves the system efficiency drastically reducing the exhaust
exergy loss to less than half of the inlet stream exergy. However a ne-
gative effect of pressurization is observed in the performance of the
SOEC. Pressurization increases the power input required for the SOEC
system with very low increase in the output exergy, thus reducing the
system energy and exergy efficiency by ~12 percentage points and
~15 percentage points, respectively. An improvement in the system
efficiency due to lower cell losses occurs by reducing the current den-
sity. Thus, an improved-case is simulated considering a lower current
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density, from 8203 A/m? to 4205 A/m?, increasing the operating tem-
perature from 800 °C to 850 °C and the UF from 0.75 to 0.85. Based on
the improved-case, SOFC system efficiency as high as ~73% is ob-
tained when working at high pressure. It can be concluded that SOFC
systems have a scope to reach energy efficiencies higher than other
power generation processes like combined cycle power plants [80].

4. Results and discussion of bi-directional system

After having seen the individual thermodynamic analysis for SOFC
and SOEC systems, the performance of a Bi-SOC system are evaluated to
predict its prospects with respect to other energy storage technologies
available today.

The analysis is executed on 8 different systems:

. SOFCys + SOEC (SOCy3); atmospheric pressure; base-case

SOFCgyngas + SOEC (SOCgyngas); atmospheric pressure; base-case

. SOFCys + SOEC (SOCy5); atmospheric pressure; improved-case

SOFCgyngas + SOEC (SOCsyngas); atmospheric pressure; improved-case

. SOFCy5 + GT + SOEC (SOCgrh2); pressurized condition; base-case

. SOFCgyngas + GT + SOEC (SOCgrsyngas); Pressurized condition; base-
case

. SOFCys + GT + SOEC (SOCgry2); pressurized condition; improved-
case

. SOFCgyngas + GT + SOEC (SOCgrsyngas); pressurized condition; im-

proved-case

oUlA WM

The assumptions taken for the atmospheric pressure base-case were

Table 12
Energy and exergy results for SOFC systems when the stack is fed with syngas
and it operates in base-case or improved —case.

1.2 bar 1.2 bar 10 bar 10 bar
base-case improved-case  base-case improved-case
SOFCyyngas  SOFCeyngas SOFCoroyngas  SOFCoTsyngas
Petec,fe [KW] 10,903 6955 12,261 7269
W?;F[‘fgs kW] 108 48 1797 813
Wz:)rmp [kW] 1297 458 6708 2008
W@iorr,;;circ kW] 291 110
WGT kW] - 13,063 4208
Wnet kW] 9497 6449 16,528 8546
EXyngas,in [KW] 26,598 12,029 26,598 12,029
EXiotalin [KW] 26,830 12,111 26,667 12,050
EXoyngas,out [KW] 9817 3357 5499 2203
EXiotal,out [KW] 12,038 4087 5499 2203
Exp [kW] 5296 1578 4642 1320
Tyys.SOFC [%] ~37 ~55 ~64 ~73
~36 ~54 ~62 ~71

ng);g,fc [%]
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illustrated in Section 2.3. In the pressurised case only the system
pressure is modified from 1.2 to 10 bar. The system configuration for
the base-case and the improved-case does not change. Only the operating
conditions are different, as previously illustrated in Table 11.

4.1. Bi-directional SOC System, energy comparison on different
configurations

Table 13 summarises the Bi-SOC systems energy efficiencies. The
SOC systems efficiencies vary from ~29% to ~47% depending on the
operating conditions of the stack, systems configuration and inlet fuel.

When fed with syngas, the system is 2.5 percentage points less en-
ergetically efficient than when fed with H, due to a lower operating
voltage since the syngas contain more compounds not involved in the
electrochemical reaction. However, the upgrading gas process down-
stream of the SOC system working with syngas can be more advanta-
geous than when working with H,. Furthermore, considering the costs
and efficiency of the hydrogen production process [81,82] and the
difficulties related to its purification, transport and storage, using
syngas would be more practical. Moreover, syngas electrochemical
conversion can form the link for the integration of the electrical grid
and the natural gas infrastructure, addressing in this way one of the key
EU energy challenges [83]. The system efficiency when working with
syngas is only slightly lower than working with hydrogen maintaining a
reasonable initial system efficiency and, therefore, making it a viable
option.

By changing the stack parameters in accordance with the improved-
case the SOFC system efficiency considerably increases. However, this
has a negative effect when the stack operates as electrolyser. For the
SOEC and in the end for the SOC, the improved-case scenario is more
efficient when working in atmospheric conditions while the base-case
scenario turns out to be the best option when working in pressurized
condition. In fact, as explained in Section 3.2.1, reducing the current
density rises the SOFC system efficiency but reduces the SOEC system
efficiency increasing its heat requirement and consequently the aux-
iliary power need from the SOEC system.

It is therefore more efficient to run the Bi-SOC system using the
same stack at higher current densities when operated as electrolyser
and at lower current densities when working as fuel cell. Assuming to
work the Bi-SOC system in pressurized condition and run the SOFC
stack at the operating conditions of the improved-case while the SOEC
stack under the working conditions of the base-case leads to an overall
Bi-SOC system efficiency of ~54%.

4.2. ReSOC system configurations comparison, year-round cumulative
exergy losses based

Table 14 reports the Bi-SOC systems exergy figures for the years
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2020 and 2050. In all the cases, the SOEC exergy product resulted lower
than the SOFC exergy source; therefore, Eq. (19) is used to calculate the
SOC system exergy efficiency.

Since in the year 2020 the SOC system runs for a longer time as a
power plant than as an energy storage system, the pressurized im-
proved-case is the most efficient alternative. In the year 2050, when the
yearly individual operational hours change, the pressurized base-case
emerges as the most efficient operating option. Fig. 9 illustrates how the
Bi-SOC system exergy efficiency varies with the yearly operational
hours of the system in fuel cell mode, for the pressurized base-case with
syngas as fuel. The horizontal axis represents the operational time of
the bi-directional system in fuel cell mode, and it is assumed that the
stack will work in electrolyser mode for the remaining time of the year.
The central vertical line shows the efficiency of the system when the
stack works in both mode for equal amount hours. The efficiencies il-
lustrated in the right side of the graph, when the stack works more hour
as a power plant, are calculated with Eq. (18), while the efficiencies
reported in the left side of the graph, when the stack works more hours
as energy storage, are calculated with Eq. (19).

Table 14 and Fig. 9 demonstrate how the Bi-SOC system
exergy efficiency is highly affected by the yearly operational
hours in both power production and energy storage modes. When
EXin sorctsorc = EXoursorctsorc the exergy efficiency reaches its
minimum because the optimal operating conditions for the 2 modes are
different.

The exergy analysis identifies the process step with major losses,
with the aim of optimising the process flow chart and specifying con-
ditions for Balance-of-Plant components. The process step with major
losses are studied through the year-round CE method. Fig. 10 illustrates
the exergy flow diagram of the base-case Bi-SOC at 10 bar, when the fuel
cell is fed with syngas, for the year 2020. All values are CE values and in
unit GWh, the losses shown in the diagram are the exergy destruction
for the different components, the exhaust loss is the exergy lost to the
surroundings via exhaust gas. Table 15 shows the exergy flow fraction
of all components as compared to the inlet exergy (215.4 GWh).

A thorough analysis of the foreseen modes of operation of the SOC
stack, before the system installation, can significantly improve the op-
timisation of the process. For example, in a scenario where most of the
time the excess of renewable power is higher than the need of elec-
tricity, the SOC stack will mostly run in electrolyser mode, conse-
quently under our assumptions the Bi-SOC system must be operated at
atmospheric pressure since with this operating conditions the stack can
more efficiently convert electricity into hydrogen. This will greatly af-
fect the overall performance of the SOC system.

The year-round CE method helps therefore to predict more accu-
rately what is the most efficient configuration and operating parameters
based on the power production and consumption curves.

Table 13
Bi-SOC systems energy efficiencies.
1.2 bar 1.2 bar 10 bar 10 bar
base-case improved-case base-case improved-case
SOCy2 SOCsyngas SOCy2 SOCsyngas SOCqri2 SOCarsyngas SOCqri2 SOCqrsyngas
Whersore [kW] 10,527 9497.1 7031 6447.1 17986.2 16525.76 9318 8543.3
Whersopc [kW] 18587.3 18587.3 8144.2 8144.2 24054.6 24054.6 15377.9 15377.9
Onet.sorc [KW] 8010.3 8010.3 8465.3 8465.3 7569.4 7569.4 5338.21 5338.21
Esopc[kW] 20041.2 20041.2 10273.2 10273.2 20041.2 20041.2 10273.2 10273.2
Esorc [kW] 26725.1 26048.0 12084.9 11786.2 26610.7 26,048 12317.3 11786.2
Ngys,sorc 1%] ~40 ~37 ~58 ~55 ~68 ~64 ~76 ~73
Ngys,s0EC 1%] ~76 ~76 ~73 ~73 ~64 ~64 ~50 ~50
Npi_soc (%] ~32 ~29 ~38 ~36 ~47 ~44 ~41 ~39
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Table 14

Bi-SOC systems CE efficiencies.

Applied Energy 226 (2018) 1100-1118

1.2bar

1.2 bar 10 bar 10 bar
base-case improved-case base-case improved-case
SOCu2 SOCsyngas SOCu2 SOCsyngas SOCqra2 SOCGqrsyngas SOCqra2 SOCqrsyngas
ExXinsorc [KW] 26000.6 26598.6 11759.4 12029.8 26000.6 26598.6 11759.8 12029.8
EXousorc [KW] 10527.0 9497.1 703 6447.1 17986.2 16525.8 9317.8 8543.3
ExXin,sorc [kW] 22824.5 22824.5 11623.5 11623.5 28734.4 28734.4 18867.1 18867.1
ExXout.sorc [KW] 19518.9 19518.9 10004.8 10004.8 20023.9 20023.9 10259.7 10259.7
t,
nlggxfc [%] ~41 ~36 ~60 ~54 ~69 ~62 ~79 ~71
nlg(s,ec [%] ~86 ~86 ~86 ~86 ~70 ~70 ~55 ~55
ng};iyéoc [%] -2020 ~40 ~35 ~59 ~53 ~67 ~60 ~73 ~65
nE-s (%) -2050 ~37 ~33 ~54 ~48 ~54 ~49 ~50 ~45
75
EX;. sorc tsorc < Xoursorc tsoee | F¥insorc tsore > EXoursoec tsoec Table 15
70 Exergy flow fraction of all components of SOC system as compared
~ .
65 - to the inlet exergy.
> N _- Component Fraction [%]
g% N N _ - =l Inlet Exergy 100
£ 55 N - P e Year 2020 - Mixing 0.71
& o \ e S Heat Transfer 2.96
[
b \| - 5 Compressor 3.26
45 :
§ oo 2 Stack 2.75
S Year 2050 5 Combustor 6.60
35 g GT 1.71
2 Net destruction 17.99
0 2000 4000 6000 8000 Exhaust losses 22.53
Operational Time in SOFC Mode [hours] GT Per 15.40
. SOFC Pner 44,26
Fig. 9. Variation of the Bi-SOC system exergy efficiency with the operational Net Useful Exergy Out ~60

hours of the system in SOFC mode. Syngas is used as a fuel for the pressurized
base-case.

be for further gas upgrading process e.g. methane production process.
However, at 10bar, pressurised operation results energetically de-
manding due to the high preheating demand when working the elec-
trolyser in the endothermic region. Furthermore, when integrating a GT
within a SOFC system, a pressure ratio around 3-5bar appears more
efficient [78].

4.3. Further optimisation of bi-directional SOC system, energy and year-
round cumulative exergy performance

When working in pressurized condition, 10 bar was chosen to obtain
high pressure hydrogen when working in energy storage mode. This can

Mixing loss: 1.52-= Stack loss: 593 W

Heat transfer/loss: 6:38 ll Combustion loss: 14.22 I

Compressor lossx7:02'H

Combustor: 99.21
Fuel in SOFC: 187.13
Exergy in: 215.40
Stack: 200.48
Ex (Wnet + Q) SOEC: 827

Fig. 10. Exergy flow diagram for the base-case Bi-SOC system at 10 bar when the fuel cell is fed with syngas, during the year 2020. All values are in GWh.

GT loss: 3.65'm

Exhaust loss: 48.52

GT: 85.37

GT Pel: 33.17

SOFC Pel: 95.34
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Therefore, the system was also evaluated considering an operating
pressure of 4 bar. The air and fuel are compressed to 4 bar, the GT ratio
is set to 3.77. When working in electrolyser mode the stack is run at
4bar and the outlet hydrogen is further pressurized to 10 bar, this
compressor is included in the calculation of the system performance.

Reducing the operating pressure decreases the SOFC and the GT
electric power produced. However the auxiliary power requirements
diminishes as well, leading to an increase of the SOFC system energy
efficiency from ~64% to ~66% and SOEC system energy efficiency
from ~64% to ~69% in the base-case. Due to the high endothermicity
of the SOEC and the corresponding large need of air required for
heating the stack, the decrease of pressure from 10 bar to 4 bar leads to
a decrease in the related auxiliary compression work from 5806.8 kW to
3076.5 kW, including also the compression work required to compress
the hydrogen from 4 bar to 10 bar downstream. The overall Bi-SOC
system efficiency of the base-case at 4 bar increases from ~44% to
~49%.

The electrolyser system has been further improved by incorporating
air recirculation, with 80% outlet air mass flow rate recirculated to the
inlet whereas the remaining 20% is used for preheating the inlet air and
hydrogen. The SOEC system energy efficiency rises from ~69% to
~76% at base-case and operating pressure of 4 bar. After this mod-
ification the Bi-SOC energy efficiency further improves from ~49% to
~54%.

The year-round CE analysis is carried out for the Bi-SOC system,
with fuel cell fed with syngas, at 4 bar with and without SOEC air re-
circulation. Fig. 11 illustrates the system exergy efficiency as a function
of SOFC mode operational time, while Fig. 12 depicts the system exergy
losses and the components exergy destruction in the case of air re-
circulation integrated in the SOEC system.

It can be observed that the outlet exergy losses decrease from 23%
to 16% due to air recirculation during electrolysis mode and operation
at reduced pressure. The stack exergy loss grows as its resistance is
inversely proportional to the operating pressure. Table 16 offers the
percentage exergy flow of all components as compared to the inlet
exergy in the different system configurations analysed.

When operating at 4 bar with Hj as fuel, in fuel cell at improved-case
conditions (SOFC-GT system energy efficiency of ~78%), and in elec-
trolyser mode with air recirculation at base-case conditions (SOEC
system energy efficiency of ~76%), the Bi-SOC energy efficiency in-
creases up to ~66%. This efficiency might improve further depending
on the source of the heat provided to the electrolyser and the utilisation
of the upgraded fuel produced from the SOC system. For instance, ef-
ficiency improvement can be obtained by operating the SOEC closer to
the thermoneutral region, by feeding the pressurized H, produced when
storing electricity into the stack when working in power production
mode, and by optimising the thermal management required to heat up
or cool down the electrolyser.

5. Conclusion and perspective

This work aims to assessing the thermodynamic feasibility of Bi-SOC
systems and presents a refined view point on their design and opera-
tion. Moreover, this work intends to introduce a new method for ana-
lysing Bi-SOC system performance and optimising its design. The
method is capable of taking into account the efficiencies in each system
operating based on the energy demand and production curves.

We have carried out thermodynamic analyses of a Bi-SOC system
with different plant configurations. We have attempted to maximize
energy and exergy efficiency by varying the system layout and by en-
hancing the performance of SOC stack and BoP components. The en-
hancement was done with an energy and exergy analysis of individual
systems identifying the largest losses and thus the opportunities for
improvement. Optimal SOC stack operating parameters were selected
via a sensitivity analysis on temperature, pressure, fuel utilisation, and
fuel composition.
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SOC stack operating conditions considerably affect the system per-
formance. Systems can achieve high efficiencies at higher temperature
and fuel utilisation. Moreover, in several configurations, the SOC stack
together with the heat exchangers are the main cause of exergy de-
struction. The exergy losses in the exhaust stream is the highest con-
tributor to reduction in the exergy efficiency. Integration of the gas
turbine and air recirculation in the fuel cell system enhances its energy
and exergy efficiencies, boosting the use of hot product gas for addi-
tional preheating treatment, and lowering the rate of exergy destruc-
tion.

Variation of operating conditions, configurations and SOC stack
parameters showed a variation of Bi-SOC energy efficiency from 29% to
49% when the operating conditions are maintained equal in the two
modes. The year-round cumulative exergy efficiency varies from 33%
to 73% due to the selection of working parameters and the variation in
operational time of the system in both modes. Optimising the stack
parameters to suit both operating modes is crucial to achieve high year-
round CE efficiencies. The SOEC efficiency increases with increasing
current density whereas the SOFC performance increases with de-
creasing current density. Thus, considering the SOC to function in both
modes at different current densities, Bi-SOC system energy efficiency at
4 bar increases from 49% to 54%. The incorporation of air recirculation
also in the electrolysis mode and operating the system at 4 bar lead to a
system energy efficiency of around 66% and a decrease of the exhaust
exergy losses to 15%.

The year round cumulative exergy analysis is an annual operational
time-weighted average of the SOFC and SOEC performances that takes
into account the operating mode of the system based on the daily and
seasonal variation of renewable energy production. The analysis carried
on with this method introduced points to the need for careful system
configuration and operating parameters adoption taking into account
the number of operating hours per year, in either modes in order to
achieve high efficiencies. This approach can be implemented when
numerous small systems are used in parallel to meet the changing loads.
A selected number of the systems can then be switched on or off but
always the operating ones will be at design points. Moreover, the CE
method with further improvements might also be helpful for analysing
the system in case of off-design conditions. It may also help with esti-
mating the system sizing and in selecting appropriate operating para-
meters based on the power production and consumption curve for a
year.

Exergy and energy efficiencies might be increased by further opti-
mising the system, such as by working in electrolyser mode close to
thermoneutral region, by introducing a recirculation loop between
anode and cathode, by improving the heat utilisation via proper
thermal management (exchanging heat between the flows in both op-
eration modes, so that the generated heat in fuel cell mode is exploited
to enable the stack endothermic operation in electrolysis mode). These

90

Year 2020

Year 2050

4 bar, SOEC with air recirculation

4 bar

System Exergy Efficiency [%]

— — 10bar
40

30 :
2000 4000 6000 8000

Operational Time in SOFC Mode [hours]

Fig. 11. Variation of the Bi-SOC system year-round exergy efficiency with the
operational hours of the system in SOFC mode. Syngas is used as a fuel in the
base-case, at 10 bar and 4 bar with and without SOEC air recirculation.
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Mixing loss: 0.86 —
Compressor loss: 6:38

Heat transfer loss:10.13 [J]

Exergy in: 210.28
95

Fuel in SOFC: 187.33

Ex (Wnet + Q) SOEC:

Applied Energy 226 (2018) 1100-1118

Stack loss: 7.26 il

Combustion loss: 15.79 I
GT loss: 3.14 =

Exhaust loss: 32.75

Combustor: 95.78

GT: 80.05

GT Pel: 44.16

Stack: 192.91

SOFC Pel: 89.87

Fig. 12. Exergy flow diagram for the base-case Bi-SOC system at 4 bar, when the fuel cell is fed with syngas and the SOEC is running with air recirculation, during the

year 2020. All values are in GWh.

Table 16

Exergy flow fraction of all components compared to the system inlet exergy for Bi-SOC system, with syngas as inlet fuel with
pressure of 10 bar and 4 bar (with and without air recirculation), in year 2020.

10 bar 4 bar 4bar with SOEC
air recirculation
Component Fraction [%] Fraction [%] Fraction [%]

Inlet Exergy 100 100 100
- Mixing 0.71 0.41 0.41
= Heat Transfer 2.96 4.84 4.82
5 Compressor 3.26 3.15 3.03
E Stack 2.75 3.41 3.45
; Combustor 6.60 7.42 7.51
g GT 1.71 1.48 1.49
Net destruction 17.99 20.70 20.71
Exhaust losses 22.53 16.36 15.57
GT PgL 15.40 20.75 21.00
SOFC Pner 44.26 42.23 42.74
Net Useful Exergy Out ~60 ~63 ~64

optimisation efforts are planned as our future work. The system exergy
destruction might be further decreased by reducing present day re-
sistance of the cell. Moreover, considering the increasing share of re-
newable energies in the global electricity production, in the future, the
SOC stack is expected to operate more hours in SOEC mode. As a result,
the overall system efficiency might increase even further.

This study provides useful insights on Bi-SOC systems and on the
methodology that can be used for the initial design and evaluation of
optimum system configuration and operating parameters. The CE
method introduced in this manuscript, for the first time in the SOCs
context, has not been used yet for analysing Bi-SOC systems.
Conversely, round trip efficiency has been most often used. Results
presented in this paper suggest that year round cumulative exergy ef-
ficiencies provide a better indicator for the selection of stack operating
parameters and system configuration since it takes into account how
much time a system works in each mode. Therefore, we hope the CE
method will be used next to or instead of round trip efficiency analysis
by a larger number of system developers and members of the SOC
community.

Nevertheless, further research is beneficial in refining the concepts

presented in this manuscript and using the results thus obtained in
identifying appropriate system design and operation choices in order to
achieve high efficiencies for Bi-SOC systems in anticipated future en-
ergy systems, grids, and scenarios. Of particular interest will be the
decisions on system scales, operation at or away from thermo-neutral
points, operation at design or off-design conditions, as well as managing
the system transients and the thermal discrepancy between fuel cell
(exothermic) and electrolysis (typically endothermic or near thermo-
neutral), all keeping an eye on achievable efficiencies. Ongoing and
future activities in our group centre around the challenges mentioned
above.
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