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A B S T R A C T

Energy storage is vital for the energy transition, enabling reliable power grids based on intermittent renewables.
Reversible solid oxide cell (rSOC) technology is promising for seasonal energy storage. The novel finding
from this work is that optimised air recirculation for rSOC in endothermic electrolyser mode leads to
efficiency being nearly independent of current density. Thereby the operating region of highest efficiency
is expanded from the thermoneutral point to the entire endothermic region, leading to highly efficient part-
load operation. Air recirculation increases fuel cell mode efficiency too, particularly at higher loads. This
widens the efficient operating window in both modes. These findings emerge from a thermodynamic study
of an rSOC-based energy storage system with ammonia as fuel. A process design is developed and optimised
for efficiency, supported with detailed exergy analysis. First, ammonia synthesis subsystem integrated with
the rSOC system in electrolyser mode is optimised. Second, rSOC outlet air recirculation is optimised for
high system efficiency. Finally, rSOC operating points are optimised for highest round-trip efficiency. We
find the least exergy destruction for the ammonia synthesis subsystem at 170 bar synthesis pressure and 30 °C
condensation temperature (without needing refrigeration). The overall system achieves round-trip efficiencies
up to 60.3%.
1. Introduction

The global renewable power generation capacity is expected to
increase by around 1200GW between 2019 and 2024 [1]. However,
due to a mismatch between the fluctuations of renewable power gen-
eration and demand, the curtailment of renewable power generation
has increased many-fold in the past decade [2], and can be expected
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to increase even further due to increasing penetration of renewable
power sources. To avoid under-utilisation of this growing renewable
power generation capacity, development and deployment of efficient
large-scale energy storage technologies is needed on an urgent basis. A
reversible solid oxide cell (rSOC) is a high-temperature electrochemical
device that can be used in two modes: as a fuel cell (FC) or as an
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electrolyser (EL). There are many advantages of energy storage systems
using rSOC technology compared to competing large-scale energy stor-
age technologies. These include high efficiency, independent scaling
of system power and energy capacity, flexibility in system sizing and
choice of fuels (i.e. energy carriers), and possible integration with
waste heat sources and with other industries (particularly chemical
industries) [3]. A recent case study on Texas and Germany has also
shown that rSOCs are already profitable at hydrogen prices prevalent in
small and medium-scale markets. It has also found that rSOCs are cost-
competitive with separate FC and EL systems in both locations, being
able to out-compete separate systems in Texas already, and in Germany
in the near future [4]. Various fuels for rSOC systems have been
suggested in literature that may be interesting for energy storage and
industrial integration [3]. These include hydrogen, ammonia, methane,
methanol and syngas.

There are many studies in literature with system-level thermo-
dynamic analyses of rSOC-based energy storage. These studies have
looked at various fuels, such as hydrogen [5–11], hydrogen mixtures
with carbonaceous gases (including syngas) [11–14], methane [11,15,
16], methanol [11,17], and ammonia [11,18,19].

Ammonia has several advantages as a fuel or energy storage medium
Compared to methane, hydrogen, or syngas, it can be liquefied under
mild conditions (∼10 bar at 25 °C, or ∼−33 °C at 1 atm [20]), and thus,
can be stored or transported easily. The Haber–Bosch process for ammo-
nia synthesis is mature. It has remained fundamentally unchanged since
its inception, with major improvements only in the production and
purification of the hydrogen-nitrogen synthesis mixture [21]. Ammonia
synthesis is exothermic, which promotes its integration with steam
electrolysis. Like methane, ammonia can be cracked by nickel within
the rSOC in FC mode, absorbing some of the heat generated by the
electrochemical reaction and assisting with thermal management of
the stack [22]. Ammonia is also a clean fuel, with no NOx emission
detected under 800 °C [23,24] and less than 0.5 ppm at 950 °C [25].

herefore, NOx emission should not be a problem at the temperature
f rSOC, which is limited to 800 °C in this paper. Ammonia has a large
arket, which can further buffer any excess or shortfall of renewable

nergy. However, there is very little literature on thermodynamics of
nergy storage systems using rSOC with ammonia as fuel.

Ganzhou Wang et al. [18] designed and optimised an energy storage
ystem based on ammonia and rSOC, using 1-D numerical models. A
aximum DC-to-DC round-trip efficiency (RTE) of 72% was achieved.
ne unique aspect of the work was that oxygen produced in EL mode
nd nitrogen produced in FC mode were stored as liquids. A cou-
led refrigeration cycle liquefied one gas while evaporating the other.
he study included a techno-economic sensitivity analysis, but no
hermodynamic sensitivity analysis or exergy analysis.

Ligang Wang et al. [11] carried out a thermodynamic optimi-
ation and comparison of Power-to-X-to-Power systems, using fuels
uggested by Venkataraman et al. [3]. They found that methane-based
ystems had the highest RTE (37%-54%), thanks to internal reforming
n the rSOC in FC mode, and significant heat integration possibilities.
mmonia-based systems were found to have the lowest RTE (27%-
3%), despite having the same benefits as methane. They stated the
ajor drawback of ammonia-based systems to be the compression of
ydrogen up to 200 bar, needed for ammonia synthesis.

Mukelabai et al. [19] also studied ammonia-based rSOC systems.
heir novelty was that hydrogen unutilised by the rSOC in FC mode was

mmediately reconverted to ammonia, instead of being combusted or
tored. Their system achieved 41% or 53% RTE, depending on whether
xcess ammonia was exported or reused.

.1. Research gap and research goals

• An exergy analysis of ammonia-based rSOC systems is not present
in literature. Energy analysis (or first law analysis) can sometimes
lead to misleading ideas about which components have the most
2

scope for efficiency improvement, because even ideal compo-
nents often cannot attain 100% energy efficiency. In comparison,
exergy analysis (or second law analysis) effectively compares a
real system to an ideal system. It therefore provides a more
useful picture of which components are most inefficient, and can
indicate possible improvement pathways for the system. Thereby
exergy analysis plays an important role in system analysis.
Therefore, the present work features a detailed thermodynamic
exergy analysis of an ammonia-based rSOC energy storage system.
An rSOC process chain is designed in Aspen Plus, and a sensitivity
analysis is carried out for various rSOC operating conditions.
The effects of several operating parameters are studied in detail
through the use of sensitivity analysis from an exergy perspective.
An optimum operating point is chosen on the basis of this analy-
sis. Finally, an exergy analysis at the optimum point highlights the
major sources of losses and opportunities for further improvement
of efficiency.

• Several studies on solid oxide cell (SOC) systems have tested
the recirculation of exhaust from the air electrode of an SOC
(hereafter simply called ‘‘air recirculation’’) in FC mode [26–
31]. They find that the use of air recirculation improves system
efficiency, mainly by reducing air blower power. It also reduces
system size and cost by allowing smaller heat exchangers. Some
studies on EL mode have also recirculated air electrode exhaust
(i.e. either O2-enriched air or pure oxygen), which enhances
system efficiency [31,32] and helps integrate waste heat from
external sources [33].
However, we are not aware of any study in literature that at-
tempts to find the optimal amount of air recirculation for highest
efficiency. Therefore, the present work also aims to find and
implement the optimal amount of air recirculation in both FC and
EL modes.

• In EL mode, the typical recommendation is to operate at or near
the thermoneutral point [34]. This prevents large temperature
gradients in the cells [35], and leads to highest system efficien-
cies [36,37]. This also simplifies the design by easing thermal
management, thus reducing the air handling components, and
also any direct heating/cooling for the stack [34,37]. But in
a future with intermittent renewable energy sources, it can be
expected that electrolysers will need to operate at part load for
significant duration. For operating in EL mode at part-load (i.e. at
lower current density), there are several possible strategies:

– Maintain thermoneutral voltage with nearly zero air-
flow: At lower load (i.e. lower current density) the voltage
tends to reduce due to lower losses. But at lower tempera-
ture, the voltage tends to increase due to higher reversible
voltage and higher cell resistance. Therefore, to maintain
thermoneutral voltage at part load without increasing air-
flow, the cell temperature can be reduced with reducing
load, such that the effects of current density and temper-
ature balance each other. This strategy can ensure almost
constant efficiency over the operating range due to weak
dependence of thermoneutral voltage on temperature [35].
However, this hampers the dynamic behaviour of the sys-
tem, since stack temperature cannot be changed quickly due
to the risk of cell damage.

– Endothermic operation with constant stack inlet tem-
perature, and no airflow: This reduces the stack outlet
temperature and increases the temperature gradients across
the cells. In order to prevent excessive temperature gradi-
ents, there is a lower limit on part-load operation when op-
erating in this manner (for example, ∼75% of thermoneutral

load [38]).
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– Endothermic operation with heated sweep airflow pro-
viding the required heat: This can avoid excessive thermal
gradients, both spatial and temporal. However, this reduces
the system efficiency [38,39], possibly due to the com-
pression, exhaust, and other losses associated with sweep
airflow.

– Endothermic operation with electric heating plates pro-
viding the required heat directly to the stack: Since
the temperature is controlled by the heating plates, partial
load as low as 10% can be feasible [40]. However, there
are also disadvantages to this approach. On the one hand,
heating plates placed outside each stack may not effectively
transfer heat to all cells in larger stacks for future large
scale systems. On the other hand, addition of heating plates
within each stack might lead to very complicated designs.

Therefore, the strategies for part-load operation in literature each
have some disadvantages. But the study of air recirculation in this
work has revealed another approach for part-load operation. This
approach can contribute to addressing the disadvantages of the
currently existing strategies. This discovery is also described in
this paper.

• Lastly, many papers present the results of their optimisation with-
out a detailed explanation of the trends behind those results. One
goal of this paper is to explain why certain things happen from
a thermodynamic point-of-view, which the authors believe is not
clearly explained in many papers. Offering detailed explanations
will help readers to verify the results and to take this work
forward. Therefore the authors have attempted to explain each
observed trend in detail in this work.

To address these goals, an rSOC system using ammonia is modelled
in this work. The model is described in Section 2. In Section 3, the
ammonia synthesis subsystem is independently optimised, with con-
sideration for the possible heat integration with the rSOC system. In
Section 4, the effect of air recirculation from the rSOC is analysed, and
optimal recirculation ratios are found for each rSOC operating point.
In Section 5, these optimised parameters are used in simulations of the
full rSOC system to optimise rSOC operating parameters for high system
round-trip efficiency. Lastly, an exergy analysis of the optimised system
shows pathways for future improvement.

2. Description of the model

This study uses a zero-dimensional system model built in Aspen
Plus. It is based on similar models developed at TU Delft [14,41],
and allows pressurised rSOC operation. The system incorporates several
subsystems, such as the rSOC stack, gas purification system, and Haber–
Bosch ammonia synthesis loop, along with other balance of plant (BoP)
components. There is no dedicated ammonia cracker, since ammonia
is assumed to be cracked at the fuel electrodes of the rSOC. This
assumption is based on several studies [23,25,42–45] showing that the
nickel catalyst in the rSOC fuel electrode can quickly crack ammonia
almost completely, especially above 700 °C. For each operating mode of
the system, a different heat exchanger network has been designed.

2.1. System model for fuel cell mode

The system model in FC mode is depicted in Fig. 1(a). Ammonia,
which is stored as a liquid under pressure, is first expanded down
to stack pressure. It is evaporated using heat from the environment
and then further heated to the stack inlet temperature. It is then
passed to the fuel electrodes of the rSOC where it undergoes thermal
cracking and electrochemical oxidation. The model used for the rSOC
stack is adapted from the work of Hauck et al. [46]. Details of the
rSOC model are given in Appendix A. The exhaust gases from the fuel
3

electrodes (steam, nitrogen and unutilised hydrogen) are sent to the
separation system, where the steam is condensed out. The gases are
further dried using temperature-swing adsorption (TSA) to the purity
required for ammonia synthesis (< 5 ppm H2O [21]). The dried gases
are compressed and stored in a pressurised tank, to be reused for
ammonia synthesis during EL mode. The condensed water is stored at
ambient conditions, to be reused for electrolysis.

In this system, air is used both for thermal management and pro-
viding oxygen for fuel oxidation. Therefore, the air inlet temperature is
maintained below the stack temperature. The temperature difference
is maintained at 100K to avoid excessive thermal gradients. Fresh
tmospheric air is compressed to stack pressure, heated to the stack
nlet temperature, and sent to the air electrodes. Part of the exhaust
rom the air electrodes is recirculated to reduce the requirement of fresh
ir. The remaining exhaust is expanded in a turbine, cooled to recover
ts heat, and released to the atmosphere.

The heaters and coolers shown in Fig. 1(a) are only indicative. In
he actual model, these are replaced by a heat integration network,
hich is depicted in Fig. 1(b). The air from the turbine outlet is at

ow temperature, and can only preheat the fresh compressed air to
small extent. Therefore, the fuel electrode exhaust is used to heat

oth the fuel and the fresh air to high temperatures (i.e near the
tack inlet temperature). If the streams are unable to attain the desired
emperatures using heat exchangers alone, the network also includes
ackup electric heaters, and backup coolers using cold utility.

.2. System model for electrolyser mode

The system model for EL mode is depicted in Fig. 2(a). Water from
he tank is pumped to stack pressure, evaporated, and superheated to
he required stack inlet temperature. Then the steam is mixed with an
ppropriate amount of gas recirculated from the fuel electrode outlet,
o as to produce a mixture with 10% hydrogen content. This is to ensure
reducing atmosphere at the fuel electrodes [47]. This steam–hydrogen
ixture is then sent to the rSOC fuel electrodes. The rSOC stack model

or EL mode is elaborated in Appendix A. The produced hydrogen is
urified using a condenser and a membrane separator to the required
urity level. The separated water returns to the tank, while the pure
ydrogen is compressed to the inlet pressure of the ammonia synthesis
oop. Here, it is mixed with the compressed gas mixture stored from the
C mode, resulting in a feed gas with stoichiometric hydrogen-nitrogen
atio (3:1). This feed gas is introduced to the ammonia synthesis loop.
he subsystem model of the ammonia synthesis loop, which is a part of
ig. 2(a), is elaborated in Section 2.3. Pure liquid ammonia is produced
rom the loop and stored in a pressurised tank.

In EL mode too, thermal management of the rSOC is done by
anipulating the air-side flow. The air-side BoP in EL mode is almost

dentical to the FC mode. Depending on whether the electrolysis is
xothermic or endothermic, the inlet air temperature is maintained
00K lower or higher than the stack temperature, respectively. In order
o reach temperatures higher than the stack temperature, an additional
lectric heater is placed just before the air electrode inlet. Because this
eats the air above the stack temperature, it is hereafter referred to as
he ‘‘air superheater’’.

Similar to FC mode, the indicative heaters and coolers in Fig. 2(a)
re replaced by a heat integration network, presented in Fig. 2(b).
ost of the network (HEX1-HEX7) is dedicated to steam generation for

lectrolysis, which is very energy-intensive due to the large latent heat
f water. Various small heat streams are employed from the hydrogen
ompressor intercoolers, the ammonia synthesis intercoolers, and the
ir-side exhaust. These are arranged in increasing order of temperature
HEX2-HEX6). High-temperature superheating is carried out using the
uel-side exhaust (HEX7). The heat of the ammonia synthesis reactor
utlet is also used to preheat the synthesis feed mixture (HEX8).
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Fig. 1. System model flowsheet in fuel cell mode.
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2.3. Ammonia synthesis subsystem (for electrolyser mode)

The ammonia synthesis subsystem is part of the EL mode system,
shown in Fig. 2(a). Ammonia synthesis is carried out in a three-stage
reactor using iron-based catalysts, with the stages modelled as adiabatic
equilibrium reactors (RGIBBS in Aspen Plus). There is intercooling
between the stages. This design is based on a study [48] that showed
higher reactant conversion using indirect intercooling as opposed to
4

quenching. The pressure drop in each stage is assumed to be 5 bar,
which is within the range stated in literature [21]. The reactants are
heated to 400 °C before the first reactor stage, and cooled down to
he same temperature before each subsequent stage. The extent of
he reaction in each stage is limited such that the maximum possible
utlet temperature of each stage (i.e. before each intercooler) is 500 °C.

The inlet and outlet temperature limits for the reactor are taken from
literature [49]. Moreover, the extent of reaction in each stage is also
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Fig. 2. System model flowsheet in electrolyser mode.
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limited to a maximum of 80% approach to equilibrium1 This approach
to equilibrium is approximated with a 30 °C temperature approach2

in the RGIBBS model. Both these limiting conditions, i.e. outlet tem-
perature and approach to equilibrium, are based on the activity and
temperature-tolerance of iron-based catalysts [50]. The extent of the
reaction for each stage is chosen to be the lower one among the values
predicted by these two limiting conditions. No purge is used since the
feed gas coming into the loop is pure and in proper stoichiometric
ratio. The produced ammonia is separated in a condenser, and the
remaining feed gas (which is also in stoichiometric ratio) is recycled.
The outlet pressure of the last reactor stage is 170 bar, while ammonia
condensation is carried out at 30 °C, thus needing no refrigeration.
These two values were chosen after optimising the synthesis loop for
minimum exergy destruction, which is explained in detail in Section 3.

2.4. Balance of plant

Pressure-changing equipment is used in various places in the system.
These are modelled differently based on their pressure ratio and flow
rate, but the mechanical efficiency of all rotating equipment is assumed
to be 95%. Hydrogen and nitrogen streams are compressed up to the
ammonia synthesis pressure across the largest pressure ratios (between
∼17 and ∼1204, depending on operating mode and on stack pressure),
but the flow rates of these streams are relatively small. Therefore, the
compressors for these streams are modelled as multi-stage reciprocating
compressors with intercooling. Since the variation in pressure ratio
is so large, the number of stages is dynamically chosen (between 3
and 6) for each stack pressure, to keep the outlet temperature of
each stage limited to 250 °C [51]. Each compressor stage is assigned a
polytropic efficiency of 70% (between the U.S. Department of Energy’s
estimates for 2011 and 2015 [52]). The flow rate of air streams used for
thermal management can be very large. The air compressor and turbine
face a maximum pressure ratio of 10. Therefore they are modelled
as single-stage axial machines, with an isentropic efficiency of 87.5%
for compressors and 92.5% for turbines [53]. The compressors for the
various recycle streams have very small pressure ratios (< 1.1) but
relatively large flows. Therefore, these are assumed to be vane-axial
fans with an isentropic efficiency of 85% [54]. The pumps for liquid
ammonia and water are also assigned 85% efficiency. It must be noted
that high temperature recirculation blowers have technical challenges,
however a Technology Readiness Level (TRL) of 6 was already achieved
in 2018 and further research has been ongoing [55]. Blowers for gases
at 950 °C are commercially available [56], and have been used in SOC
systems [57]. However, any heat loss caused by blade/housing cooling
that might be required for these blowers has not been taken into
consideration in this work.

In EL mode, hydrogen is the only gas to be separated from water
vapour. Therefore, the purification system is assumed to be a hydrogen-
selective membrane, with a pressure ratio of 10 across it [58]. In FC
mode, both nitrogen and hydrogen have to be separated from water
vapour. Therefore, a TSA system is used to adsorb and separate the
water. In the study, this is simply modelled as an ideal separator
followed by a heater which evaporates the separated water (to simulate
the heat of desorption). This is a significant simplification of the energy
consumption of TSA, but since the moisture content of the gases after
condensation is quite small, this is considered an acceptable error.

In all systems, the heaters, coolers and heat exchangers are assigned
a minimum temperature difference of 5K. Heaters and coolers are
assigned a pressure drop of 15mbar [59]. The heat exchanger network,
however, is not assigned any additional pressure drop.

1 Approach to equilibrium is the ratio of the reaction quotient at the reactor
utlet, and the equilibrium constant calculated at the outlet temperature.

2 Temperature approach to equilibrium is the difference between the tem-
erature at which the equilibrium constant is calculated, and the actual outlet
emperature.
6

Ambient conditions are assumed to be 25 °C and 1.013 25 bar. The
water tank and the fresh air intake are assumed to be at ambient condi-
tions. Ammonia is stored as a liquid at 11 bar and ambient temperature.
The hydrogen-nitrogen gas mixture is stored at ambient temperature
and 175.045 bar, based on the inlet pressure of the synthesis loop. The
efficiencies of BoP components are assumed to independent of scale or
load.

2.5. Exergy and efficiency calculations

Before defining the efficiency, some general assumptions for the
system have to be specified, that make the formulation of efficiency
definitions possible.

• No heat transfer is considered between the system and the envi-
ronment (except via cooling water and air exhaust).

• All products (except oxygen) created in one mode are stored and
completely utilised in the other mode. To ensure this, the system
is operated in steady state, with the same current density, for
equal duration in both operating modes.

• AC/DC conversion losses are not considered.
• The same stack temperature and pressure are chosen for both

modes to avoid the complex dynamics of temperature and pres-
sure changes in the high temperature system.

The exergy efficiency (second law efficiency) (𝜂ex [–]) for the entire
system in each mode is defined in Eq. (1). The exergy difference be-
tween the air inlet and exhaust is considered as lost to the environment.
Defining efficiency in this form is suitable for an energy storage system
since the exergy traded with the grid (as electric power), and the exergy
stored within the system (in chemicals) are separated on different sides
of the fraction. Since exergy analysis is one of the main activities in this
work, only exergy efficiency is calculated while energy efficiency is not
stated.

𝜂ex,FC =
𝑃net,FC,out

�̇�𝑥NH3 ,in − �̇�𝑥N2∕H2 ,out − �̇�𝑥H2O,out
(1a)

𝜂ex,EL =
�̇�𝑥NH3 ,out − �̇�𝑥N2∕H2 ,in − �̇�𝑥H2O,in

𝑃net,EL,in
(1b)

The round-trip efficiency of an energy storage system (𝜂RT [–]) is
efined as the ratio of the amount of energy that can be extracted
rom the system, to the energy that was originally put into the system.
owever, with all the assumptions mentioned above, this definition can
e restated in terms of net electrical power for each mode, instead of
lectrical energy. This leads to Eq. (2), which is simply a product of the
wo parts of Eq. (1) when the above assumptions are considered.

RT =
𝑃net,FC,out
𝑃net,EL,in

(2)

The forms of exergy relevant to chemical processes are thermo-
mechanical and chemical exergy. Aspen Plus can directly provide the
thermo-mechanical exergy of any stream. Chemical exergy of any mate-
rial stream is calculated as per procedures explained in literature [60].
Required values of standard chemical exergy are taken from litera-
ture [61]. The reference conditions for exergy analysis are the same
as the assumed ambient conditions, i.e. 25 °C and 1.013 25 bar.

The exergy losses in this work are classified based on the type of
process; such as electric heating, heat transfer, pressure changes (here-
after called ‘‘turbomachinery’’), losses to the environment (via cooling
utility and exhaust flows), etc. These losses often have different orders
of magnitude. For the purpose of sensitivity analysis and optimisation,
the changes in these values between different operating points matter
more than the values themselves. In order to show all the values on
one scale, the change in exergy losses is plotted instead of plotting the
absolute loss values. The left-most value on each graph is the datum to
measure change. Therefore, in the plots depicting exergy losses (such
as the left axis in Fig. 5(b)), all lines start from a value of zero on the
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Fig. 3. Distribution of exergy destruction in ammonia synthesis - Base Case.

eft. However, airflow rates, air recirculation ratios, efficiency values,
tc. are plotted with absolute values on separate axes (such as the right
xes in Fig. 5(b)).

The rSOC active area in the model is 30m2 (i.e. 3000 cells of
0 cm×10 cm). The system analysis is carried out with constant rSOC
rea and fuel/reactant utilisation. Therefore, all flow rates (except the
irflow used for thermal management) are always directly proportional
o the current density. The absolute magnitude of exergy losses can vary
reatly simply based on flow rates (hence on current density), rather
han changes in irreversibility. In order to make comparisons between
ifferent current densities easier, the exergy and mole flow rates in the
ollowing analyses are all normalised by the flow rate of ammonia at
ach current density (i.e. the units for exergy are kJ∕molNH3

instead of
W or kJ, and units for flow rate are mol∕molNH3

instead of mol s−1). It is
mportant to note that the model does not consider the effects of scale.
o the results would be the same at any stack area, and the assumed
alue (30m2) is arbitrary. This is another reason why the results are
ormalised as mentioned above.

. Optimisation of ammonia synthesis subsystem

This section describes the optimisation of the ammonia synthesis
oop, specifically the reactor outlet pressure and the ammonia conden-
ation temperature. Wang et al. [11] found that feed gas compression
o high synthesis pressure was a major cause of lower efficiency in
mmonia rSOC systems. Therefore optimisation of the loop parameters,
specially pressure, is needed to address these concerns. The condensa-
ion temperature is also optimised since it affects the feed recycle flow
ate. The reaction temperature is not optimised in this case, since it is
imited by catalyst properties (see Section 2.3). The subsystem model
sed for this optimisation is a slightly modified version of the model
escribed in Section 2.3. The differences in the subsystem model are
laborated in Appendix D.1.

.1. Methodology

The optimum operating point is chosen where exergy destruction
n this subsystem are minimum. Instead of varying each variable sep-
rately while holding others constant, all variables are varied simulta-
eously, obtaining all possible combinations of variable values. This is
one in an attempt to capture any effects that may not be visible when
nly one variable is varied at a time. Simulations are carried out on
his model for all combinations of the following variable values:

ressure at outlet of last reactor: 100 bar to 400 bar, at intervals of
7

10 bar a
ondensing temperature: −35 °C to 40 °C, at intervals of 5 °C

The range of reaction pressures is chosen based on commonly used
synthesis pressures (high pressures around 400 bar used in the past,
and lower pressures of 100–200 bar used for newer plants with better
catalysts). The range of condensation temperatures is chosen to start a
little below the normal boiling point of ammonia (−33 °C) and end a
little above ambient temperature.

To confirm that the optimisation is independent of rSOC pressure,
it is repeated at five pressure values: 1.5 bar, 2.5 bar, 5 bar, 7.5 bar, and
0 bar. The rSOC pressure itself is not an optimised variable.

.2. Base case

The base case for the ammonia synthesis system is a reactor outlet
ressure of 200 bar and ammonia condensation temperature of −25 °C,
hich are within the typical range for modern plants [21]. The base

ase rSOC stack pressure is taken to be 5 bar.
The total exergy destruction for this operating point is found to be

1.25 kJ∕molNH3
, which is 7.5% of the total exergy input of

15.65 kJ∕molNH3
. The distribution of these losses is shown in Fig. 3.

lmost half of the exergy destruction takes place during compression
f feed gases. The refrigeration used for the ammonia condenser, and
he synthesis reaction itself, are two other large causes of exergy de-
truction. The mixing of feed gases and the recycle stream also destroys
ome exergy due to the differing temperatures and compositions of the
treams. The recycle fan, the heat exchanger and the expansion valve
efore the ammonia tank all make up a very small portion of the total
osses.

343.41 kJ∕molNH3
is the exergy stored in ammonia. The coolers

xtract 68.03 kJ∕molNH3
, from which 27.04 kJ∕molNH3

is used for feed
as preheating. The remaining 40.99 kJ∕molNH3

(9.9% of total exergy
nput) is sent to the rSOC system for steam generation.

.3. Optimum operating point for ammonia synthesis

The optimal operating point for ammonia synthesis in the context
f the rSOC system was chosen as per the methodology set out in
ection 3.1. For brevity, only a short summary of this optimisation is
iven here while a detailed analysis is given in Appendix D.

The optimal ammonia synthesis pressure depends strongly on the
ondensation temperature. At low condenser temperatures, the opti-
um synthesis pressure is between 220 bar and 270 bar. At high con-
enser temperatures, the optimum pressure is between 150 bar and
80 bar. This dependence on condenser temperature is mainly due to
he recycle flow rate being very high when a combination of high con-
enser temperature and low synthesis pressure is implemented. More
etails can be found in Appendix D.2. In general, ammonia condenser
emperatures above ambient were found to be the optimum. This is be-
ause condensation at these temperatures does not need refrigeration,
ignificantly reducing exergy destruction. At low synthesis pressures,
emperatures higher than 30 °C are not beneficial, once again due to
ery high recycle flow rates. More details can be found in Appendix D.3.

An overall comparison of all the tested operating points shows that
inimum exergy destruction is achieved when the ammonia condenser

emperature is 30 °C, and the pressure at the outlet of the last reactor
s 170 bar. The condensing temperature being 30 °C eliminates the need
or refrigeration and its exergy losses. Since the condensing temper-
ture is high, the optimum reaction pressure is low as explained in
ppendix D.2. Finally, since the reaction pressure is low, temperature
bove 30 °C is not preferred, leading to this optimal operating point.

For 5 bar stack pressure as an example, the minimised exergy de-
truction is 21.95 kJ∕molNH3

, compared to 31.25 kJ∕molNH3
for the base

ase (6.1% and 7.5% of exergy input respectively). This is the combined
esult of all the trends explained in Appendix D. For other stack pres-
ures, the optimised exergy destruction varies between 20.40 kJ∕molNH3

nd 25.20 kJ∕molNH3

(both ∼6% of exergy input).
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Fig. 4. Effect of air recirculation.
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The optimum reaction pressure and condensing temperature are (al-
ost) independent of stack pressure. The same operating point remains

he optimum for all tested values of stack pressure, except one. Even
n case of the single exception (i.e. 10 bar), it is only because a change
n the number of hydrogen compressor stages causes a discontinuity
explained in Appendix D.2) which leads to 200 bar being optimum for
hat one case. Therefore, 170 bar and 30 °C is chosen as the operating
oint for the analysis of the overall rSOC system.

. Effect of air recirculation

.1. Methodology

The present work includes a sensitivity analysis based on various
tack operating parameters, viz. current density, stack temperature, and
tack pressure. The effect of fuel and steam utilisation, however, have
ot been addressed in this work, and are kept constant at 80%, which
s within the typical range [62]. The following values of these three
arameters are analysed, leading to 80 different operating points for
ach mode with different combinations of these parameters.

urrent Density: 2500Am−2, 5000Am−2, 7500Am−2, 10 000Am−2,

tack Temperature: 650 °C, 700 °C, 750 °C, 800 °C

tack Pressure: 1.5 bar, 2.5 bar, 5 bar, 7.5 bar, 10 bar

This section focuses on optimising air recirculation. Air recirculation
atio is defined as the ratio of the molar flow rate of recirculated air to
he molar flow rate at air electrode outlet. For each of the 80 operating
oints mentioned above, an optimum value of air recirculation is found.
his optimum air recirculation is used for further analysis of the other
arametric effects on the entire system in Section 5.

.2. Fuel cell mode results

The effect of air recirculation on system efficiency and on exergy
osses in various operations in FC mode is depicted in Fig. 4(a). The
otal airflow through the stack is dictated by the heat generation in
he stack, which is largely independent of air recirculation. When more
ir from the exhaust is recirculated, the amount of fresh air is reduced
y the same amount in order to keep the airflow through the stack
onstant. Additionally, with greater recirculation of hot exhaust air, the
reheating temperature of fresh air can also be reduced such that the
8

ixed air input to the stack maintains a constant temperature, 100K
ower than the stack outlet.

Due to reduced fresh airflow as well as its lower preheating tem-
erature, the electric preheating demand for fresh air significantly
educes with increased air recirculation. Correspondingly, the exergy
estruction caused by this electric heating also reduces. This makes up
he largest effect of air recirculation on exergy losses. Secondly, the
low rate of exhaust air released to the atmosphere is directly related
o the amount of fresh air being drawn in. The temperature of the
xhaust air is independent of air recirculation, since it is dictated by the
emperature of the compressed fresh air (which is the flow with larger
eat capacity in HEX3 in Fig. 1(b)). Thus, the exergy of the exhaust
ir is proportional to its flow rate, which reduces with increasing re-
irculation because of reduction in fresh air input. Therefore, as the air
ecirculation is increased, the exergy lost to the environment through
he exhaust air decreases. Thirdly, the pressure and temperature of the
irflows through the compressor and turbine are independent from air
ecirculation. Therefore, the exergy destruction in these components is
irectly proportional to the flow rate, and decreases as the recirculation
s increased. Lastly, when a larger amount of hot exhaust air is mixed
ith the colder fresh air, the exergy destruction due to stream mixing

ncreases. However, this change is overshadowed by the large exergy
avings in the other operations. Therefore, the total system exergy
osses decrease as the air recirculation is increased, and system exergy
fficiency increases.

There is a sharp end to this trend, marked by the vertical line
n Fig. 4(a). This occurs when the fresh airflow is reduced so much
hat heat integration alone is sufficient to preheat it, with no need
or additional electric heating. When the electric heating requirement
eaches zero in this way, no further reductions in exergy destruction
f electric heating are possible. Moreover, if recirculation is increased
eyond this point, exergy losses to the environment start increasing.
his is not through the air exhaust, but rather through the cooling water
sed in the backup steam condenser seen in Fig. 1(b). Since electric
eating is zero, any further decrease in air preheating demand due to
ncreased recirculation means that the heat transferred through HEX4
as to be reduced. This implies an overall reduction in the heat ex-
racted by the heat exchanger network from the fuel electrode exhaust.
his additional heat is then released in the backup steam condenser,

ncreasing the corresponding exergy loss. The reduced heat transfer in
EX4 also increases the temperature difference within HEX1, leading to

arger exergy destruction there. Due to all these reasons, increasing air
ecirculation when the electric air preheating is already zero increases
he total exergy losses and reduces the system efficiency.
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Notably, air recirculation cannot be increased indefinitely in FC
mode. Increasing air recirculation corresponds to a decrease in fresh
airflow, as explained in the previous paragraphs. This reduces the
oxygen concentration at the air electrode inlet and outlet. However,
some oxygen is always needed to achieve the desired fuel utilisation in
FC mode. Oxygen starvation may also cause cell damage. This imposes
an upper limit on the amount of air recirculation. The research on the
effects of oxygen starvation in rSOCs is sparse, but one study [63]
found indications that oxygen concentration of ∼4% can cause per-
manent damage to the cells. Therefore, we have used a minimum
oxygen concentration of 4% at the air electrode outlet as the limit
for air recirculation. Simple algebraic calculations show that oxygen
concentration at the air electrode outlet is independent of the amount
of air recirculation, depending only on oxygen consumption in the stack
and fresh airflow from the atmosphere. Therefore, restricting the outlet
oxygen concentration translates directly to limiting the fresh airflow.
This depends on the oxygen consumption (i.e. on current density),
but is independent of other parameters like air recirculation, stack
temperature, or pressure. When normalised by the ammonia flow rate,
the minimum fresh airflow limit is constant (∼3.40mol∕molNH3

).
There are some FC mode operating points where this minimum

airflow limit is encountered before the electric air preheating can be
reduced to zero. This leads to lower system efficiency compared to
cases where the electric demand for air preheating does reach zero. The
operating points where this oxygen starvation condition is encountered
tend to be the points where rSOC stack efficiency is around its maxi-
mum (it is well known that highest FC stack efficiency occurs at high
stack temperature, high stack pressure, and low current density). This
is because when the stack is efficient, the excess heat generation in the
stack is low, and therefore the stack airflow required for cooling is low.
When the airflow through the stack itself is low, the minimum fresh
airflow limit is reached at relatively low values of the air recirculation
ratio, and before the electric air preheating can be eliminated.

Air recirculation has significant positive effects on system efficiency
for most operating points. Without air recirculation (or an afterburner),
some operating points are unable to provide positive net power, despite
heat integration. This typically occurs at high current densities, low
stack temperatures and high stack pressures. At such inefficient operat-
ing points, a large airflow is required for stack cooling. But because
of high pressure, the air compressor has a high outlet temperature,
while the outlet temperature of the air turbine is low. This makes heat
integration difficult/impossible and large amount of electric heating is
needed, leading to net negative power output. In these cases, air recir-
culation makes it possible to get moderately high positive efficiencies
without needing an afterburner to provide heat. The largest efficiency
improvement from air recirculation is seen at the operating point
(650 °C, 7.5 bar, 7500Am−2)3, where the efficiency is increased from
4.9% to 59.6%, an increase of 54.7 %-points. However, air recirculation
does not significantly benefit operating points that are already efficient.
With optimal use of air recirculation, the maximum efficiency in FC
mode increases from 76.1% to only 77.7%.

4.3. Electrolyser mode results

When electrolysis is exothermic, the effects of air recirculation in EL
mode are nearly identical to FC mode, i.e. the optimum amount of air
recirculation is the minimum amount which can ensure zero demand
for electric air preheating.

However, the situation is different when electrolysis is endothermic,
as shown in Fig. 4(b). In this situation, the (sweep) air input to the stack

3 There are also two operating points where the efficiency increase from air
ecirculation is hypothetically even larger. However, these points are not con-
idered here, because they have a negative efficiency without air recirculation,
aking it difficult to meaningfully define efficiency improvement.
9

has to be heated up to 100 °C above the stack outlet temperature. Since
he maximum available temperature in the heat exchanger network is
nly the stack outlet temperature, fresh air cannot be heated to the
equired temperature by heat integration alone. Therefore, unlike FC
ode, the exergy destruction from electric heating never becomes zero.

t continues to decrease with increasing air recirculation, and reaches
ts minimum only when the fresh air inflow becomes zero and all the
weep flow comes from air recirculation (which, in this case, becomes
ecirculation of pure oxygen).

The inlet and exhaust air flow rates decrease with increasing recir-
ulation, to maintain the air flowrate through the stack as explained
reviously. The exergy losses in the air turbomachinery also reduce
ith increasing air recirculation, since the flow rate through the turbine
nd compressor is reduced, and the fresh air compressor eventually be-
omes redundant. As the exhaust airflow rate decreases with increasing
ecirculation, the exergy losses to the environment also decrease. There
s a slight increase in losses to the environment when the fresh airflow
ecomes very low. This is because the exhaust air becomes pure oxygen,
ncreasing the chemical exergy lost to the environment. For all these
easons, the optimum air recirculation for endothermic electrolysis is
he point when all the required input air is taken only by recirculation
f the air exhaust. This also means that all the air-side flows in the
ystem actually consist of pure oxygen rather than air.

Like FC mode, the largest efficiency improvement is observed at
igh stack pressures, since the heating effect of the compressor and the
ooling effect of the air turbine hinder heat recovery, which is mitigated
y air recirculation. At operating points where the airflow required
or stack thermal management is high, the losses in electric heating
nd turbomachinery are high if no recirculation is used. Therefore,
he efficiency benefit of air recirculation is the highest at these points.
n EL mode, this is at the most endothermic operating point (800 °C,
10 bar, 2500Am−2), where the use of air recirculation increases the
efficiency by 30.0 %-points, from 49.1% to 79.1%. Similar to FC mode,
air recirculation does not significantly benefit operating points that are
already efficient. The maximum EL mode efficiency only changes from
78.4% to 79.2%.

4.4. Air recirculation summary

For most operating points (i.e. a combination of stack temperature,
pressure and current density), there exists a single optimal value of
air recirculation ratio that provides the maximum system efficiency,
which usually corresponds to the need for electric air preheating be-
ing eliminated. In cases where the electric air preheating is already
unnecessary, such as with near-atmospheric pressure FC operation,
the optimal air recirculation remains zero. In some cases in FC mode
(low current density, high temperature, high pressure), electric air
preheating cannot be eliminated and the air recirculation is chosen to
be at the oxygen starvation limit. On the other hand, for endothermic
electrolyser mode, the optimum air recirculation value is that which
eliminates all fresh airflow. For all further analyses, such an optimal
value of the air recirculation ratio is used for each operating point.

Assuming that the amount of charge transferred through the system
in each mode is equal, the RTE can be defined as the product of
efficiencies of both modes. Without air recirculation, the RTE varies
between 0%-52.8% for various rSOC operating points. Optimal use of
air recirculation raises the RTE range to 37.7%-60.3%. The variation
of efficiencies within this range based on rSOC operating parameters is
discussed in Section 5.

5. Optimisation of rSOC system for highest efficiency

This section discusses the optimisation of rSOC operating points for
highest round-trip efficiency. The optimised parameters for ammonia
synthesis from Section 3, and the optimised air recirculation ratios from
Section 4 were used in the simulations. For both FC mode and EL mode,
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Fig. 5. Variation of rSOC system performance with current density.
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the 80 operating points mentioned in Section 4.1 were tested. These
were used to study the effect of each operating parameter in detail.
Finally, assuming that the values of the parameters should be same in
FC and EL modes, the optimal set of parameters was found for highest
round-trip efficiency.

5.1. Effect of current density

5.1.1. Fuel cell mode
In almost all the cases considered in the present work, an increase

in current density leads to a fall in system exergy efficiency in FC mode.
Some of these cases are shown as an example in Fig. 5(a), and the
exergy analysis explaining this trend is shown in Fig. 5(b). Note that
as mentioned in Section 2.5, the exergy loss and mole flow rates in the
analysis below are all normalised by ammonia mole flow rate for easier
comparison between different current densities.

A linear increase in (normalised) stack exergy destruction is the
biggest driving force behind the fall of efficiency, as overpotentials have
a strong linear dependence on current density (the selected range of
current density is in the linear ‘‘Ohmic’’ region of the FC polarisation
curve). Therefore the (normalised) cooling airflow through the stack
increases linearly with current density. This increased airflow require-
ment can be met either through an increase in the fresh airflow, or
through an increase in the air recirculation ratio. As seen in Fig. 5(b)
however, it is observed that both of these have to be increased together
for optimum efficiency at each current density. Looking at Fig. 1(b),
the high-temperature air preheating is handled by HEX4 using fuel
electrode exhaust. The (normalised) flow rate of the fuel electrode
exhaust (i.e. hot stream of HEX4, with lower heat capacity) is constant,
10

while the (normalised) fresh airflow rate (i.e. cold stream of HEX4, b
with higher heat capacity) is expected to increase with current density.
Therefore the outlet temperature of the HEX4 cold stream is expected
to decrease with an increase in current density. This means the heat
integration network becomes less effective at higher current density.
In order to mitigate this and avoid electric heating, the optimum air
recirculation is higher, since increased air recirculation also decreases
the required outlet temperature of HEX4. This way, the heat integration
network can handle a slightly higher flow of fresh air without electric
heating. This is why both the optimum fresh airflow and the optimum
air recirculation increase with higher current density. A higher fresh
airflow naturally implies a larger exhaust airflow too, and thereby
larger exergy destruction in air-side turbomachinery and larger exergy
losses to the environment through the air exhaust. Higher air recircula-
tion ratio also leads to larger exergy destruction in the air recirculation
mixer. Larger airflows also lead to larger heat transfer and larger exergy
destruction in the heat exchangers, especially HEX3 (although this is
negligible in comparison to the other components and hence not shown
in Fig. 5(b)). All these reasons are responsible for the drop in system
efficiency.

In Fig. 5(a), it may be noticed that the graph of (800 °C, 10 bar) defies
he linear trend. This is because the points relating to 2500Am−2 and
000Am−2 are at the oxygen starvation limit described in Section 4.2,
nd thus have an efficiency lower than the expected linear values.
his is solely due to non-zero electric air preheating demand and the
ssociated increase in exergy destruction. Exergy losses in all other
omponents vary as expected.

.1.2. Electrolyser mode
The effect of current density in EL mode is shown in Fig. 5(c), for
oth exothermic and endothermic regions. In the exothermic mode, the
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Fig. 6. Novel finding of this work: nearly constant electrolyser efficiency at full and part load.
system efficiency decreases linearly with rising current density, just like
the FC mode. This is for the same reasons, driven mainly by increasing
overpotentials and increasing airflow required to get rid of the excess
heat. The endothermic region shows an unusual result. Usually, it is
expected that increasing the current density in endothermic region
improves the efficiency, since growing overpotentials move the stack
towards thermoneutrality, reducing the airflow required and hence
reducing the losses associated with the airflow.

However, it can be seen from Fig. 5(c), that the efficiency in the
endothermic region is completely independent of current density, and
equal to the maximum efficiency at the thermoneutral point for each
pressure and temperature. This is because, as explained in Section 4.3,
the optimal air recirculation in endothermic region maintains the fresh
airflow at zero. Therefore, the conventional explanation associated with
varying airflow does not apply to this system. This independence of
efficiency with current density can be explained through an exergy
balance.

Explanation of independence from current density
As explained before, the energy, exergy and material flow rates

re all normalised by ammonia flow rate in order to easily compare
etween different current densities, and further references to these
uantities in the next paragraph are to be taken as normalised even
hen not explicitly stated.

Note that most of the flow rates and process parameters in the
ystem are independent of current density. Therefore, the exergy de-
truction in most of the components is independent of current density.
he only exceptions to this are the components related to the recircu-

ated air, which depend on the heat demand of the stack. Therefore,
or the exergy balance, this is the only relevant part of the system. A
emporary imaginary system boundary can be drawn including only the
ollowing components in Fig. 2(a): rSOC stack, air splitter, air recircu-
ation fan, and air superheater (air mixer does not exist at zero fresh
irflow). The incoming exergy flows crossing this boundary include: the
uel electrode inlet flow (E104), and the electric power inputs of the
tack, air superheater, and recirculation blower. The outgoing exergy
lows for the system boundary include: the fuel electrode exhaust
E201) and the air electrode exhaust (E602). All the material flow rates
rossing the boundary are independent of current density, as are their
orresponding exergy flows. Regarding the electric power inputs, the
um of the power inputs of the stack, air superheater and air recircula-
ion fan, corresponds to the reaction enthalpy of steam electrolysis. This
s also independent of current density. Therefore all the exergy flows
rossing the temporary system boundary are independent of current
ensity. This means that the (normalised) exergy destruction within this
emporary boundary is also independent of current density. Therefore,
11

he exergy destruction in the entire system is also independent of the
current density for endothermic electrolysis. This can also be seen in
Fig. 5(d). At higher current density, the stack exergy destruction is
higher due to high overpotentials, however, the exergy destruction
associated with electric heating in the air superheater reduces by the
same amount, leading to the total exergy destruction in the system to
be constant. Changes in exergy destruction in the recirculation fan are
negligible.

The independence of endothermic electrolyser system efficiency
from current density seen in Fig. 5(c) is the main novel finding from
this work. This finding can be used to design electrolysis systems with
nearly constant efficiency over the entire load range. This strategy is
summarised in Fig. 6, and discussed further in Section 6.

5.2. Effect of stack temperature

5.2.1. Fuel cell mode
The effect of stack temperature is shown in Fig. 7, for the FC mode.

It can be seen from Fig. 7(a), that the general trend of system exergy
efficiency with rising stack temperature is upward. This is found to be
the case for all operating points where the oxygen starvation limit is
not reached (hereafter called ‘‘ordinary’’ points). The reason for this
monotonic rise in efficiency can be further understood from looking at
the ordinary points in Fig. 7(b), which shows the variation of exergy
losses in various processes.

The largest reduction in exergy losses with temperature comes from
the stack itself. Raising the stack temperature increases the operating
voltage of a FC and reduces heat generation, due to greatly reduced
overpotentials. Therefore, the exergy destruction in the stack associated
with overpotentials and heat generation goes down significantly. Lower
heat generation also means lesser cooling airflow through the stack.
This could be achieved either by lowering the fresh airflow or lowering
the air recirculation ratio. It can be seen from Fig. 7(b), that for
ordinary points, the optimum air recirculation ratio actually increases
with temperature (and thus the fresh airflow reduces even more). This
can be explained by investigating heat exchanger HEX4 (in Fig. 1(b)).
As the stack temperature is increased, the preheat requirement of the
fresh air increases, and the heat availability from the fuel electrode
exhaust also increases. However, since the heat capacity of the hot side
of HEX4 (fuel electrode exhaust) is lower than the cold side (fresh air),
the increase in actual heat transfer in HEX4 is less than the increases in
heat availability or heat requirement. This means, the heat integration
network is less effective at higher temperatures. Therefore, the opti-
mum air recirculation ratio has to be higher at higher temperatures.
Because of this, the fresh airflow reduces significantly. Since the fresh
airflow is lower at higher temperatures, the exhaust airflow is lower as
well. The exergy destruction in the air-side turbomachinery reduces due
to the lower flow rates, as does the exergy loss to the environment via
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Fig. 7. Variation of rSOC system performance with stack temperature.
the exhaust. At high stack temperatures, higher temperature differences
in the heat exchangers also lead to slight increases in the exergy
destruction despite lower heat transfer rates.

However, as mentioned previously, there are a few operating points
where the oxygen starvation condition has been reached, and these are
also depicted in Fig. 7(a). In cases where oxygen starvation limit is
reached, increasing the stack temperature any further causes a decrease
in the system efficiency. The reasons for this are as follows, also seen
in Fig. 7(b). The primary reason is the rapid rise of exergy destruction
associated with electric heating. At points of oxygen starvation, the
fresh airflow is as low as it can be. But as explained in the previous
paragraph, the heat integration network gets less effective at higher
stack temperature. Since the airflow cannot be reduced further, this
causes a shortage of heat for preheating, which has to be met through
electric heating, leading to a rise in exergy destruction. Now, the fresh
airflow is at its minimum, but the cooling demand of the stack reduces
further as temperature is increased. Therefore, the airflow through
the stack is reduced by reducing air recirculation, and the exergy
destruction in the air mixer reduces due to reduced recirculation. Since
the fresh airflow and exhaust airflow are now constant at their mini-
mum levels, the previously downward trends of exergy destruction in
turbomachinery and exergy loss to the environment through air exhaust
also flatten out. Further, the fuel electrode exhaust is at a higher
temperature, but the heat transfer in HEX4 is limited due to the relative
heat capacities of the flow. So the additional thermal exergy is lost to
cooling water through the steam condenser, which means losses to the
environment start to increase. Oxygen starvation does not affect exergy
destruction in heat exchangers, which continues to rise slightly due
to higher temperature differences caused by higher stack temperature.
These things together lead to an increase in total exergy losses, driving
12

down the system efficiency for points with oxygen starvation.
5.2.2. Electrolyser mode
The effect of stack temperature in EL mode differs widely based on

whether the stack is endothermic or exothermic. Both the endothermic
and exothermic regions are depicted in Fig. 7(c). In the exothermic
region, the effect of temperature is similar to the effect seen in the FC
mode. The system efficiency increases with a rise in stack temperature,
driven mainly by reduction in exergy destruction in the stack, air-side
turbomachinery, and exergy losses through the exhaust airflow.

In the endothermic region, the effect of temperature on exergy
destruction is similar to the effect of current density, due to the high air
recirculation approach. The changes in exergy destruction in the stack
and air superheater almost (but not entirely) negate each other. Unlike
the current density case, the sum of exergy destruction in the two
components rises slightly with stack temperature as shown in Fig. 7(d).
These changes are not very large, and the resulting decline in efficiency
is rather small (< 0.5%-points), but it is consistent/monotonous enough
not to be attributed to rounding errors or other numerical artefacts. The
reasons for these changes are as follows.

The total enthalpy change of the reaction represents the conversion
of electrical energy into chemical or thermal energy, which takes
place in the stack, air superheater, and air recirculation fan. The
enthalpy change of the electrolysis reaction increases slightly with
temperature. Since the energy conversion overall increases slightly
with stack temperature, the associated exergy destruction (in the stack,
air superheater and air recirculation fan) also increases slightly with
temperature.

There are also slight increases in exergy lost in other components as
the stack temperature is increased. The exergy destruction in heat ex-
changers rises slightly because more heat is transferred to bring steam

to higher stack temperatures. Further, the rising stack temperature
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Fig. 8. Variation of system performance with stack pressure, datum at 1.5 bar.
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hanges the temperature profiles in the heat integration network, such
hat slightly less heat can be extracted from the hydrogen compression
ntercoolers. This increases the exergy loss to the environment through
ooling water.

.3. Effect of stack pressure

.3.1. Fuel cell mode
Unlike the other two stack parameters, the stack pressure is not

bserved to have a monotonic effect on the efficiency of the system in
C mode. As seen in Fig. 8(a), the system efficiency peaks somewhere
ithin the tested pressure range, and then drops as pressure is increased

urther. The exergy analysis for this variation is shown in Fig. 9(a), and
laborated in the following paragraphs.

The exergy destruction in the stack consistently decreases with
ising pressure. This is mainly because of a reduction in exergy de-
truction in the ammonia cracking process that occurs within the stack.
dditionally, the cell voltage is higher at higher pressure, driven mainly
y reversible voltage. This leads to lower heat generation in the stack,
ut does not affect the exergy destruction since the overpotentials
i.e. irreversible part of heat generation) do not noticeably change.

Air preheating through the heat integration network is less effective
t higher stack pressure, for the following reasons. The air electrode
xhaust passes through the air turbine before entering the heat in-
egration network, while the cold air entering the network comes
rom the air compressor. Because of this, the temperature of hot air
tream entering HEX3 (Fig. 1(b)) goes down when stack pressure is
ncreased, while the temperature of the cold air entering in HEX3 rises.
his causes a significant drop in heat transfer in HEX3, which is only
artially counteracted by a rise in heat transfer through HEX4. Since the
verall air preheating possible in HEX3 and HEX4 is reduced at higher
ressure, the air recirculation has to be increased sharply in order to
educe the preheating demand and avoid using electric heating. For the
xample shown in Fig. 9(a), the optimum air recirculation ratio goes
rom 6% at 1.5 bar to as high as 72% at 10 bar.

Increased air recirculation causes an increase in exergy destruction
n air mixing. The significantly reduced heat transfer in HEX3 also
educes the total exergy destruction in heat exchangers. The air exhaust
emperature also increases due to reduced heat recovery in HEX3.
ue to the reduction in stack heat generation, as well as the sharply

ncreased air recirculation (as explained in the last two paragraphs),
here is a steep fall in amount of fresh airflow.

All the effects mentioned above are greatest at the lower pressure
anges (<2.5 bar), and become less stark at higher pressures. This is
ecause a small absolute change in stack pressure represents a propor-
ionally larger change in pressure ratio in the turbomachinery when the
13

tack pressure is low. Hence the outlet temperatures of the air turbine D
nd compressor change the fastest at lower pressures. Therefore the
eduction in heat transfer possible in HEX3 is also the most significant
t low stack pressures, as are all the changes resulting from this, which
re described in the previous paragraphs. At low pressure ranges, the
xergy loss to the environment through the air exhaust also drops
despite increasing exhaust temperature) due to the greatly reduced
resh and exhaust airflows.

At higher pressures (>2.5 bar), the effect of pressure rise is smaller,
ince the same absolute rise in stack pressure represents a proportion-
lly smaller rise of pressure ratio in the turbomachinery when the stack
ressure is high. Moreover, the increase in air recirculation reduces the
arget temperature for air preheating, meaning that the heat integration
etwork can preheat slightly larger fresh airflows with the available
eat. Hence, the reduction in fresh airflow also becomes much less
teep, and other factors apart from air flowrate start to dominate.
otably, the exergy loss to the environment through the air exhaust

ncreases. As mentioned before, the reduced heat recovery in HEX3
aises the air exhaust temperature. Since the reduction in air flowrate
s less steep, the rising exhaust temperature causes a rise in exergy lost
hrough the exhaust.

The variation of exergy destruction in turbomachinery is more com-
licated. On one hand, the exergy destruction in the nitrogen-hydrogen
ompressors reduces at higher stack pressure, simply due to the reduc-
ion in pressure ratio between the ammonia synthesis system and the
tack. On the other hand, the exergy destruction in the air compressor
nd turbine increases due to the increase in pressure ratio between the
tack and the atmosphere. Among these two effects, the effect of the
ir turbomachinery usually dominates, since the flow rates of air are
ypically much higher than the fuel side flows, and the air-side ma-
hinery is single stage, compared to the multi-stage nitrogen-hydrogen
ompressors. Therefore, in most cases the total exergy destruction in
urbomachinery usually increases with stack pressure, but this is not
lways true (like in Fig. 9(a)). This can also get further complicated
ince the airflow rate varies greatly with pressure. In the particular
xample shown in Fig. 9(a), the two contrasting effects seem to cancel
ut almost entirely.

Interestingly, between 7.5 bar and 10 bar, the exergy destruction
n the heat exchangers increases while the loss to the environment
ecreases. This is because at ∼8.5 bar, the boiling point of ammonia
rosses 20 °C, and the heat of evaporation of ammonia starts being
rovided through the heat integration system rather than from the
nvironment. The sum of these two continues to increase, however,
herefore the overall efficiency trend is unaffected by this switch.

To summarise the analysis of Fig. 9(a), as the stack pressure in-
reases, the exergy destroyed in stack and heat exchangers decreases,
hile exergy destroyed in mixing and lost to the environment increases.
ue to the interplay between these opposing effects, the optimum
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Table 1
Summary of sensitivity analysis: how each parameter affects the system exergy
efficiency in each mode.

Operating parameter FC mode Endothermic EL Mode Exothermic EL mode

Air Recirculation ↑ ↷ ↗ ↷

Current Density ↑ ↘ → ↘

Stack Temperature ↑ ↗ → ↗

Stack Pressure ↑ ↷ ↗ ↷

pressure lies at an intermediate value. In general among the 80 points
tested, the optimum pressure varies between 2.5 bar and 5 bar based on
the other operating parameters.

In Fig. 8(a), the line for 650 °C shows a slowdown in the decline
of efficiency between 7.5 bar and10 bar. This is because at low temper-
atures and high pressures, HEX3 becomes entirely inoperative. After
this point, a major drawback of high pressure (i.e. the reducing heat
recovery in HEX3) disappears. Any further increase in stack pressure
(and thus temperature of air at the compressor outlet) now increases
the inlet temperature of HEX4, which can therefore heat a higher
airflow. This allows a reduction in air recirculation. Since HEX3 is
no longer active, the air exhaust temperature now equals the outlet
temperature of the air turbine, which reduces with rising stack pressure.
This also reduces the losses to the environment. However, larger fresh
airflow and higher pressure leads to increased exergy destruction in
turbomachinery, which is why the efficiency still reduces between
7.5 bar and 10 bar, albeit slightly. What may happen to this system at
even higher pressures remains to be investigated in the future.

In Fig. 8(a), it can also be seen that oxygen starvation does not
affect the general shape of the curve. The optimum pressure is moved
to a lower value, and the exergy destruction of electric heating (which
cannot be reduced any more) leads to a sharper decline in efficiency
than usual. The trends of exergy losses in other components remain
largely the same as the ordinary cases. But air recirculation reduces
in order to reduce the airflow through the stack while fresh airflow is
constant at its minimum. Exergy destruction in the air mixer follows
the trend of the recirculation.

Finally, Fig. 8(a) also visually demonstrates the point that oxygen
starvation tends to hinder the system at some of its highest efficiency
points. This is because stack efficiency is a major determinant of system
efficiency (both directly, and through its effect on cooling airflow),
and oxygen starvation is an issue only when the stack is already very
efficient, as was explained in Section 4.2.

5.3.2. Electrolyser mode
In Fig. 8(b), the trends of system exergy efficiency with stack

pressure are shown, for both endothermic and exothermic regions.
In the exothermic region, the efficiency shows trends similar to FC
mode, with an optimum intermediate pressure (in this case between
5 bar and 10 bar). A comparison of Figs. 9(a) and 9(b) shows that the
general trends of exergy destruction, airflow and recirculation are very
similar to the FC mode. To recap, the increased pressure ratio causes
an increase in air compressor outlet temperature, and decrease in the
air turbine outlet temperature. This causes a reduction in possible heat
transfer in the air–air heat exchanger (HEX9 in Fig. 2(b)), reducing the
amount of fresh airflow that can be preheated. Thus the fresh airflow
has to be reduced by increase the air recirculation.

The increased recirculation increases the air mixing losses. The
lower heat recovery in HEX9 increases the air exhaust temperature,
thus increasing the exergy loss to the environment. The exergy destruc-
tion in heat exchangers is led by two factors. Firstly, the reduced heat
transfer and temperature differences in HEX9 reduces exergy destruc-
tion in heat exchangers. Secondly, the increased boiling point of water
at higher pressures also reduces the average temperature differences
in some of the water-evaporating heat exchangers. Both these factors
14

together lead to a large drop in overall exergy destruction in heat
exchangers. Lastly, as mentioned in the FC mode section, the exergy
destruction in turbomachinery usually rises with pressure, which is true
for the case shown in Fig. 9(b).

The main difference between the effects of pressure on FC mode
and EL mode is in the rSOC stack. In FC mode, the large variation in
stack exergy destruction is attributed to ammonia cracking, which is
not present in steam electrolysis. The stack pressure only affects the
reversible voltage of an rSOC, while the overpotentials are affected
very weakly in the Ohmic region of operation. Therefore, the exergy
destruction in the stack in EL mode has negligible variation with
pressure.

The observations from Sections 5.1.2 and 5.2.2 regarding the en-
dothermic region are also seen again in Fig. 8(b). That is, the curves for
different current densities but same stack temperature (i.e. the red and
black curves) overlap perfectly, whereas the curves for same current
density but different temperature (i.e. the blue and black curves) vary
only slightly from each other. This confirms that the endothermic
system efficiency is independent of current density, and weakly de-
pendent on temperature. It is also clear from Fig. 8(b) that the effect
of stack pressure on endothermic electrolysis is different from that of
temperature or current density, i.e. the endothermic system efficiency
is not constant, but actually increases with stack pressure.

This is explained using Fig. 9(c). As explained previously, the op-
timum fresh airflow is zero for each endothermic operating point.
As the stack pressure is increased, the cell voltage increases (led by
an increase in reversible voltage) and hence the stack becomes less
endothermic. Therefore, the heat provided via electric air superheating
decreases, and the exergy destruction associated with this electric
heating decreases. In case of temperature or current density variation,
this reduction in exergy destruction would be matched by a corre-
sponding increase in exergy destruction in the stack. But stack losses
in electrolysis are only weakly dependent on pressure, as explained
before. Therefore, the reduction in electric heating exergy destruction
is not nullified by an increase in stack exergy destruction, and the sum
of losses in the stack and air recirculation loop actually decreases with
rising stack pressure. Further, increasing stack pressure also reduces the
losses in turbomachinery, due to lower hydrogen compression needs.
Since the fresh airflow is zero, there is no increase exergy destruction
in the air compressor. There is a rise in exergy destruction in the
air turbine at higher pressures, but this is negligible because the air
exhaust flow is small due to zero fresh airflow. The exergy destroyed
in heat exchangers reduces with rising stack pressure as well. At higher
pressure, the average temperature difference in water evaporating heat
exchangers is smaller due to higher boiling point of water. Further, the
latent heat of water is also smaller at higher pressure. Therefore, the
exergy destruction in heat exchangers reduces significantly. The exergy
lost to the environment decreases with increasing stack pressure as
well, because at higher pressure ratios, the air turbine can recover more
exergy from the exhaust. All these reasons cause the total exergy losses
in endothermic region to decrease with rising stack pressure, improving
the efficiency.

5.4. Optimum operating points for round-trip efficiency

Table 1 summarises the sensitivity analysis from the previous sec-
tions by showing how each parameter affects the efficiency in each
mode. After having carried out the sensitivity analysis for 80 operating
points, the optimum operating point from among these can be selected.

In FC mode, it has been shown that low current density is always
beneficial for efficiency, while the stack temperature should be the
highest value possible, as long as the oxygen starvation limit is not
reached. On the other hand, the optimum stack pressure values are
between 2.5 bar and 5 bar, with the exact value depending on the other
parameters. As a combination of these effects, it is found that the
optimum operating point for FC mode is (2500Am−2, 800 °C, 2.5 bar),

with a system exergy efficiency of 77.7%.
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Fig. 9. Differences in exergy losses with stack pressure, datum at 1.5 bar.
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In EL mode, it has been shown that the endothermic region is
ore efficient than the exothermic region in every case. Higher stack
ressure is favourable for all endothermic cases. Further, current den-
ity is of nearly no consequence, as long as the electrolysis remains
ndothermic. And while the optimum stack temperature is the one
orresponding to a thermoneutral point, a higher choice of temperature
nly applies an almost negligible efficiency penalty. Because the current
ensity and stack temperature are of so little consequence, it is found
hat there are several optimum operating points for the EL mode, with
ystem exergy efficiency of approximately 79.2%. Apart from them
eing in the endothermic region, the only parameter these points have
n common is a stack pressure of 10 bar.

However, this study assumes that the stack temperature, pressure
nd current density are the same for each mode. Therefore, the choice
f optimum operating point has to be made based on round-trip ef-
iciency. This point is found to be (2500Am−2, 700 °C, 10 bar), which
ttains a round-trip efficiency of 60.3%, as shown in Table 2. This point
urns out to be the optimum for the round-trip, since the EL mode
refers higher pressures, but increasing the pressure at 800 °C in FC
ode takes it into the oxygen starvation zone, which is avoided by

educing the temperature to 700 °C. The advantage of higher pressure
n EL mode turns out to be larger (in this case) than the disadvantage of
ower temperature in the FC mode. The maximum round-trip efficiency
f this ammonia system is in the same range as that found by other
imilar studies that include detailed thermodynamic analyses, such as
he methanol system studied by Giannoulidis et al. (64.3%) [17].

Lastly, while there is no techno-economic analysis carried out in
his work, it is pertinent to note that using higher current densities
ay enable the use of smaller rSOC stacks, which is beneficial from
capital cost perspective. Therefore, it may be useful to take no-

ice of the efficiency of this system at higher current densities. At
current density of 5000Am−2, the optimum round-trip efficiency

educes slightly to 59.4%, and reduces to 58.4% for a current density
f 7500Am−2. But even at the highest current density studied in this
ork, i.e. 10 000Am−2, the round-trip efficiency still remains as high as
6.7%. This can be attributed to the high air recirculation, which makes
lectrolysis almost equally efficient at any current density, as long as
he stack remains endothermic. Therefore any decline in round-trip
fficiency is attributed largely to the FC mode.

.5. Exergy analysis of the optimised system

The distribution of exergy losses in the system at the optimised
perating point is shown in Fig. 10. Fig. 10(a) groups all components
ased on the type of process they carry out, as has been done in many
raphs in previous sections. On the other hand, Fig. 10(b) focuses on
he ten components/operations with the highest losses.

As seen in Fig. 10(a), the largest losses come from the rSOC
tack, 31.44 kJ∕mol in both modes combined. FC mode contributes a
16

NH3
Table 2
Operating point for optimum round-trip operation.
Operating parameter Optimum value

Current Density 2500Am−2

Stack Temperature 700 °C
Stack Pressure 10 bar
Air Recirculation Ratio (FC mode) 59.2%
Air Recirculation Ratio (EL mode) 94.6%

FC mode efficiency 76.1%
EL mode efficiency 79.2%

Round-trip efficiency 60.3%

greater share of these losses (22.21 kJ∕molNH3
) than EL mode

(9.23 kJ∕molNH3
). In EL mode, the exergy destruction in the rSOC

stack itself is relatively small. However, it must be remembered that
the electrolysis reaction also requires the heat provided by the air
superheater. Therefore the overall exergy destruction related to the
electrolysis reaction is actually 19.98 kJ∕molNH3

. Providing heat to the
electrolysis reaction through electric air heating involves significant
losses, while the rSOC in FC mode operates in an exothermic manner.
Therefore, there is a possibility for storing heat from the FC mode
in high temperature thermal energy storage, and using that in the
endothermic EL mode to reduce the air superheating losses.

The largest contribution to the rSOC stack losses in FC mode comes
from the internal ammonia cracking reaction which destroys exergy
at the rate of 14.90 kJ∕molNH3

. In contrast, in EL mode, the exergy
destruction in the three ammonia synthesis reactor stages combined
is only 4.66 kJ∕molNH3

. Analysing this difference of exergy destruction
in chemical reactions, and identifying its causes, is part of ongoing
research.

The second highest exergy losses come from exergy released to
the environment, mainly in FC mode. Both the steam condenser cool-
ing and the air exhaust flow have similar contributions to this loss
(9.35 kJ∕molNH3

and 7.14 kJ∕molNH3
respectively). The high stack pres-

sure causes the heat recovery from these streams to be less effective,
since the air compressor outlet temperature is over 330 °C. Therefore
these two streams carry a significant amount of heat, but at relatively
low temperatures (<150 °C and <300 °C respectively). While the air
reheating is still partially electric, air recirculation cannot be increased
urther to eliminate this, as it is hindered by oxygen starvation. This,
ombined with the low temperature of the waste heat, means that there
s no more scope to integrate this heat within the existing system.
herefore, the most promising way to reduce this loss would be to

ntegrate a low-temperature bottoming power cycle like an organic
ankine cycle.

The third largest group of exergy losses come from heat exchangers.
he main contribution to this is from the water evaporators in EL mode,
hich destroy a combined total of 14.13 kJ∕molNH3

. This is because the
latent heat of evaporation has to be provided by the sensible heat from
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several streams. This combination of latent heat and sensible heat in the
same heat exchanger(s) means that the average temperature difference
is rather high, leading to large irreversibilities in heat transfer. Simi-
larly, in FC mode, the largest heat exchanger losses come from HEX1,
which acts as an ammonia evaporator at stack pressures above ∼8.5 bar,
when the boiling point of ammonia is too high for evaporation using
ambient heat. These losses can only be reduced if latent heat streams
at suitable temperatures are available. The steam condensers in either
operating mode are possible sources of latent heat (and also one of the
largest sources of exergy loss, as mentioned in a previous paragraph).
Integration of these condensers with the evaporators can be explored.
But the condensers are at a lower temperature than the evaporators
(due to pressure losses throughout the system, the condensers operate
at a lower pressure than the evaporators, which means a lower boiling
point), therefore such integration would require a heat pump, or some
electric heating. Moreover, using condenser heat from the FC mode for
water evaporation in the EL mode would also require low temperature
thermal energy storage. Additionally, the exergy that is currently re-
covered from sensible heat streams by heat integration will have to be
recovered by other means (perhaps organic Rankine cycles).

Other components causing significant exergy destruction are the
hydrogen compressors, the membrane separator (due to the large pres-
sure ratio across the membrane), ammonia synthesis reactors, and the
electric air preheater (which cannot be eliminated in this case due to
oxygen starvation limit).

Exergy flow diagrams for the system in each mode are presented in
Fig. 11.

6. Discussion

This work implements the optimum amounts of air recirculation
needed for each operating point in both FC and EL modes. The use
of air recirculation in FC mode allows for high efficiencies without the
need for an afterburner to provide heat. This is useful for a reversible
system where unutilised fuel from FC mode can be stored instead of
combusted. Without an afterburner, some operating points in FC mode
cannot be used, since they have negative efficiency due to lack of heat
from the integration network. Air recirculation can provide the required
heat and significantly increase the efficiency, thus enabling the use of
these operating points, if so desired. The peak efficiency in FC mode
is only increased by 1.6 %-points. But the largest observed efficiency
mprovement in FC mode is from 4.9% to 59.6%, an increase of 54.7

%-points. Such large improvements are observed mostly for points with
high current density. Typically, high current density indicates low cap-
ital cost due to high yield per rSOC stack area, but also high operating
cost due to low efficiency. By increasing efficiency, air recirculation can
reduce the operating costs, making these operating points much more
feasible.

In FC mode, high amounts of air recirculation are seldom used
in literature because low oxygen concentration reduces the cell volt-
ages [29]. Our study takes air recirculation to much higher levels,
stopping just before the point where irreversible damage is reported
in literature [63]. It is found that the reduced stack power output does
not overturn the benefits of reduced compressor power and external
heating that are offered by increasing air recirculation. With this find-
ing, it becomes much more important to conduct further research to
more precisely find out the lower limits of oxygen concentration that
SOCs can safely tolerate in FC mode.

In EL mode, the results of this work recommend the use of no
fresh sweep air, entirely using recirculated oxygen instead. There
are some concerns with using high oxygen partial pressures, such
as fire/explosion hazards [64]. However, several modelling and ex-
perimental studies with SOCs operate with pure oxygen at the air
electrode, either via oxygen sweep [18,32,33,65] or with no sweep flow
at all [34,66]. Furthermore, a recent experimental study has indicated
operating with high oxygen partial pressures at the air electrode might
17
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mitigate degradation mechanisms compared with operation in air [67].
Therefore, we consider it feasible to recommend recirculated oxygen
sweep for EL mode.

Apart from the efficiency improvement, producing pure oxygen can
also improve the economics of the system [34] by adding another prod-
uct with market value. Alternatively, for reversible systems such as this
one, the oxygen can be stored and reused in FC mode [18], increasing
the efficiency of FC mode and also removing the air recirculation limits
found in FC mode due to oxygen starvation.

A novel and useful effect of oxygen recirculation for endothermic
operating points of EL mode is also found in this work. In this situation,
the system efficiency is almost entirely independent of current density.
This enables a new approach for part-load EL operation. The stack
can be sized for thermoneutral operation at nominal load, and for
endothermic operation at part loads. Such a system will operate with
almost constant efficiency throughout the load range. This is made
possible because recirculation ensures that no excess air has to be
drawn from the atmosphere, and thus no excess air is exhausted back
into the atmosphere. Therefore, no part of the electric heat added in
endothermic mode is lost to the environment. This is in contrast to
systems using sweep air, which lose some of the added heat via the
air exhaust. In those systems, this loss would depend on the amount of
sweep air and hence on the current density.

However, it must be noted that there are some effects neglected
in the present work, which could affect part-load efficiencies. This
work neglects the heat losses from the rSOC stack surface. These heat
losses can reduce the part-load efficiency, since the surface heat loss is
constant at all loads (depending only on stack temperature), while the
fuel production reduces with reducing load [40]. However, for large
and well-insulated stacks in future large-scale systems, this effect can
be expected to be relatively small. The effect of variations in efficiencies
of compressors at part loads has not been considered in this work. These
effects could be non-negligible for the compressors used for pressurising
hydrogen and nitrogen to ammonia synthesis pressure. However, these
effects could hypothetically be mitigated by introducing buffer tanks
at strategic points in the process chain, so that the compressors can
be sized to operate at a constant average load. The effect of varying
compressor efficiencies could also be part of future studies. Similarly,
mechanical losses from turbomachinery (i.e. bearing friction, etc.) are
not recovered, which can also reduce the efficiency slightly. However,
these are small enough to be negligible, and thus the efficiency at
part-load can still be considered nearly constant.

Lastly, the use of electric heating plates for direct heating of the
stack can also lead to a similar constant efficiency (if heat losses
from stack surface are negligible), since there is no need for vari-
able air sweep when using heating plates. However, as mentioned in
Section 1.1, the use of heating plates in larger stacks might either
cause temperature differences between cells or increase the design
complexity. In contrast, air recirculation should be easier to implement
and can be expected to result in more uniform temperatures in all cells.
A comparison between the dynamic response of stacks with heating
plates and stacks with air recirculation would also be an interesting
line of future study.

Our optimised ammonia synthesis pressure of 170 bar is close enough
to typical modern systems using promoted magnetite catalysts
(∼150 bar) [68]. The small difference might be due to the use of a simple
single-pressure synthesis loop rather than more complicated designs.
There exist developments that can reduce further reduce the synthesis
pressure and temperature, such as wustite or ruthenium catalysts,
or adsorption-based ammonia separation. But more development is
needed before efficiency gains from these methods can be assured [68].
In our optimised system, the hydrogen and nitrogen compressors con-
sume 43.6 kJ∕molNH3

power. But we also recover 48.8 kJ∕molNH3
heat

nergy for steam generation. Reducing synthesis pressure (thus also
emperature) might reduce heat recovery and lead to more electric

eating. Therefore the effects of integrating lower-pressure ammonia
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Fig. 11. Exergy flow diagrams at optimum operating point.
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synthesis methods with rSOC systems is another area that needs further
research.

The operating parameters of the rSOC stack and ammonia synthesis
system are optimised to attain a DC-to-DC round trip efficiency of
60.3%. This efficiency is comparable to that found in other similar stud-
ies using fuels like methanol [17]. The optimum efficiency is attained
at 700 °C stack temperature, 10 bar stack pressure (the highest value
ested) and 2500Am−2 current density (the lowest value tested). But
ven at higher current densities, the system achieves high efficiencies,
or example 56.7% at 10 000Am−2, which is only a small decline
ompared to the optimum.

. Conclusions

This work presents an efficient process design for an energy stor-
ge system which uses reversible solid oxide cells to store renewable
lectricity in the form of ammonia. The optimised system achieves
C-to-DC round-trip efficiencies of up to 60.3%. These findings are

upported by an extensive exergy-based sensitivity analysis.
The results of this work confirm the benefits of air recirculation for

SOC systems described in literature, and suggest optimum amounts
f air recirculation for operating in each mode. The novel finding
f this work is that optimal air recirculation makes the efficiency of
he endothermic EL system nearly independent of current density or
emperature. This enables part-load EL operation with nearly constant
fficiency. This is expected to be very useful in the future, where elec-
rolysers running on intermittent renewables might frequently need to
perate at part loads. In FC mode, optimal air recirculation significantly
mproves the efficiency of desirable (high current density, low capital
ost) operating points. The limitations placed on air recirculation to
revent oxygen starvation in FC mode are also highlighted. As high air
ecirculation is found to be beneficial, more research is needed to study
he degradation caused by oxygen starvation, and thereby determine
ore accurate upper limits for air recirculation.

Further, this work also finds that for a system with ideal heat inte-
ration, exergy destruction is minimised when ammonia is synthesised
t a reaction (outlet) pressure of 170 bar, and the produced ammonia is
eparated by condensing it at 30 °C, without the need for refrigeration.

Exergy analysis of the optimised system design shows the major
osses to be in the hot air exhaust from the FC mode, which could
e reduced by the use of a bottoming power cycle utilising this heat.
ther large exergy losses come from condensing the steam in FC mode,
nd evaporating water in EL mode. This suggests possible ideas for
ross-mode integration (with thermal energy storage) between these
wo latent heat streams. It is also observed that internal cracking of
mmonia can lead to large exergy losses, and analysing this further is
topic of ongoing research.

To conclude, this study shows ammonia to be a thermodynamically
easible option for energy storage when used in an rSOC-based system.
his study adds to the growing body of research showing rSOC to
e a valuable technology for supporting the growth of intermittent
enewables, especially for balancing seasonal variations.
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Appendix A. rSOC stack models

The rSOC stack model is adapted from the models of Hauck et al.
[46]. Since Aspen Plus does not have a dedicated FC model, the model
is developed as a simple thermochemical model, and the electrochem-
istry is programmed into the model through calculations made in an
Aspen Plus calculator block. Schematics for the stack model in each
mode are depicted in Figs. A.1(a) and A.1(b). The temperature is
assumed to be uniform within the stack, and all the reactions are
assumed to be isothermal at the temperature of the stack. The kinetics
are assumed to be very fast due to the high stack temperatures.

The FC mode stack model is effectively built in three sections. The
first section is the thermal management section, where the incoming
fuel and air flows are heated up to the stack temperature by the
stack body. This is followed by the cracking section, which contains
an RSTOIC reactor block to emulate the complete internal cracking of
ammonia by nickel in the fuel electrodes. Finally, the electrochemistry
section consists of an ideal separator block which separates oxygen
from the air stream in precisely the amount required to attain the
required fuel utilisation, followed by an RSTOIC reactor block which
oxidises the hydrogen produced from the ammonia. The electrolysis
stack model is very similar, except the absence of a cracking section.
In the electrochemical section, an RSTOIC reactor reduces a certain
amount of steam into hydrogen to meet the desired steam utilisation
value. The produced oxygen is the separated from the fuel side and
mixed into the sweep air stream. The heat duty of all the RSTOIC
reactors and the stream heaters is added to the stack body. In both
modes, the airflow through the stack is controlled such that the net
energy balance of the stack body is maintained. (It must be noted that
the ‘‘stack body’’ shown in Figs. A.1(a) and A.1(b) is not an actual
entity in the Aspen Plus model, but only a schematic visualisation of
the energy balance calculations that are actually made in a calculator
block in Aspen Plus.)

The electrochemical calculations and cell parameters are taken
directly from the model of Hauck et al. [46], as was also done by
Diaz-Rodriguez [14]. Those model were designed for fuel-electrode sup-
ported cells in CO2-H2O co-electrolysis systems. The carbon compounds
were neglected for electrochemical calculations, since the carbon com-
pounds were assumed to interact solely through water-gas shift and
reverse water-gas shift reactions. Similarly, in the current work, nitro-
gen is considered electrochemically inert while ammonia is considered
to be cracked only thermochemically, and hence the same electro-
chemical calculations for a hydrogen–steam system can be directly
utilised. The reversible voltage averaged across the stack (𝑈rev [V])
is calculated using the current flowing through the stack (𝐼 [A]) and
the actual change in Gibbs Energy flow (𝛥�̇� [J]) between the inlets
and outlets of the electrochemistry section of the stack model. This is
shown in Eqs. (A.1a) and (A.1b), where the subscripts refer to streams
in Figs. A.1(a) and A.1(b), respectively. The equations are written in
such a way that the voltage is always positive.

𝑈rev,FC =
(�̇�FF3 + �̇�FA2) − (�̇�FF4 + �̇�FA3)

𝐼
(A.1a)

𝑈rev,EL =
(�̇�EF4 + �̇�EA3) − (�̇�EF2 + �̇�EA2)

𝐼
(A.1b)

The various electrochemical overpotentials are calculated individ-
ually. The values of various parameters used are shown in Table A.1,



Applied Energy 355 (2024) 122276

20

A. Amladi et al.

Fig. A.1. Schematic of the rSOC stack model.
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Table A.1
Parameters for overpotential calculations [46].

Parameter Symbol Value Unit

Number of electrons transferred — Fuel electrode 𝑛FE 2 molelectron∕molreactant

Symmetry factor — Fuel electrode 𝛼FE 0.5 –
Pre-exponential factor — Fuel electrode 𝛾FE 1.34 × 1010 Am−2

Activation energy — Fuel electrode 𝐸act,FE 1.00 × 105 Jmol−1

Number of electrons transferred — Air electrode 𝑛AE 4 molelectron∕molreactant

Symmetry factor — Air electrode 𝛼AE 0.5 –
Pre-exponential factor — Air electrode 𝛾AE 2.05 × 109 Am−2

Activation energy — Air electrode 𝐸act,AE 1.20 × 105 Jmol−1

Electrolyte thickness 𝛿el 1.25 × 10−5 m

Pre-exponential factor — Electrolyte conductivity 𝐸act,el 3.33 × 104 Ω−1 m−1

Activation energy — Electrolyte conductivity 𝐸act,el 85 634 Jmol−1

Electronic area-specific Ohmic resistance 𝑟const 5.70 × 10−6 Ωm2

Diffusion volume — Hydrogen 𝑉d,H2
6.12 –

Diffusion volume — Water 𝑉d,H2O 13.10 –
Diffusion volume — Oxygen 𝑉d,O2

16.30 –
Diffusion volume — Nitrogen 𝑉d,N2

18.50 –
Molecular mass — Hydrogen 𝑀d,H2

2.02 gmol−1

Molecular mass — Water 𝑀d,H2O 18.02 gmol−1

Molecular mass — Oxygen 𝑀d,O2
32.00 gmol−1

Molecular mass — Nitrogen 𝑀d,N2
28.01 gmol−1

Porosity of electrodes 𝜖 0.30 –
Tortuosity of electrodes 𝜏 5.00 –
Mean diameter of electrode pores 𝑑p 2.00 × 10−6 m

Fuel Electrode Thickness (fitted) 𝛿FE 3.20 × 10−5 m

Air Electrode Thickness 𝛿AE 1.75 × 10−5 m
along with their symbols and units. Please refer to the original sources
[14,46,69] for more details of the overpotential calculations.

The activation overpotential represents the activation energy of the
reaction. The activation overpotential at electrode 𝑖 (𝛥𝑈act,𝑖 [V]) is cal-
culated using the hyperbolic sine approximation to the Butler–Volmer
equation, shown in Eq. (A.2). 𝑗0,𝑖 [Am−2] is the exchange current
ensity, calculated with an Arrhenius-type relation shown in Eq. (A.3),
aken from Buttler et al. [33].

𝑈act,𝑖 =
𝑅𝑇
𝑛𝑖𝐹𝛼𝑖

sinh−1
(

𝑗
2𝑗0,𝑖

)

(A.2)

𝑗0,𝑖 = 𝛾𝑖 exp
(−𝐸act,𝑖

𝑅𝑇

)

(A.3)

The Ohmic overpotential (𝛥𝑈ohm [V]) represents the losses due to
the resistance offered by the various cell components to the flow of
charge (ions or electrons). The ionic resistance of the electrolyte is
much larger and more sensitive to temperature than the electronic
resistance of the other components. Therefore, the electronic resistance
𝑟const [Ωm2] is taken to be constant. The Ohmic overpotential is calcu-
lated with Eq. (A.4). 𝜎el [Ω−1 m−1] is the conductivity of the electrolyte,
also calculated using an Arrhenius-type relation shown in Eq. (A.5).

𝛥𝑈ohm = 𝑗
(

𝛿el
𝜎el

+ 𝑟const

)

(A.4)

𝜎el = 𝜎0,el exp
(−𝐸act,el

𝑅𝑇

)

(A.5)

Concentration overpotential represents losses due to the slow diffu-
ive mass transfer through the electrodes. Due to slow mass transfer,
he reaction sites (TPB) see different species concentrations compared
o the bulk flow. The difference in voltages due to concentration
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ifference is represented as concentration overpotential 𝛥𝑈conc,𝑖,𝑗 at
electrode 𝑖 in mode 𝑗, as seen in Eq. (A.6).

𝛥𝑈conc,FE,FC = 𝑅𝑇
2𝐹

ln

(

𝑝H2 ,bulk ⋅ 𝑝H2O,TPB

𝑝H2 ,TPB ⋅ 𝑝H2O,bulk

)

(A.6a)

𝛥𝑈conc,FE,EC = 𝑅𝑇
2𝐹

ln

(

𝑝H2 ,TPB ⋅ 𝑝H2O,bulk

𝑝H2 ,bulk ⋅ 𝑝H2O,TPB

)

(A.6b)

𝛥𝑈conc,AE,FC = 𝑅𝑇
2𝐹

ln
⎛

⎜

⎜

⎝

𝑝0.5O2 ,bulk

𝑝0.5O2 ,TPB

⎞

⎟

⎟

⎠

(A.6c)

𝛥𝑈conc,AE,EC = 𝑅𝑇
2𝐹

ln
⎛

⎜

⎜

⎝

𝑝0.5O2 ,TPB

𝑝0.5O2 ,bulk

⎞

⎟

⎟

⎠

(A.6d)

The species partial pressures at the TPB are calculated using equa-
tion Eq. (A.7). For these equations, current density 𝑗 [Am−2] is consid-
ered positive for FC mode and negative for EL mode. Hauck et al. [46]
introduced a new modification to the model, which was validated with
experimental data. It was noticed that the concentration overpotentials
predicted by the original model were higher than observed values. This
was theorised to be caused by the porous support layer in the fuel
electrode supported cell. The model considers the entire fuel electrode
to be of the same porosity as the active layer. In practice, the support
layer has significantly higher porosity than the active layer, and causes
smaller diffusion losses. Thus, Hauck et al. modified the thickness
of the fuel electrode 𝛿FE [m] in the model to fit the concentration
overpotentials to the experimental data. This fitted value is used in this
work as well, shown in Table A.1.

𝑝H2 ,TPB = 𝑝H2 ,bulk −
𝑅𝑇𝛿FE𝑗
2𝐹𝐷eff,H2

(A.7a)

𝑝H2O,TPB = 𝑝H2O,bulk +
𝑅𝑇𝛿FE𝑗

2𝐹𝐷eff,H2O
(A.7b)

𝑝O2 ,TPB = 𝑝O2 ,bulk −
𝑅𝑇𝛿AE𝑗 (A.7c)

4𝐹𝐷eff,O2
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Table B.1
Parameters for validation.
Parameter Value Unit

Stack temperature 850 °C
Stack pressure 1 bar
Stack area 16 cm2

Fuel inflow 0.01859 mol/min
Hydrogen mole fraction in fuel 0.5 –
Steam mole fraction in fuel 0.5 –
Oxygen mole fraction in oxidant 1 –

The effective diffusion coefficient 𝐷eff,𝑖 [m2 s−1] for species 𝑖 is
assumed to depend on the Knudsen diffusion coefficient 𝐷Kn,𝑖 [m2 s−1]
nd binary molecular diffusion coefficient 𝐷𝑖−𝑘 [m2 s−1] for species
and 𝑘, as shown in Eq. (A.8). The Knudsen diffusion coefficient

s calculated with Eq. (A.9), while the binary diffusion coefficient is
alculated with the Fuller equation, Eq. (A.10).

eff,𝑖 =
𝜖
𝜏

𝐷Kn,𝑖𝐷𝑖−𝑘

𝐷Kn,𝑖 +𝐷𝑖−𝑘
(A.8)

𝐷Kn,𝑖 =
𝑑p

3

√

8𝑅𝑇
𝜋𝑀𝑖

(A.9)

𝐷𝑖−𝑘 = 1.43 × 10−7 ⋅ 𝑇 1.75

𝑝

√

2𝑀𝑖𝑀𝑘
𝑀𝑖 +𝑀𝑘

(

𝑉 1∕3
d,𝑖 + 𝑉 1∕3

d,𝑘

)2
(A.10)

The actual cell voltages 𝑈cell,𝑖 [V] in mode 𝑖 are calculated with
q. (A.11).

cell,FC = 𝑈rev,FC − 𝛥𝑈act,FE − 𝛥𝑈act,AE − 𝛥𝑈ohm

− 𝛥𝑈conc,FE,FC − 𝛥𝑈conc,AE,FC (A.11a)
𝑈cell,EL = 𝑈rev,EL + 𝛥𝑈act,FE + 𝛥𝑈act,AE + 𝛥𝑈ohm

+ 𝛥𝑈conc,FE,EL + 𝛥𝑈conc,AE,EL (A.11b)

ppendix B. rSOC model validation

The rSOC stack model described above was validated with the
xperimental data from literature [70], also used by Hauck et al. [46]
or their model. The parameters used for the validation are shown in
able B.1.

The I-V curve (current–voltage curve) results from the validation are
hown in Fig. B.1. Focusing on the current density region where this
tudy operates (between 2500Am−2 and 10 000Am−2 in each mode),
he RMS deviation from the experiments is 2.69% in FC mode, and
.90% in EL mode. The maximum deviation is 3.65% in FC mode and
.53% in EL mode.

ppendix C. Refrigeration cycle

In the optimisation of the ammonia synthesis loop parameters, the
ondensing temperature and the required refrigeration play a signif-
cant role. Therefore, it was seen to be necessary to consider the
ariation of refrigeration co-efficient of performance (COP) with tem-
erature. This is estimated using a vapour compression cycle using
mmonia as the refrigerant (not to be confused with ammonia used
s the energy storage medium in this paper). The cycle along with the
arameters used for it are shown in Fig. C.1(a). The discrete COP values
xtracted from this model are fitted into a 10th degree polynomial with
maximum error of around 2%. The fitting is shown in Fig. C.1(b).
22

he fitted polynomial is described by Eq. (C.1), where 𝑇 ref [°C] is the
Fig. B.1. Validation results.

temperature of ammonia separation. This polynomial is then used in
the main model.

𝐶𝑂𝑃 =(1.64 × 10−14)𝑇 10
ref + (1.31 × 10−12)𝑇 9

ref

+(6.26 × 10−12)𝑇 8
ref − (1.55 × 10−9)𝑇 7

ref (C.1)

−(1.81 × 10−8)𝑇 6
ref + (8.66 × 10−7)𝑇 5

ref

+(1.47 × 10−5)𝑇 4
ref − (2.65 × 10−6)𝑇 3

ref

+(2.98 × 10−3)𝑇 2
ref + (1.65 × 10−1)𝑇ref + 4.39

Appendix D. Details on ammonia synthesis optimisation

D.1. Model

The flowsheet for the optimisation model is shown in Fig. D.1. It
includes the synthesis loop elaborated in Section 2.3 and the multi-
stage compressors from Section 2.4, with the modifications described
further in this section.

The hydrogen produced in EL mode is immediately used for am-
monia synthesis. The nitrogen-hydrogen mixture is produced in FC
mode (from cracking and partial oxidation of ammonia) and stored
in the interim. Therefore, the nitrogen-hydrogen compressor train has
an additional cooler at the outlet to simulate heat loss during storage
in the gas tank. This additional cooler (representing the gas tank) is
not shown separately in Fig. D.1, but it is located at stream HB102.
The inlet pressures of the hydrogen and nitrogen-hydrogen streams are
based on the outlet pressure of their respective gas purification systems
at various rSOC stack pressures.

The ammonia condensation is separated into cooling with ambient
water, and refrigeration (if required, depending on the condensing
temperature). A heat exchanger (named HEX in Fig. D.1) aids with
refrigeration for the ammonia condenser (this is unnecessary when con-
denser temperature is 30 °C or more). The coefficient of performance for
refrigeration is calculated with a vapour compression cycle, elaborated

in Appendix C.
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Fig. C.1. Refrigeration cycle for co-efficient of performance calculation.

Fig. D.1. Flowsheet of the synthesis loop optimisation model.

Fig. D.2. Effect of synthesis reaction pressure. Reversible solid oxide cell (rSOC) pressure for this example: 5 bar.
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Fig. D.3. Effect of ammonia condensation temperature. rSOC stack pressure for this example: 5 bar.
Table E.1
Stream table for fuel cell mode. Stream labels are from Fig. 1. Flow rates are per mole of NH3 in stream F101. Stack operating point: 2500Am−2, 700 °C, 10 bar.
Stream Temp. Pres. Molar Flow rate Mole fractions

label °C bar vap. frac. mol∕molNH3 NH3 N2 H2 H2O O2

F101 25.000 11.000 0.00 1.000 1.000 – – – –
F102 24.957 10.030 0.00 1.000 1.000 – – – –
F103 24.957 10.030 0.00 1.000 1.000 – – – –
F103–1 332.502 10.030 1.00 1.000 1.000 – – – –
F103–2 600.000 10.030 1.00 1.000 1.000 – – – –
F104 600.000 10.015 1.00 1.000 1.000 – – – –
F201 700.000 10.000 1.00 2.000 – 0.250 0.150 0.600 –
F201–1 700.000 10.000 1.00 1.029 – 0.250 0.150 0.600 –
F201–2 337.502 10.000 1.00 1.029 – 0.250 0.150 0.600 –
F201–3 700.000 10.000 1.00 0.971 – 0.250 0.150 0.600 –
F201–4 337.502 10.000 1.00 0.971 – 0.250 0.150 0.600 –
F201–5 337.502 10.000 1.00 2.000 – 0.250 0.150 0.600 –
F201–6 148.683 10.000 0.74 2.000 – 0.250 0.150 0.600 –
F201–7 30.000 9.985 0.40 2.000 – 0.250 0.150 0.600 –
F202 30.000 9.985 1.00 0.803 – 0.623 0.374 0.003 –
F301 30.000 8.987 1.00 0.800 – 0.625 0.375 – –
F302 25.000 185.045 1.00 0.800 – 0.625 0.375 – –
F401 30.000 9.985 0.00 1.197 – – – 1.000 –
F402 30.194 1.028 0.00 1.197 – – – 1.000 –
F403 180.478 8.987 1.00 0.003 – – – 1.000 –
F404 167.904 1.028 1.00 0.003 – – – 1.000 –
F405 31.537 1.028 0.00 1.200 – – – 1.000 –
F406 25.000 1.013 0.00 1.200 – – – 1.000 –
F501 25.000 1.013 1.00 3.397 – 0.790 – – 0.210
F502 332.502 10.030 1.00 3.397 – 0.790 – – 0.210
F502–1 332.502 10.030 1.00 3.397 – 0.790 – – 0.210
F502–2 451.789 10.030 1.00 3.397 – 0.790 – – 0.210
F503 478.823 10.015 1.00 3.397 – 0.790 – – 0.210
F504 600.000 10.015 1.00 7.455 – 0.882 – – 0.118
F601 700.000 10.000 1.00 6.855 – 0.959 – – 0.041
F602 700.000 10.000 1.00 2.797 – 0.959 – – 0.041
F603 290.878 1.028 1.00 2.797 – 0.959 – – 0.041
F604 290.878 1.013 1.00 2.797 – 0.959 – – 0.041
F605 700.000 10.000 1.00 4.058 – 0.959 – – 0.041
F606 700.437 10.015 1.00 4.058 – 0.959 – – 0.041
24
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The heat exchanger HEX is implemented in the model. All other
heaters and coolers are assumed to be perfectly integrated, although
the integration is not shown. This means, exergy of the heat extracted
from coolers and the heat given to the heaters is simply tallied, and any
remaining exergy of heat is assumed to be integrated outside the loop
(i.e. in the rest of the rSOC system). This is a reasonable simplification,
since the synthesis reaction produces more heat than required for the
feed preheating, and the excess heat is indeed used in steam generation
for electrolysis.

D.2. Effect of ammonia synthesis reaction pressure

The effect of reaction pressure on system exergy destruction de-
pends on the condensation temperature. At low condensation temper-
atures, ammonia separation is very effective. Therefore, the ammonia
content in the recycle and first reactor inlet streams is low. Therefore,
this inlet mixture is far away from equilibrium, and the reactors can
have a high reactant conversion. Due to high conversion and effective
separation, recycle flow rates are small (only 2–3 times the fresh feed
flow), as seen in Fig. D.2(a). Thanks to this, the recycle fan does not
have to do a lot of work, and its exergy destruction is small. But the
low condensation temperature requires the refrigerator to consume a
lot of electricity and its exergy destruction is rather high. If the reaction
pressure is increased, equilibrium favours the product and reactant
conversion in the reactors increases further. Higher conversion makes
the recycle flow smaller, which reduces the flow in the entire loop. This
reduces the refrigerator power and its exergy destruction significantly.
Meanwhile, higher reaction pressure means that the feed gases from the
rSOC have to be compressed by a higher ratio. Therefore, the power
and exergy destruction of the feed compressors increases with reaction
pressure. Both these effects are prominently visible in Fig. D.2(a).
Because of the opposing effects on the compressors and refrigerator
mentioned above, the optimum pressure lies at an intermediate value.
This is somewhere between 220 bar and 270 bar, for low condenser
temperatures.

At high condensation temperatures, less ammonia is separated.
Therefore, the ammonia content at the first reactor inlet remains high
and the reactant conversion in the reactors is low. This leads to very
high flow rates in recycle stream and the entire loop, for the same
rate of ammonia production. At low reaction pressure, the equilibrium
favours the reactant, further reducing conversion and exacerbating the
problem. In this situation, the recycle flow can be as high as 15 times
the fresh feed flow, as seen in Fig. D.2(b). Because this situation is
so highly unfavourable, even a small increase in reaction pressure
significantly relieves the situation, and the recycle flow rate reduces
sharply. At higher pressures, the recycle flow rate reduces to similar
values as in the low condensation temperature case.

At high condensation temperatures, refrigeration is low or absent,
therefore its exergy destruction is negligible. The feed compressors are
unaffected by condenser temperatures, and their exergy destruction
increases with rising reaction pressure just like in the previous case.
The high recycle rate at low pressures leads to high power consumption
and exergy destruction for the recycle fan. As the recycle rate reduces,
so does the exergy destruction in the fan. The exergy destruction in the
reactors need a closer look.

Since the ammonia production rate from the synthesis loop is con-
stant, the actual heat produced in the reactors is approximately inde-
pendent of reaction pressure. However, when the recycle rate is large,
this heat leads to a much lower temperature rise in the reactors. Since
the same amount of reaction heat leads to a lower temperature of the
product mixture, this means that the exergy destruction in the reactors
25

is high when the recycle rate is high. Further, high flow rates also
imply higher exergy destruction associated with the assumed pressure
drop in the reactors (5 bar per stage). When the recycle rate drops
sharply, this destruction in the reactors also reduces sharply, as seen in
Fig. D.2(b). However, if the pressure is increased further and the recycle
rate stabilises, the exergy destruction in the reactors increases slowly.
Since increasing pressure moves the equilibrium towards the product,
the inlet mixture gets further away from equilibrium. Therefore the
reaction has a larger driving force, which implies greater irreversibility.
This appears to be the cause of increasing exergy destruction.

Once again, because of the opposing effects of reaction pressure on
exergy destruction in the compressors and reactors as explained above,
the optimum pressure is at an intermediate value. However, in this
case, the optimum pressure is relatively much lower, between 150 bar
and 180 bar. This is because of the drastic change in exergy destruction
in the reactor at low pressure due to the extremely high recycle rate
variation, as explained above.

In both cases of Fig. D.2, one may notice a discontinuity in the
total and mixer exergy loss curves at 360 bar. That is because at that
point, the number of stages in the hydrogen compressor is increased
from 5 to 6 (due to reaching the maximum stage-outlet temperature
of 250 °C). This leads to a lower outlet temperature at the last stage,
and thus smaller temperature difference between the fresh feed and
recycle stream being mixed, and therefore lower mixing exergy losses.
The impact on the losses in the compressors is relatively very small. A
similar discontinuity does not exist for the nitrogen compressor (which
is changed from 3 stages to 4 stages at 260 bar in this example), since
that one has a cooler at the outlet, as mentioned in Appendix D.1.

D.3. Effect of ammonia condensation temperature

The effect of condensation temperature and reaction pressure on the
recycle flow rate has already been explained in Appendix D.2, and will
not be repeated here.

In general, condensation temperatures above ambient are found to
be optimal. The largest benefit of increasing the condensation temper-
ature is the reduction of refrigeration losses. As a higher temperature is
used, the need for refrigeration reduces, and is eventually zero at 30 °C
and beyond (not at the environment temperature 25 °C, because of a
minimum 5 °C difference assumed for heat exchange).

The losses in the ammonia reactor generally decrease with a rise
in condenser temperature. This is because as the ammonia separation
gets less effective and ammonia concentration among the reactants in-
creases, the driving force (and irreversibility) of the reaction decreases
as mentioned in Appendix D.2. At high synthesis pressure, since the
recycle rate is relatively stable, the recycle fan losses are constant,
and the decline in reactor losses continues, as seen in Fig. D.3(a).
Therefore, all the effects work in the same direction, leading to 40 °C
(the highest temperature in this analysis) being the optimum condenser
temperature.

However, at low reaction pressures, using high condenser tempera-
tures leads to extremely high recycle rates, as discussed before. In this
case, the reactor losses start to increase sharply due to exergy destruc-
tion from the transfer of reaction heat to the large flow of recycled
reactants, and because of greater flow rates undergoing a pressure drop.
The recycle fan losses also start mounting, as seen in Fig. D.3(b). Thus,
there are opposing effects of raising the condenser temperature at low
reaction pressures. Therefore, the optimum condenser temperature at
low reaction pressures is not at the extremes, but lies between 25 °C
and 35 °C.

Appendix E. Stream tables for optimum operating point
See Tables E.1 and E.2.
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Table E.2
Stream table for electrolyser mode. Stream labels are from Fig. 2. Flow rates are per mole of NH3 in stream E903. Stack operating point: 2500Am−2, 700 °C,
10 bar.
Stream Temp. Pres. Molar Flow rate Mole fractions

label °C bar vap. frac. mol∕molNH3 NH3 N2 H2 H2O O2

E101 25.000 1.013 0.00 1.463 – – – 1.000 –
E102 25.095 10.030 0.00 1.463 – – – 1.000 –
E102 25.095 10.030 0.00 1.463 – – – 1.000 –
E102–1 146.822 10.030 0.00 1.463 – – – 1.000 –
E102–2 180.073 10.030 0.09 1.463 – – – 1.000 –
E102–3 180.073 10.030 0.20 1.463 – – – 1.000 –
E102–4 180.073 10.030 0.49 1.463 – – – 1.000 –
E102–5 180.073 10.030 0.97 1.463 – – – 1.000 –
E102–6 194.046 10.030 1.00 1.463 – – – 1.000 –
E102–7 589.262 10.030 1.00 1.463 – – – 1.000 –
E103 589.262 10.015 1.00 1.463 – – – 1.000 –
E104 600.000 10.015 1.00 1.667 – – 0.100 0.900 –
E201 700.000 10.000 1.00 1.667 – – 0.820 0.180 –
E202 700.000 10.000 1.00 1.464 – – 0.820 0.180 –
E202–1 216.855 10.000 1.00 1.464 – – 0.820 0.180 –
E202–2 77.990 10.000 0.85 1.464 – – 0.820 0.180 –
E202–3 30.000 9.985 0.82 1.464 – – 0.820 0.180 –
E203 30.000 9.985 1.00 1.204 – – 0.997 0.003 –
E204 700.000 10.000 1.00 0.203 – – 0.820 0.180 –
E205 700.443 10.015 1.00 0.203 – – 0.820 0.180 –
E301 30.000 0.998 1.00 1.200 – – 1.000 – –
E302 242.638 185.045 1.00 1.200 – – 1.000 – –
E401 30.000 9.985 0.00 0.260 – – – 1.000 –
E402 30.194 1.028 0.00 0.260 – – – 1.000 –
E403 30.000 9.970 0.00 0.004 – – – 1.000 –
E404 30.193 1.028 0.00 0.004 – – – 1.000 –
E405 30.194 1.028 0.00 0.264 – – – 1.000 –
E406 25.000 1.013 0.00 0.264 – – – 1.000 –
E501 – – – – – – – – –
E502 – – – – – – – – –
E503 – – – – – – – – –
E504 700.821 10.030 1.00 10.591 – – – – 1.000
E505 800.000 10.015 1.00 10.591 – – – – 1.000
E601 700.000 10.000 1.00 11.191 – – – – 1.000
E602 700.000 10.000 1.00 0.600 – – – – 1.000
E603 310.842 1.028 1.00 0.600 – – – – 1.000
E603–1 310.842 1.028 1.00 0.600 – – – – 1.000
E604 185.073 1.013 1.00 0.600 – – – – 1.000
E605 700.000 10.000 1.00 10.591 – – – – 1.000
E606 700.821 10.030 1.00 10.591 – – – – 1.000
E701 25.000 185.045 1.00 0.800 – 0.625 0.375 – –
E702 150.408 185.045 1.00 2.000 – 0.250 0.750 – –
E801 60.365 185.045 1.00 9.477 0.087 0.228 0.685 – –
E801–1 400.000 185.045 1.00 9.477 0.087 0.228 0.685 – –
E802 400.000 185.030 1.00 9.477 0.087 0.228 0.685 – –
E803 489.742 180.030 1.00 8.980 0.147 0.213 0.640 – –
E803–1 400.000 180.030 1.00 8.980 0.147 0.213 0.640 – –
E804 400.000 180.015 1.00 8.980 0.147 0.213 0.640 – –
E805 456.285 175.015 1.00 8.673 0.188 0.203 0.609 – –
E805–1 400.000 175.015 1.00 8.673 0.188 0.203 0.609 – –
E806 400.000 175.000 1.00 8.673 0.188 0.203 0.609 – –
E807 436.410 170.000 1.00 8.477 0.215 0.196 0.589 – –
E807–1 417.100 170.000 1.00 8.477 0.215 0.196 0.589 – –
E807–2 65.523 170.000 1.00 8.477 0.215 0.196 0.589 – –
E807–3 30.000 169.985 0.88 8.477 0.215 0.196 0.589 – –
E808 30.000 169.985 1.00 7.477 0.110 0.223 0.667 – –
E809 38.616 185.045 1.00 7.477 0.110 0.223 0.667 – –
E901 30.000 169.985 0.00 1.000 1.000 – – – –
E902 27.996 11.015 0.01 1.000 1.000 – – – –
E903 25.000 11.000 0.00 1.000 1.000 – – – –
26
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Appendix F. Nomenclature

List of abbreviations
BoP Balance of plant
COP Coefficient of performance
EL Electrolysis
FC Fuel cell
HEX Heat exchanger
RGIBBS Gibbs Energy minimisation reactor (Aspen Plus)
RMS Root mean square
rSOC Reversible solid oxide cell
RSTOIC Stoichiometric reactor (Aspen Plus)
RTE Round-trip efficiency
SOC Solid oxide cell
TPB Triple phase boundary
TRL Technology Readiness Level
TSA Temperature-swing adsorption

List of symbols
𝛼 Symmetry factor for activation overpotentials [–]
𝛾 Pre-exponential factor for exchange current density [Am−2]
𝛿 Thickness [m]
𝜖 Porosity [–]
𝜂 Efficiency [–]
𝜎 Conductivity [Ω−1 m−1]
𝜎0 Pre-exponential factor for conductivity [Ω−1 m−1]
𝜏 Tortuosity [–]
𝐶𝑂𝑃 Coefficient of performance
𝐷 Diffusion coefficient [m2 s−1]
𝑑 Diameter [m]
𝐸 Energy [Jmol−1]
�̇�𝑥 Exergy flow [W or normalised to kJ∕molNH3 ]
𝐹 Faraday Constant [Cmol−1]
�̇� Gibbs energy flow [W]
𝐼 Electric current [A]
𝑗 Current density [Am−2]
𝑗0 Exchange current density [Am−2]
𝑀 Molecular mass [gmol−1]
𝑛 Number of electrons transferred [–]
𝑃 Electrical power [W or normalised to kJ∕molNH3 ]
𝑝 (Partial) pressure [bar or Pa]
𝑅 Universal Gas Constant [Jmol−1 K−1]
𝑟const (Area-specific) resistance of electron conductors [Ωm2]
𝑇 Temperature [°C or K]
𝑈 Voltage [V]
𝛥𝑈 Overpotential [V]
𝑉 Diffusion volume [m3]

List of subscripts
act Activation
AE Air electrode
bulk bulk flow in electrode channels
conc Concentration
eff Effective
EL Electrolysis mode
el Electrolyte
ex Exergy
FC Fuel cell mode
FE Fuel electrode
𝑖/𝑘 Counter variables (to count electrodes, or gaseous compounds)
𝑖 − 𝑘 Binary (diffusion coefficient)
in Input
Kn Knudsen
net Net (as opposed to gross)
ohm Ohmic
out Output
p Pores
ref Reference
rev Reversible/Ideal
RT Round-trip
27

TPB Triple phase boundary
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