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Abstract: Reversible solid oxide cells (rSOC) enable the efficient cyclic conversion between electrical
and chemical energy in the form of fuels and chemicals, thereby providing a pathway for long-
term and high-capacity energy storage. Amongst the different fuels under investigation, hydrogen,
methane, and ammonia have gained immense attention as carbon-neutral energy vectors. Here we
have compared the energy efficiency and the energy demand of rSOC based on these three fuels.
In the fuel cell mode of operation (energy generation), two different routes have been considered
for both methane and ammonia; Routes 1 and 2 involve internal reforming (in the case of methane)
or cracking (in the case of ammonia) and external reforming or cracking, respectively. The use of
hydrogen as fuel provides the highest round-trip efficiency (62.1%) followed by methane by Route
1 (43.4%), ammonia by Route 2 (41.1%), methane by Route 2 (40.4%), and ammonia by Route 1
(39.2%). The lower efficiency of internal ammonia cracking as opposed to its external counterpart can
be attributed to the insufficient catalytic activity and stability of the state-of-the-art fuel electrode
materials, which is a major hindrance to the scale-up of this technology. A preliminary cost estimate
showed that the price of hydrogen, methane and ammonia produced in SOEC mode would be
~1.91, 3.63, and 0.48 $/kg, respectively. In SOFC mode, the cost of electricity generation using
hydrogen, internally reformed methane, and internally cracked ammonia would be ~52.34, 46.30,
and 47.11 $/MWh, respectively.

Keywords: renewable energy; reversible solid oxide cell; power-to-X; round-trip energy efficiency

1. Introduction

Issues related to fossil fuel depletion and global warming continue to be the decade’s
greatest concern. In spite of limited reserves [1], fossil fuel still dominates the energy sec-
tor [1,2] resulting in massive greenhouse gas (GHG) emission that leads to global warming.
This calls for either optimization of the existing fossil fuel resources or development of
renewable energy (RE) sources like wind, solar, tidal, geothermal, etc. There has been
notable advancement in the RE sector during the last two decades [3,4]. According to
International Energy Agency (IEA) reports [5], in 2020, the global use of RE increased by
1.5% as compared to 2019, and the share of renewables in global electricity generation
jumped to nearly 28% in 2020 from 26% in 2019.

In spite of these impressive numbers, RE is still faced with the problems of intermit-
tency, storage, and transportation that have restricted its large-scale commercial application,
causing an imbalance in the energy supply-demand. This has led to the emergence of
power-to-X technology [6,7], whereby renewable energy can be converted into storable
and transportable fuels and chemicals (denoted here as X) like hydrogen, methane, am-
monia, syngas, formic acid, and methanol (Figure 1). Power-to-gas will gain even more
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attention in the near future since the demand for ‘green gases’ like hydrogen, ammonia,
and synthetic natural gas (SNG) from RE will always prevail in order to sustain various
industrial processes like the reduction process in the steel industry, fertilizer production,
etc. In addition, it can directly fit into the existing NG infrastructure, thereby reducing
infrastructure transition costs. An added advantage of power-to-X technology is that it
can utilize CO2 that makes it more compatible with the existing infrastructure both for
transportation and for large-scale energy production. Thus, it stands out to be an excellent
way of not only RE utilization and storage but also effective CO2 recycling. CO2 can be
either sourced from local emission-intensive industries using adsorption technologies or
it can be directly captured from the air. Although the current cost for direct air capture is
high ($0.094–$0.232 per kg of CO2), further R&D is expected to drive down the same [8].
According to the literature [9–11], power-to-X could eventually lead to the production of
gasoline, diesel, and even jet fuel. In fact, the International Renewable Energy Agency has
predicted that by 2050, power-to-X may cover 28% of global energy demand [12].

Figure 1. Schematic of power-to-X technology.

Undoubtedly, the advantages of power-to-X technology are multi-faceted; however,
the integration of such technology with the existing power infrastructure requires one-
step facile conversion of the chemical energy stored in the product gases to electrical
energy. Reversible fuel cells (RFC) are one such device capable of efficient cyclic conversion
between electrical and chemical energy [13–22]. The RFC setup consists of reactant and
product storage tanks connected to a solid oxide cell that can be operated either in fuel
cell mode to generate electricity (Equation (1)) or in the electrolyser mode (Equation (2)) to
produce fuels like hydrogen or syngas.

H2 + 1⁄2 O2 → H2O + heat + electricity (1)

H2O + heat + electricity→ H2 + 1⁄2 O2 (2)

RFC can be based on either proton exchange membrane (PEM) cells or solid oxide
cells (SOC).

Compared to the recent commercially available PEM cells, SOCs can fundamentally
achieve low resistance and high efficiency (~95%) at the system level [23] and are expected
to reduce capital costs. Thus, reversible solid oxide cell (rSOC)-based plants are expected
to be more cost-effective due to an increased annual utilization [24] and prolonged cell
(stack) lifetime [17]. The interests in rSOC have increased in the last few years, usually
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focusing on hydrogen and methane pathways, but with little focus on ammonia. This work
compares the round-trip energy efficiency of hydrogen, methane, and ammonia-fueled
rSOC as key enablers of cyclic conversion between electrical and chemical energy. It also
provides a basic economic assessment of the three processes.

2. Current Electrical Energy Storage Technologies

Electrical energy storage (EES), especially renewable energy (RE), has encountered a
great expansion over the last few decades, and various techniques are available for efficient
conversion of electrical energy to a storable form that can be reserved in a medium for
future use (Figure 2A). Amongst those mediums, the most prominent ones are superca-
pacitors, flywheels, flow batteries, compressed air, and hydrogen-containing gases [25,26].
Supercapacitors have long cycling times (~1 × 105 cycles) with high round-trip efficiency
(~85–95%) (Figure 2B) and exhibit high power and energy densities [27]. However, they are
limited by a very fast self-discharging rate that makes them suitable for only small-scale
and short-term energy storage. In comparison, batteries, compressed air, and flywheel
guarantee higher energy storage capacity coupled with slower discharge rates (Figure 2C).
Compressed air energy storage (CAES) has the flexibility to operate from small to large-scale
capacities, exhibits good partial-load performance, and can be integrated with intermittent
RE sources like wind power.

Figure 2. Different mediums for electrical energy storage (A) with corresponding round-trip energy efficiency (C) for each
medium and the rated capacity as a function of discharge time (B).

However, the major barriers to the commercialization of CAES are the identification
of appropriate geographical locations and relatively low round-trip efficiency of ~54%
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(Figure 2B) [28]. Flywheel energy storage (FES) [29] has a storage capacity from a few
kilowatts to 10 MW with an appreciable round-trip efficiency (Figure 2B), and their integra-
tion to solar PV and wind farms is currently being investigated. Their major drawbacks are
a comparatively low operational lifetime and the idling loss encountered while the flywheel
is on standby, causing a relatively high self-discharge of ~20% of the stored capacity per
hour [26]. Batteries like the Li-ion ones exhibit high power density and longer discharge
times while retaining a high round-trip efficiency in the range of 90–97% (Figure 2B) [30].
They are most suited for applications requiring a high response time, lightweight, and a
small dimension of the energy storage medium. However, their low durability coupled
with a high overall cost places a bar on their scale-up and commercialization [31], espe-
cially for large-scale grid storage. Redox flow batteries (RFB) have been proposed as an
alternative [32,33]. Unlike conventional batteries where reactants are stored within the cell,
RFBs are equipped with external tanks for storing electrochemical reactants dissolved in
electrolytic solutions that are circulated over the electrode while the cell is in operation.
Enlargement of the storage tanks guarantees superior energy storage capacity with a longer
lifetime as compared to conventional batteries. However, the large volume of electrolytic
solution considerably reduces the specific energy of the system.

The energy density of RFB ranges from 25–35 Wh L−1, almost an order of magnitude
less than that of Li-ion batteries [33] with round-trip efficiency between 60–87% (Figure 2B).
Moreover, this technology is still at a nascent stage that needs to address issues pertaining
to fabrication, installation, and maintenance cost reduction, performance improvement,
and reduction of cell degradation [33,34]. In view of the challenges posed by the above-
mentioned energy storage technologies, power-to-X appears to be a promising alternative
where RE is electrochemically converted to and stored as chemical energy in the form of
hydrogen or other hydrogen-containing fuels and chemicals. It offers the highest energy
storage capacity and longest lifetime that makes it even more appropriate for integration
to electricity/gas grids or for direct application as a chemical like in the case of power-
to-ammonia. One of the major pillars of power-to-X technology is a reversible fuel cell
(RFC), and most of the recent R&D activities have been directed towards appropriate
electrocatalyst development, electrode material development, and cell-size optimization in
order to improve round-trip efficiency.

3. Reversible Solid Oxide Cells as a Key Enabler of Cyclic Energy Conversion

The first RFC was developed in 2003 for a NASA project, which was tested for 1700
(10 min each) charge-discharge cycles [13]. They can be either proton exchange membrane
(PEM) based [14–16,35,36] or solid oxide electrolyte based depending on the nature of
the electrolyte being used. Although PEM cells are commercially available and the first
RFC was PEM based, its drawbacks include high cost due to the use of expensive elec-
trocatalysts, low durability, insufficient understanding of the degradation mechanisms
in the gas diffusion layer, bipolar plates and membrane, development of novel materials
for redox stable oxygen electrode, and high area-specific internal cell resistance leading
to retarded cell efficiency [15,37–39]. In this context, solid oxide cells (SOC) appear to be
more attractive due to a high energy conversion efficiency of ~95% [40,41]. Compared to
the 40–50% round-trip efficiency of reversible PEM cells, reversible SOCs offer round-trip
efficiency of 60–80% [42]. Moreover, SOCs are capable of electrolysing CO2 to CO [43,44]
or even co-electrolysing steam/CO2 to a mixture of H2/CO [45–47]. Thus, their reversible
mode operation allows renewables powered fuel production through a carbon-neutral
process followed by subsequent utilization of those fuels for electricity generation [17–19].
In electrolysis mode (Figure 3A), water or CO2 molecules are reduced at the negative elec-
trode (cathode) producing hydrogen (Equation (3i)) and CO (Equation (3ii)), respectively,
along with oxide (O2−) ions. The hydrogen or CO is released at the cathode and the O2−

ions are transported through the solid oxide electrolyte to the positive electrode (anode)
where they release electrons and evolve as oxygen (Equation (4)). Fuel cell mode involves
reverse operation (Equations (5) and (6)) as illustrated in Figure 3B.



Energies 2021, 14, 4517 5 of 18

Figure 3. Solid oxide cell (SOC) operation in fuel cell mode (A) and electrolysis mode (B).

Electrolysis mode

Cathode: H2O + 2e− → H2 + O2− (∆H1023K = 248.1 kJ mol−1) (3i)

CO2 + 2e− → CO + O2− (∆H1023K = 248.1 kJ mol−1) (3ii)

Anode: O2− → 1⁄2 O2 + 2e− (4)

Fuel cell mode

Anode: H2(g) + O2− → H2O + 2e− (∆H1023 K = −248.1 kJ mol−1) (5)

Cathode: 1⁄2 O2 + 2e− → O2− (6)

Ideally, an accurate adjustment of the inlet steam/CO2 ratio under appropriate op-
erating conditions will succeed in producing syngas with desired H2/CO ratio of 1.4 to
3 (v/v). The as-produced syngas can be either stored and utilized as a fuel when the
SOC is operated under the fuel cell mode for electricity generation, or else it can be used
to produce methane through methanation reaction (Equation (7)) or other liquid fuels
(methanol and hydrocarbons) through Fischer Tropsch synthesis. In fact, steam electrol-
ysis in SOC (Equation (3i)) can be integrated with a Haber Bosch reactor for ammonia
synthesis (Equation (8)), which can be either transported as a chemical or stored onboard
as a hydrogen carrier to generate electricity when the SOC is operated reversibly [48,49].
Ammonia as an energy vector has gained much attention in recent years since it provides
a carbon-free economy [50,51]. The high temperature of SOC is conducive to the internal
reforming of these hydrogen carriers (methane, ammonia, etc.) within the stack itself,
which eliminates the use of a separate reformer or cracker and enhances overall system
efficiency along with cost reduction. According to energy balance calculations by Blum
et al. [52], planar SOFCs operating on methane exhibit 63% electrical efficiency with at
least 80% fuel utilization because of internal reforming, which further increases to 90% in
case of anode off-gas recycling. Another recent study on ammonia-fueled rSOC shows a
power-to-NH3 efficiency of 66% and NH3-to-power efficiency of 58.2% at current densities
of 0.7 and 0.4 A cm−2, respectively [49].

CO + 3H2 = CH4 + H2O (∆H1023 K = −206.1 kJ mol−1) (7)

N2 + 3H2 = 2NH3 (∆H1023 K = −91.8 kJ mol−1) (8)

Thus, reversible SOCs continue to be a topic of fervent research in the field of RE
storage and utilization.
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4. Theoretical Round-Trip Energy Efficiency of rSOC with Hydrogen, Methane,
and Ammonia

A theoretical approach towards the application of rSOC for the synthesis (in SOEC
mode) and utilization (in SOFC mode) of three important fuels (hydrogen, methane,
ammonia) have been presented here (Figure 4).

Figure 4. Schematic of how reversible solid oxide cells can be operated for the synthesis and
utilization of three different fuels (H2, CH4, and NH3) in the electrolysis mode and fuel cell mode
respectively. Processes 1, 2, and 3 show H2, CH4, and NH3 based operations. Red dotted lines/arrows
represent electrolysis mode and green solid lines/arrows represent fuel cell mode.
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In process 1, hydrogen is produced from steam electrolysis in SOEC mode. This
hydrogen is then stored under compression at 700 bars and used as fuel while operating
the cell in SOFC mode, where it undergoes oxidation with the simultaneous release of
electrons. Process 2 involves the co-electrolysis of steam and CO2 with the formation of
syngas (H2/CO) that undergoes methanation in a subsequent thermochemical reactor
(MR). The methane produced is compressed to 350 bars and stored for its utilization in
SOFC mode. During fuel cell operation, this methane undergoes either internal reforming
within the SOC itself (Route 1) or external reforming in a separate reformer (RR) connected
to the SOC (Route 2). For Route 1, the stored methane along with steam is directly
supplied to the fuel electrode of the SOC where they react to produce hydrogen and CO.
Contrarily, for Route 2, methane undergoes steam reforming in a separate reactor, and the
exit gas (hydrogen/CO mixture) is fed to the SOC. The next step is the oxidation of the
hydrogen/CO mixture in SOC along with the discharge of electrons, which is the same
for both modes. In process 3, steam supplied to the cell gets electrolysed to hydrogen that
reacts with N2 in a separate Haber Bosch reactor (HR) to generate NH3, which is liquefied
and stored at −33 ◦C. In fuel cell mode, this NH3 is cracked either internally (Route 1) or
externally (Route 2), producing hydrogen and N2. For Route 1, the stored NH3 is directly
supplied to the fuel electrode of the SOC where it cracks to produce hydrogen and N2.
The hydrogen is oxidized along with the release of electrons. Contrarily, for Route 2, NH3
undergoes cracking in an external cracker (CR). The exit gas (hydrogen/N2 mixture) is
purified and a pure H2 stream is fed to the SOC.

4.1. Methodology

The efficiency of rSOC depends on the interactions of the electrochemical reactions,
thermochemical reactions, and plant-wise heat integration. It is to be noted that during
electrolysis, SOC provides the opportunity to recycle back the exothermic heat of metha-
nation (Equation (7)) and ammonia synthesis (Equation (8)) reactions. For fuel cell mode
operation, heat recovered from downstream cooling processes can be recycled back to
maintain the SOC temperature. This work compares the energy efficiencies of electrolysis
mode (SOEC) operation (ηX) and fuel cell mode (SOFC) operation (ηP) along with the
round-trip efficiency (ηRTE) for each process by using basic energy balance:

ηX =
Energy of product formed

Total energy input
× 100 (9)

ηP =
Electrical energy generated

Total energy input
× 100 (10)

ηRTE = ηPtX × ηXtP (11)

Our calculations are based on the following major assumptions:

• SOC is in thermal equilibrium with the feed (steam or steam/CO2 mixture) and is
thermally insulated so as to avoid any heat losses to the ambient.

• Energy efficiencies are based on heat recycled back from the HR or MR to the SOC.
• LHV has been used for methane (50.0 KJ/g), ammonia (18.6 KJ/g), and hydrogen

(120.0 KJ/g).

For the electrolysis mode operation of each of the processes, we considered the LHV
of the corresponding fuel as the energy output. For calculating the energy input, we
considered the overall energy required for steam electrolysis (in the case of hydrogen and
ammonia) or steam/CO2 co-electrolysis (in the case of methane) at 90% SOEC efficiency.
This overall energy comprises heat energy required for producing steam at 800 ◦C (in the
case of hydrogen and ammonia), energy for heating CO2 to 800 ◦C (in the case of methane),
and the electrical energy required for steam electrolysis or steam/CO2 co-electrolysis.
On top of these, we also took into account the energy penalty for methanation process
efficiency of 75% and Haber Bosch process efficiency of 66%. Finally, we incorporated the
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energy gained through exothermic methanation (Equation (7)) and ammonia synthesis
(Equation (8)) reactions at a heat pump efficiency of 90%.

For fuel cell mode operation of each process, the energy input was calculated by
considering the LHV of the corresponding fuel being consumed and the energy required to
heat it to the SOC temperature (in the case of hydrogen, methane via internal reforming,
ammonia via internal cracking) or reformer temperature (in the case of external methane
reforming) or cracker temperature (in the case of external ammonia cracking). We also
considered the energy penalty coming from internal methane reforming conversion of
90%, internal ammonia cracking conversion of 85%, external methane reforming process
efficiency of 78%, and external ammonia cracking process efficiency of 90%. For calculating
the energy output of each process, we considered the electrical energy produced at 50%
SOFC efficiency.

Detailed operational conditions along with process parameters considered for this
work have been provided in Table 1 and Figure 5 shows a block diagram describing the
methodology of the energy calculation for each of the processes described here.

Table 1. Operating conditions and other specifications of hydrogen, methane, and ammonia-fueled
reversible solid oxide cell systems.

Variable or Parameter Value

SOC temperature, ◦C 800
SOEC electrical efficiency, % 90
SOFC electrical efficiency, % 50

Ambient temperature, ◦C 298
Oxygen storage temperature, ◦C 298

Methanation reactor temperature, ◦C 250 [49]
Methanation reactor pressure, bars 25 [49]
Methanation process efficiency, % 75 [53]

Methane reformer temperature, ◦C 800 [54]
Methane reformer pressure, bars 25 [54]

Methane reforming process efficiency, % 78 [54]
Internal reforming conversion, % 90 [55]

Haber Bosch reactor temperature, ◦C 400 [50]
Haber Bosch reactor pressure, bars 200 [50]
Haber Bosch process efficiency, % 66 [50]
Ammonia cracker temperature, ◦C 800 [55]

Ammonia cracker pressure, bar 1 [56]
Ammonia cracking efficiency, % 90 [57]

Ammonia internal cracking conversion, % 85 [57]
Heat pump efficiency, % 90 [58]

It is to be noted that during actual cell operation, voltage and current density would
dictate the electrical energy and thus the energy efficiency. These are governed by the partial
pressure of oxygen at the fuel electrode [59] and the area-specific resistance of the cell [59,60].
However, what we have reported here are calculations based on thermodynamics, so no
current density is involved. Thus, the contribution from Joule’s heating [60,61] has also
not been considered, which would otherwise be quite significant, especially for electrode
supported cells where the current density can be as high as 1 A cm−2 [60,62].
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Figure 5. Block diagram showing the methodology of the energy calculation for each of the processes described here.

4.2. Results

As shown in Figure 6A, ηX (Equation (9)) is the highest for hydrogen (90.1%), followed
by methane (70.8%) and ammonia (69.7%). Wang et al. [62] reported ηX of 83% for steam
electrolysis at 650 ◦C. Giglio et al. [63] reported ηX of 76% for synthetic natural gas pro-
duction using a SOEC stack (operated at 850 ◦C and 33 bars) coupled with a methanator.
Another recent study [64] on fuel gas (CH4, CO, CO2, H2) fed rSOC reported ηRTE in the
range of 55 to 60% depending on cell temperature and pressure. In our work, ηP (Figure 6B)
as calculated from Equation (10), follows the order hydrogen (68.9%) > methane by Route
1 (61.3%) > ammonia by Route 2 (58.9%) > methane by Route 2 (57.0%) > ammonia by
Route 1 (56.2%). Peters et al. [65] obtained ηP of ~60% at 750 ◦C for hydrogen-fueled
SOFC. For natural gas or methane fueled SOFC, ηP usually ranges from 42 to 64% [65–67]
depending on temperature, pressure, current density, reactant utilization, anode off-gas
recycling, and balance of plant (BOP) components. For ammonia, ηP varies between 40
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to 60% as is widely reported [68–70]. For our processes, ηRTE (Figure 6C) as calculated
from Equation 11, follows the order hydrogen (62.1%) > methane by Route 1 (43.4%) >
ammonia by Route 2 (41.1%) > methane by Route 2 (40.4%) > ammonia by Route 1 (39.2%).
Recently, Wang et al. [48] have reported ηRTE in the range of 37 to 45% for hydrogen, 37
to 54% for methane, and 27 to 43% for ammonia by varying the current density, stack
outlet temperature, and reactant utilization. Another recent work [71] has predicted ηRTE
of 60% for hydrogen-based rSOC with an active cell area of 500 cm2, operated at 1.28 V
and 850 ◦C. Giddey et al. [70] reported ηRTE between 36 to 50% for ammonia fueled SOFC,
considering ammonia synthesis in a Haber Bosch reactor by utilizing H2 produced from a
renewables-powered proton exchange membrane electrolyser that typically requires 8 to
10 kWh/kg ammonia.

Figure 6. Energy efficiencies of electrolysis mode operation, ηX (A) and fuel cell mode operation, ηP (B) along with
round-trip efficiency, ηRTE (C) of hydrogen, methane, and ammonia fueled reversible solid oxide cells.

In the present work, for both the routes of process 2, 19.40 kWh/Kg methane is the en-
ergy requirement for syngas generation from steam/CO2 co-electrolysis and an additional
3.47 kWh/Kg is required for the methanation process. However, with the integration of
the exothermic heat (3.2 kWh/Kg) of methanation reaction, the net energy requirement
comes down to 19.61 kWh/Kg of methane. This value can be further reduced by operating
the SOC at 25 bars, thus eliminating the requirement for syngas compression that costs
~1.17 kWh/Kg of methane [72]. The resultant ηX would increase by almost 5.6% and
matches with what has been reported by a recent study [63]. However, pressurized systems
require more expensive devices, which may partly offset the economic advantages linked to
the higher energy efficiency. Moreover, high-pressure co-electrolysis implies lower current
density at thermoneutral voltage, demanding a higher cell area [64]. The electrical energy
generated in fuel cell mode is 13.5 kWh/Kg of methane for both internal (Route 1) and
external reforming (Route 2). However, the energy consumed is 22.0 and 23.7 kWh/Kg of
methane for Route 1 and Route 2, respectively. External reforming involves methane com-
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pression to 25 bars causing an energy penalty of ~0.5 kWh/Kg, which is a major contributor
to the higher energy consumption of Route 2. Nonetheless, one of the major challenges of
internal reforming is the development of fuel electrode material with appreciable catalytic
activity towards both methane reforming and electrochemical reactions [73,74]. With such
a material, the energy consumption can be reduced to ~20.9 kWh/Kg methane with ηP and
ηRTE values of 65% and 43%, respectively.

For both the routes of process 3, 6.5 kWh/Kg ammonia is the energy requirement for
hydrogen generation, 1.6 kWh/Kg is needed for the Haber Bosch process (out of which
~20% contribution comes from compression [75]) and the exothermic heat (0.7 kWh/Kg) of
ammonia synthesis reaction can be recycled back, bringing the net energy requirement to
7.4 kWh/Kg ammonia. The electrical energy generated in fuel cell mode is 4.7 kWh/Kg
of ammonia for both internal (Route 1) and external reforming (Route 2). However, the
energy consumed is 8.5 and 8.1 kWh/Kg of ammonia for Route 1 and Route 2, respectively.
The additional energy penalty for internal cracking (Route 1) comes from a lower cracking
conversion. In fact, this is one of the major challenges posed by ammonia-fueled SOFC
with internal cracking; the fuel electrode should have good catalytic activity towards both
ammonia cracking and electrolysis apart from being tolerant to nitride poisoning [76,77].
Haldor Topsoe is developing a green ammonia production plant, estimated to produce am-
monia at 7.2 kWh/kg [78] with overall process efficiency of ~70%. They are using SOEC for
the generation of pure N2 from the air at the cathode to replace conventional air separation
units, which otherwise contribute notably to the final energy cost of ammonia [79].

Since technology related to rSOC is still under development, and large demonstration
units for long-term operation are still not available, it is difficult to make a precise and
definite cost assessment due to uncertainties related to cost components like CAPEX, stack
lifetime, and stability of the electrode material under different gaseous environments
ammonia, methane and H2/CO2 mixture. For our preliminary economic assessment of the
three processes discussed above, these parameters have been adopted from state-of-the-art
SOEC/SOFC technologies. For the well-established processes of methanation, Haber Bosch,
and ammonia cracking, economical parameters have been taken from the literature. Our
simplistic calculations show that costs of hydrogen (SOEC mode) and electricity (SOFC
mode) production via process 1 are 1.91 $/kg hydrogen and 52.34 $/MWh, respectively
(Table 2). Costs of methane (SOEC mode) and electricity (SOFC mode with internal
reforming) production via process 2 are 3.63 $/kg methane and 46.30 $/MWh, respectively
(Table 3). External reforming would require an additional 372 $/kW [80,81], out of which
~17% is CAPEX. This increases the cost of electricity production to ~84.86 $/MWh. Thus,
external reforming-based methane-fueled SOC appears to be economically less profitable.
Similar calculations show that costs of ammonia (SOEC mode) and electricity (SOFC mode)
production via process 3 are 0.48 $/kg ammonia and 47.11 $/MWh, respectively (Table 4).
External cracking would require an additional 82.9 $/ton of ammonia cracked, which
increases the cost of electricity production to ~70.18 $/MWh. For all three processes,
improving the capacity factor, reducing the SOC CAPEX and system integration with RE
sources can further reduce the cost figures.
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Table 2. Break up of cost estimation for hydrogen (SOEC mode) and electricity (SOFC mode)
production via process 1. All prices are in USD.

Parameters for SOEC Mode Value

H2 production rate, tons per year 4400.00
Electrolyser lifetime (projected), years 3.42

H2 produced over lifetime, tons 15,068.49
Energy content of H2, kWh/kg 33.33

Energy content of H2 produced over lifetime, GWh 502.23
SOEC conversion efficiency, % 90.00

SOEC system efficiency (with heat integration), % 90.00
Electrical input required for SOEC over lifetime, GWh 620.04

Capacity factor, % [82] 69.00
Hours of operation (Electrolyser ON), hours 20,700

SOC size, MW 43.41
SOC capex, $ per kW [83] 450.00
Cost of SOC for target, M$ 19.53

Electricity cost, cents per kWh 1.50
Total electricity cost, M$ 9.30

Total cost of H2, M$ 28.83
Cost of H2 produced, $ per kg 1.91

Parameters for SOFC Mode Value

Electricity produced over life, GWh 500.00
SOFC conversion efficiency, % 90.00

SOFC system efficiency (with heat integration), % 69.00
Hydrogen input energy required for SOFC over lifetime, GWh 805.15

Capacity factor, % [82] 69.00
Hours of operation (Electrolyser ON), hours 20,700

SOC size, MW 56.37
SOC capex, $ per kW [82] 450.00
Cost of SOC for target, M$ 25.36
Total cost of electricity, M$ 26.17

Cost of electricity generated, $ per MWh 52.34

Table 3. Break up of cost estimation for methane (SOEC mode) and electricity (SOFC mode) produc-
tion via process 2. All prices are in USD.

Parameters for SOEC Mode Value

H2 production rate, tons per year 4400.00
Syngas production rate, tons per year 29,333.00

Methane produced from syngas at 85% conversion, tons per year 9035.00
Electrolyser lifetime (projected), years 3.42
syngas produced over lifetime, tons 100,456.62

CO2 removed over lifetime, tons 110,502.28
Methane produced over lifetime, tons 30,940.64

Energy content of H2, kWh per kg 33.33
Energy content of CO, kWh per kg 2.80

Energy content of syngas, kWh per kg 7.99
Energy content of syngas produced over lifetime, GWh 802.66

SOEC system efficiency (with heat integration), % 90.00
Electrical Input required for SOEC over lifetime, MWh 891.84

Capacity factor, % [82] 69.00
Hours of operation (Electrolyser ON), hours 20,700.00

SOC size, MW 62.44
SOC capex, $ per kW [82] 450.00
Cost of SOC for target, M$ 28.10

Cost of methanation plant, per kW [82] 1056.00
Cost of methanation, M$ 65.96
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Table 3. Cont.

Parameters for SOEC Mode Value

Electricity cost, cents per kWh 1.50
Total electricity cost, M$ 13.37

CO2 cost at 43.09$ per ton, M$ [82] 4.76
Total cost of methane produced, M$ 112.20
Cost of methane produced, $ per kg 3.63

Parameters for SOFC Mode Value

Electrolyser lifetime (projected), hours 30,000.00
Electrical energy produced over lifetime, GWh 500.00

SOFC system efficiency (with heat integration and internal reforming), % 70.20
Syngas energy Input required for SOFC over lifetime, GWh 793.65

Capacity factor, % [82] 69.00
Hours of operation (Electrolyser ON), hours 20,700

SOC size, MW 49.87
SOC capex, $ per kW [82] 450.00

Cost of electrolyser for target, M$ 22.44
Total cost of electricity, M$ 23.15

Cost of electricity generated, $ per MWh 46.30

Table 4. Break up of cost estimation for ammonia (SOEC mode) and electricity (SOFC mode)
production via process 3. All prices are in USD.

Parameters for SOEC Mode Value

H2 production rate, tons per year 4400.00
Ammonia produced from H2, tons per year 24,185.00

Electrolyser lifetime (projected), years 3.42
Ammonia produced over lifetime, tons 80,341.69

Energy content of ammonia, kWh per kg 5.21
Energy content of ammonia produced over life, GWh 418.42

SOEC system efficiency (with heat integration), % 90.00
Electrical input required for SOEC over lifetime, GWh 464.91

Capacity factor, % [82] 69.00
Hours of operation (Electrolyser ON), hours 20,700.00

Electrolyser size, MW 32.55
SOC capex, $ per kW [82] 450.00
Cost of SOC for target, M$ 14.65

Cost of Haber Bosch unit, $ per kW [76] 512
Cost of ammonia synthesis in Haber Bosch unit, $ 16.65

Electricity cost, cents per kWh 1.50
Total electricity cost, M$ 6.97

Total cost of ammonia, M$ 38.27
Cost of ammonia, $ per kg 0.48

Parameters for SOFC Mode Value

Electrolyser lifetime (projected), hours 30,000
Electrical energy produced over lifetime, GWh 500.00

SOFC system efficiency (with heat integration and internal cracking), % 69.00
Ammonia energy Input required for SOFC over lifetime, GWh 724.63

Capacity factor, % [82] 69.00
Hours of operation (Electrolyser ON), hours 20,700

SOC size, MW 50.73
SOC capex, per kW [82] 450.00

Cost of SOC for target, M$ 22.83
Total cost of electricity, M$ 23.55

Cost of electricity, $ per MWh 47.11
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5. Discussion

Reversible solid oxide cells provide a promising and efficient way of cyclic conversion
between electrical and chemical energy in the form of fuels and chemicals. Amongst
the different fuels under investigation, hydrogen, methane, and ammonia have gained
immense attention as key energy vectors due to their varied applications. Here we have
compared the energy efficiency and the energy demand of rSOC based on these three
fuels. For the SOFC mode operations, two different routes have been considered for both
methane and ammonia; Routes 1 and 2 involve internal reforming (in the case of methane)
or cracking (in the case of ammonia) and external reforming or cracking, respectively.
Hydrogen gave the highest round-trip efficiency (62.1%) followed by methane by Route 1
(43.4%), ammonia by Route 2 (41.1%), methane by Route 2 (40.4%), and ammonia by Route
1 (39.2%). Apparently, internal reforming and external cracking showed higher energy
efficiency and lower energy requirements. However, an adequate upgrade of the electrode
materials would ensure even higher catalytic activity and stability of the fuel electrode,
which are expected to improve rSOC performance.

The state-of-the-art SOC materials include 8 mol% Yttria stabilized Zirconia (YSZ) as
an electrolyte, a cermet of Ni on YSZ (Ni-YSZ) as the fuel electrode, and the perovskite
Strontium doped Lanthanum Manganite (La0.8Sr0.2MnO3-δ) as the oxygen electrode. With
this composition, the extent of cell passivation has been reported to be much higher in the
electrolysis mode that further worsens at high current density, high water partial pressure,
and low temperature [20,83]. Use of ferrite-based mixed ionic electronic conductors (MIEC)
like Strontium and Cobalt doped Lanthanum Ferrite (LSCF) and Strontium doped Lan-
thanum Ferrite (LSF) instead of LSM reduces the extent of such degradation, but cannot
assure complete mitigation. Fuel electrode material also seeks sufficient improvement
due to the inherent challenges related to conventional Ni-YSZ cermets like Ni oxidation
at high temperatures, Ni migration to the triple-phase boundary (TPB), layer peeling and
particle coarsening, limited activity for CO2 electrolysis, and instability in presence of
CO [45,84–89]. Perovskites such as La0.7Sr0.3VO3-δ (LSV), La0.8Sr0.2Cr0.5Mn0.5O3-δ (LSCM),
La0.3Sr0.7TiO3-δ (LST), and La0.3Sr0.3Cr0.3Fe0.7O3-δ (LSCrF) have gained attention due to
their low area-specific resistance (ASR), low polarization resistance, high chemical stabili-
ties against carbon coking and sulfur poisoning [90–95]. Other major challenges include
manufacturing costs, and stack design and assemblage. Regarding manufacturing costs,
the single-step co-firing process has become an alternative that reduces the production
steps and overall energy consumption [96–98]. Additionally, for composite electrodes,
this technique increases porosity and reduces ASR as compared to mechanically mixed
composites. Thus, several critical issues need to be addressed, which include oxygen
electrode performance and reversibility, development of redox stable electrode materi-
als, and appropriate cell/stack and system designs capable of demonstrating large-scale
technological feasibility.

6. Conclusions

Hydrogen, methane, and ammonia have been investigated here as fuels for rSOC, and
they have been compared in terms of energy efficiency, the energy demand of rSOC, and
preliminary economic assessment. In the fuel cell mode of operation, two different routes
have been considered for both methane and ammonia; Routes 1 and 2 involve internal
reforming (in the case of methane) or cracking (in the case of ammonia) and external
reforming or cracking, respectively. Hydrogen gave the highest round-trip efficiency
(62.1%) followed by methane by Route 1 (43.4%), ammonia by Route 2 (41.1%), methane by
Route 2 (40.4%), and ammonia by Route 1 (39.2%). Energy demand for SOEC mode was
highest for hydrogen (37 kWh/Kg), followed by methane (19.6 kWh/Kg), and ammonia
(7.4 kWh/Kg). Energy consumed for SOFC mode was highest for hydrogen (38.9 kWh/Kg),
followed by methane via Route 2 (23.7 kWh/Kg), methane via Route 1 (22.0 kWh/Kg),
ammonia via Route 1 (8.5 kWh/Kg), and ammonia via Route 2 (8.1 kWh/Kg). Preliminary
cost estimate showed that the price of hydrogen, methane, and ammonia produced in
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SOEC mode would be ~1.91, 3.63, and 0.48 $/kg, respectively. In SOFC mode, the cost of
electricity generation using hydrogen, internally reformed methane, and internally cracked
ammonia would be ~52.34, 46.30, and 47.11 $/MWh, respectively.
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