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Abstract: The ammonia-based solar thermochemical energy storage (TCES) is one of the most
promising solar TCESs. However, the solar-to-electric efficiency is still not high enough for fur-
ther commercialization. The efficiency is limited by the high ammonia decomposition reaction
temperature, which does not only increase the exergy loss through the heat recuperation but also
causes a large re-radiation loss. Nonetheless, lowering the reaction temperature would impact the
conversion and the energy storage capacity. Thanks to the recent development of the membrane
technology, the hydrogen permeation membrane has the potential to enhance the conversion of am-
monia decomposition under the moderate operating temperature. In this paper, an ammonia-based
solar thermochemical energy storage system implemented with hydrogen permeation membrane
is proposed for the first time. The system model has been developed using the Aspen Plus soft-
ware implemented with user-defined Fortran subroutines. The model is validated by comparing
model-generated reactor temperatures and conversions profiles with data from references. With
the validated model, an exergy analysis is performed to investigate the main exergy losses of the
system. Furthermore, the effects of the membrane on system efficiency improvement are studied.
The results show that exergy loss in the charging loop is dominant, among which the exergy losses of
Heat Exchanger Eh,A, together with that of the re-radiation Er, play important roles. Compared with
the conventional system, i.e., the system without the membrane, the Eh,A and Er of the proposed
system are more than 30% lower because the hydrogen permeation membrane can improve ammonia
conversion at a lower endothermic reaction outlet temperature. Consequently, the proposed system,
presumably realized by the parabolic trough collector at ~400 ◦C, has a theoretical solar-to-electric
efficiency of ηste, which is 4.4% higher than the conventional ammonia-based solar thermochemical
energy storage system. Last but not least, the efficiency is 3.7% higher than that of a typical parabolic
trough solar power plant, which verifies the thermodynamic feasibility of further commercialization.

Keywords: concentrating solar power; thermochemical energy storage; thermodynamic analysis; ammonia

1. Introduction

Due to the increasingly serious climate change, renewable energy resources, as sus-
tainable alternatives to fossil fuels, are promising to achieve the Paris Agreement [1,2].
Compared with the other primary renewable energy resources including wind, tidal,
and geothermal energy, solar energy is abundant and prevalent [3,4]. Solar applications
mainly comprise photovoltaics (PV) and concentrating solar power (CSP). Although PVs
have experienced a higher deployment, CSP exhibits priorities in centralized electricity
generation with the storage to overcome the inherent problem of intermittency [5–7], i.e.,
the CSP incorporated with thermal energy storage (TES) at large scale can provide dispatch-
able renewable electricity. TES is mainly classified into sensible, latent, and thermochemical
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energy storage. Sensible thermal energy storage (STES) systems store energy through
temperature changes experienced by the storage medium. To date, STES is considered
as a mature technology installed in commercial concentrating solar power plants, e.g.,
Gemasolar, Andasol-1, and PS10 solar power plants [8,9]. Latent thermal energy storage
(LTES) utilizes the latent heat involved in a phase change, which can achieve a higher
energy density than the STES. However, the LTES is limited by the complex and insufficient
heat transfer processes [10]. Thermochemical energy storage (TCES) absorbs and releases
heat by carrying out endothermic and exothermic reactions, respectively. Compared to
sensible and latent thermal energy storage systems, the TCES has advantages of higher
energy storage densities and ideally no losses for long-term storage [11,12]. There are lots
of reactions being investigated for the TCES, which can be commonly classified into six sys-
tems including carbonate, metal hydrides, hydroxides, metal oxides, organic, and ammonia
systems [13].

The carbonation/decarbonation reactions, e.g., MgO/MgCO3 and CaO/CaCO3, are at-
tractive due to their relatively high operating temperatures (typically over 800 ◦C), high
energy densities (~1800 kJ/kg), low operating pressures, and abundant availability of
nontoxic carbonates minerals [5,11]. However, the carbonation/decarbonation reaction
has the drawbacks of low reversibility and particle agglomeration/sintering, which might
cause the partial deactivation and impact conversion [14]. Recently, the reversibility of
the reaction was improved by using a molten salt eutectic, i.e., the good reversibility
of natural dolomites has been obtained by using a NaCl and MgCl2 mixture due to the
anti-agglomeration effect of impurities [15]. However, the methods are still limited to the
bench-top demonstration. Metal hydrides with higher energy densities (~2800 kJ/kg) have
been applied for the hydrogen storage devices of vehicles in a small scale to manage waste
heat on board [16]. However, they commonly suffer from slow absorption kinetics and
low thermal conductivity, e.g., the thermal conductivity of MgH2 is 1 Wm−1 K−1 [17,18].
The thermal conductivities of some metal hydrides, e.g., titanium hydride, can be improved
by adding graphite [19,20]. Nonetheless, there has not been much research progress made
in improving the reaction kinetics. The hydroxides, e.g., calcium hydroxide and magne-
sium hydroxide, which have similar energy densities to the carbonates, are commonly
cheap, abundant, nontoxic, and have better reversibility [21,22]. The hydroxides system,
especially the Ca-based hydroxides system, has reached a certain level of maturity with
research efforts on improving reactor configuration and material mechanical properties [23].
However, the medium reaction temperatures might constrain its applicability in advanced
CSP plants with higher operating temperatures [5]. Many metal oxides including BaO2 [24],
Co3O4 [25], and perovskites ABO3 [26] have been investigated for solar TCES. Their energy
densities are relatively lower than other gas−solid reactions. Recently, there has been much
research conducted in materials aspects, reactor concepts, and their integration in CSP
plants for metal oxides [27]. Nevertheless, they shared the same drawback of the poor heat
and mass transfer performance. Materials kinetics and multicycle chemical stability are still
required to be further enhanced for process upscaling [5]. Methane reforming reaction with
H2O/CO2 is promising with high energy densities and operating temperatures. However,
both reforming reactions are accompanied by an undesired side reaction, i.e., the water
gas shift (WGS) reaction. Additionally, the expensive noble metal catalysts are required
for the reactions, which might affect the techno-economic viability. On the other hand,
there have been extensive investigations on using solar irradiated receivers to drive the
methane reforming reaction [28,29], while the experiments on methanation reaction are
limited. Without any side reactions, the ammonia-based solar TCES is promising with the
priorities of sufficient heat and mass transfer and automatic phase separation of reactants
and products. Figure 1 shows a schematic of a typical ammonia-based solar TCES. In the
charging loop, ammonia (NH3) is dissociated into N2 and H2 endothermically by absorbing
concentrated solar power. In the discharging loop, the stored energy can be recovered on
demand by utilizing the exothermic reaction, i.e., ammonia synthesis reaction, to heat a
working fluid, e.g., sCO2, for power generation.
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Figure 1. A schematic of a typical ammonia-based solar thermochemical energy storage system.

Recently, the feasibility of both charging [30,31] and discharging loops [32] of the
ammonia-based solar TCES have been validated experimentally. Additionally, the techno-
economic viability of the system has been proved, i.e., the capital cost is estimated to
be less than USD 15/kWh [33]. Nonetheless, the highest solar-to-electric conversion
efficiency of the ammonia-based solar TCES ever reported is only 18% [34], which is
not high enough to verify the feasibility of further commercialization [14]. In order to
enhance the system efficiency by integrating with an efficient power cycle, e.g., ~650 ◦C
supercritical steam Rankine cycle, the exothermic ammonia synthesis reaction operating
pressure is required to be high for a high reaction temperature. Avoiding the extremely
large pumping work required between charging and discharging steps, the endothermic
ammonia decomposition also proceeds at such a high pressure, even though the low
pressure, according to the Le Chatelier’s principle, is favorable for the conversion. As a
result, the endothermic ammonia decomposition reaction temperature is adjusted to be
high ~550 ◦C for a considerable conversion. Nevertheless, the high reaction temperature
does not only increase the exergy loss through the heat recuperation but also cause a
large re-radiation loss [22,31,35]. Consequently, decreasing the ammonia decomposition
temperature at a relatively high pressure is very critical to improve the efficiency. Thanks
to the recent development of the membrane technology, the reaction conversions can be
enhanced by separating the products with the membrane while recycling the reactants [36].
Therefore, the hydrogen permeation membrane has the potential to enhance the conversion
of ammonia decomposition under the operating conditions of a low temperature and a high
pressure. Recently, Ardaneh et al. [37] verified the feasibility of using an industrial hollow
fiber membrane to separate H2 from ammonia at high pressure (~10 MPa) conditions.

In this paper, an ammonia-based solar thermochemical energy storage system imple-
mented with hydrogen permeation membrane is proposed for the first time. Figure 2 shows
the schematics of ammonia decomposition reactor coupled with a hydrogen permeation
membrane in the context of the ammonia-based solar thermochemical energy storage.
As shown in Figure 2, a hollow fiber membrane is used between the two catalyst beds
to separate the H2, while the remaining NH3 and N2 enter the second catalyst bed for
further ammonia decomposition reaction. Moreover, a system model is developed with
the Aspen Plus software to simulate the entire ammonia-based solar TCES, including both
charging (ammonia decomposition coupled with the hydrogen permeation membrane)
and discharging (ammonia synthesis) loops. The model is validated by comparing model-
generated data and established data from other references. With the validated model, an
exergy analysis is performed to investigate the main exergy losses of the



Sustainability 2021, 13, 12783 4 of 13

Sustainability 2021, 13, x FOR PEER REVIEW 4 of 15 
 

and discharging (ammonia synthesis) loops. The model is validated by comparing model-
generated data and established data from other references. With the validated model, an 
exergy analysis is performed to investigate the main exergy losses of the system. Further-
more, the effects of the membrane on system efficiency improvement are studied. 

 
Figure 2. Schematics of ammonia decomposition reactor coupled with a hydrogen permeation mem-
brane. 

2. Modeling 
A system flowsheet of the ammonia-based solar TCES shown in Figure 3 is developed 

in the Aspen Plus software. In the flowsheet, the energy and exergy balances are com-
puted for each component. As shown in Figure 3, the ammonia from the storage tank is 
preheated in the Heat exchanger B. Having been further preheated by the Heat exchanger 
A, ammonia is induced into the Endothermic reactor R1 for ammonia decomposition 
while absorbing solar energy during the daytime. Exiting from the Endothermic reactor 
R1, the gas mixtures of nitrogen, hydrogen, and ammonia pass through the Membrane M 
for hydrogen permeation. The remaining ammonia and nitrogen flow through the Endo-
thermic reactor R2 for further decomposition. Thereafter, the gas mixtures form Mem-
brane M and Endothermic reactor R2 flow back into the Heat exchanger A for heat recu-
peration. With the pressure compensated by the compressors (Compressors A and B), the 
gas mixture, eventually, flows back to the storage tank at the ambient temperature. For 
the discharging step, the nitrogen and hydrogen gas mixture (N2 + 3H2) from the storage 
tank firstly enters the Heat exchanger C for preheating. After the preheating process, the 
gas mixture enters the Adiabatic reactor for the ammonia synthesis reaction. Exiting from 
the Adiabatic reactor, the gas mixture is at an elevated temperature due to the exothermic 
character of the ammonia synthesis reaction. The hot gas mixture enters the Heat ex-
changer C to heat the supercritical CO2 to drive the sCO2 Brayton cycle. In the discharging 
loop, Compressor C is used to cover the pressure drop through the catalyst bed and the 
pipelines. 

Figure 2. Schematics of ammonia decomposition reactor coupled with a hydrogen permeation membrane.

2. Modeling

A system flowsheet of the ammonia-based solar TCES shown in Figure 3 is developed
in the Aspen Plus software. In the flowsheet, the energy and exergy balances are computed
for each component. As shown in Figure 3, the ammonia from the storage tank is pre-
heated in the Heat exchanger B. Having been further preheated by the Heat exchanger A,
ammonia is induced into the Endothermic reactor R1 for ammonia decomposition while
absorbing solar energy during the daytime. Exiting from the Endothermic reactor R1,
the gas mixtures of nitrogen, hydrogen, and ammonia pass through the Membrane M for
hydrogen permeation. The remaining ammonia and nitrogen flow through the Endother-
mic reactor R2 for further decomposition. Thereafter, the gas mixtures form Membrane M
and Endothermic reactor R2 flow back into the Heat exchanger A for heat recuperation.
With the pressure compensated by the compressors (Compressors A and B), the gas mixture,
eventually, flows back to the storage tank at the ambient temperature. For the discharging
step, the nitrogen and hydrogen gas mixture (N2 + 3H2) from the storage tank firstly
enters the Heat exchanger C for preheating. After the preheating process, the gas mixture
enters the Adiabatic reactor for the ammonia synthesis reaction. Exiting from the Adiabatic
reactor, the gas mixture is at an elevated temperature due to the exothermic character of the
ammonia synthesis reaction. The hot gas mixture enters the Heat exchanger C to heat the
supercritical CO2 to drive the sCO2 Brayton cycle. In the discharging loop, Compressor C
is used to cover the pressure drop through the catalyst bed and the pipelines.

In the thermodynamic analysis, there are two assumptions:

• The endothermic reactor is assumed to be a blackbody cavity-receiver with the effective
absorptivity and emissivity to be 1;

• The charging time is 8 h, considering a daytime of 8 h (clear sky) [38].

The mass balance is based on the fact that the ammonia dissociated in the charging
loop is three times of the ammonia synthesized in the discharging loop:

mc,NH3 = 3 md,NH3 (1)

where mc,NH3 and md,NH3 (g/s) are the ammonia dissociated in the charging loop and the
ammonia synthesized in the discharging loop, respectively.
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Figure 3. Flowsheet of the ammonia-based solar TCES (the numbers in the figure representing the each mass flow of the
proposed system).

For each endothermic reactor, the exergy balance is as follows:

Ein + Es − Er − Ee = Eout (2)

where Ein (kW) is the exergy input from reaction flow, Es is the exergy input from the
solar radiation, Er is the re-radiation exergy loss, Ee is the reaction exergy loss, and Eout is
the exergy output of endothermic reactor. The exergy input from the solar radiation Er is
computed as follows:

Es = Qs ·
(

1 − T0

Te

)
(3)

where Qs (kW) is the solar radiation flux, T0 is the ambient temperature 298.15 K and Te (K)
is the reaction temperature. In this study, the solar radiation concentrated by the heliostat
is set to be 160 kW/m2 (a design point condition) corresponding to a concentration ratio of
160 (160 suns). The re-radiation exergy loss Er is calculated as follows:

Er = σT4
e ·

(
1 − T0

Te

)
(4)

where Te is the endothermic reactor temperature, and σ (W/m2/K4) is the Stefan–Boltzmann constant.
In the model, the pressure drop through the catalytic bed is calculated with the

following Ergun equation:

∆p =
150µgL

D2
p

(1 − ε)2

ε3 vg +
1.75Lρg

Dp

(1 − ε)

ε3 v2
g (5)

where Dp (m) is the equivalent diameter of catalyst particle, ε is the porosity of the catalyst
bed. In the model, Dp is in the range 0.4 to 0.6 mm and ε is 0.764. The pumping power
is provided by Compressor B and Compressor C, for each Compressor the exergy losses
Ecomp is as follows:

Ecomp = mc(ein − eout) + Wcomp (6)

where Wcomp (kW) is consumed power of Compressor, ein and eout (kW/kg) are the inlet
and outlet unit mass exergy of compressor, respectively.
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For the charging loop, the exergy loss of hydrogen permeation membrane is:

Epre = mc(e9 − e10 − e11) (7)

For the Heat exchanger A, the exergy balance is as follows:

mc(e14 − e15)− Eh,A = mc(e8 − e7) (8)

The exergy loss Eh,A can be computed as follows:

Eh,A = T0mc

(
cp,c ln

T7

T8
+ cp,h ln

T14

T15

)
(9)

where cp,c and cp,h (J/(kg·K)) are the mean specific heat capacities of the cold and hot flow
in the Heat exchanger A, respectively. As the Flow 16 (N2, H2, and NH3) is not cooled
to T0, the thermal energy for the Flow 16 between T16 and T0 is designed to be abandoned
to the ambient temperature, which causes the following exergy loss Ecool,c:

Ecool,c = mc(e16 − e16,0) (10)

where e16,0 is the specific exergy of Flow 16 at T0. Consequently, the relationship between
mc,NH3 and the exergy losses in the charging loop is expressed as follows:

mc,NH3(∆Hr − T0∆Sr) = Es − Er − Ee − Eh,A − Epre − Ecomp,A − Ecomp,B − Ecool,c (11)

where ∆Hr (kW) and ∆Sr (kW/T) are the heat and entropy of the ammonia decomposition
reaction, respectively.

In the discharging loop, the exergy balance for adiabatic reactor is as follows:

mde2 − Ea = mde3 (12)

where md is the gas mass flow rate for the discharging loop. As there is no enthalpy change
in the adiabatic reactor, the exergy loss of the adiabatic reactor Ea is only from the entropy
changes of the reaction as follows:

Ea = T0(S2 − S3) (13)

where S2 and S3 are the specific entropy of Flow 2 and Flow 3, respectively. For the Heat
exchanger B, the exergy balance is the following:

md(e4 − e5)− Eh,C = ms(e2 − e1) (14)

where ms is the sCO2 mass flow rate. The exergy loss Eh,B can be computed as follows:

Eh,B = T0

(
mscp,c ln

T1

T2
+ mdcp,h ln

T4

T5

)
(15)

The exergy balance for the Heat exchanger C is:

md(e3 − e4)− Eh,C = md(e17 − e18) (16)

The exergy loss Eh,C can be computed as follows:

Eh,C = T0md

(
cp,c ln

T4

T3
+ cp,h ln

T18

T17

)
(17)

Similar to Ecool,c, the exergy loss for the Flow 6 Ecool,d is calculated as follows:

Ecool,d = md(e6 − e6,0) (18)
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where e5,0 is the specific exergy of Flow 5 at T0. As a result, the relationship between md,NH3
and the exergy losses of the discharging loop is expressed as follows:

md,NH3(∆Hr − T0∆Sr) = ms(e11 − e10) + Ea + Eh,B + Eh,C + Ecomp,C + Ecool,d (19)

The overall solar-to-electricity efficiency of the system is as follows:

ηste =

(
Wnet − Wcomp,D

)
· 24 − Wcomp,C · 8

Qs · 8
(20)

where Wnet is the work output of power cycle and expressed as follows:

Wnet = λ · (H15 − H16) (21)

where H15 and H16 are the specific enthalpy of Flow 15 and Flow 16, respectively, and λ is
the power efficiency of recompress Brayton power cycle [39].

The hydrogen permeation flux equation expressed as follows [40]:

JH2 =
k
(

P0.62
H2,in

−P0.62
H2,per

)
dm

k = 3.21 × 10−8 exp
(
− 13140

8.314×Tg

) (22)

where JH2 is the hydrogen flux (mol H2/(m2s)), PH2,in and PH2,per (Pa) are the hydrogen
partial pressure inside and permeation side of the membrane, dm (m) is the thickness of
membrane, and Tg (K) is the gas temperature.

3. Model Validation

In this section, the model is validated by comparing the model generated ammo-
nia mass fraction and reactor temperature with the established date from other refer-
ences [40,41]. In the model, the Ni1.20/La0.32-Al2O3 catalyst [40] is designed to be used
with the kinetic parameters listed in Table 1. Table 2 lists the inlet properties of reacting gas
for ammonia decomposition and synthesis reactors.

Table 1. The reaction rate parameters used in the model.

Activation Energy, Ea J/mol Pre-Exponential Constant, ko,m kmol/m3·s

4.57 × 105 2.645 × 1011

Table 2. The properties of ammonia decomposition/synthesis reactors for model validation.

Parameters Decomposition Reactor Synthesis Reactor

Reactor length, mm 110 800
Reactor outer diameter, cm 1 -
Reactor inner diameter, cm 0.95 0.15

Mass flow rate, g/s 0.0075 0.10
Reactor wall temperature, ◦C 150 -
Reactor inlet temperature, ◦C - 450

Figures 4 and 5 show the comparison of our model-generated ammonia mass fraction and
reactor wall temperature (fNH3,m and Tw,m) and the reference data (fNH3,ref and Tw,ref) [40,41],
respectively. As shown in Figures 4 and 5, the max relative error of Figures 4 and 5 are
10.6% and 2.0%, respectively. Therefore, our model-generated results match with the
established reference data. Consequently, the reactor model has been validated for both
decomposition and synthesis reactors.
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4. Results and Discussion
4.1. Thermodynamic Analysis of the Conventional System

To begin with, the exergy losses of the conventional system without the hydrogen
permeation membrane are analyzed in order to provide enough guidance on the efficiency
improvement. Essentially, the conventional system can be simulated with the simplified
model by removing an endothermic reactor, a membrane, and a compressor, while other
components are not kept. Table 3 listed the properties of the system for the model input.
Table 4 listed the model-generated exergy losses of the conventional system. As listed in
Table 4, the exergy loss of the charging loop is much higher than that of the discharging
loop. The solar-to-electricity efficiency ηste is only 19.3, even though the efficient recompress
Brayton power cycle is incorporated. Figure 6 shows the exergy loss distribution of the
charging loop, among which the exergy loss of Exchanger A Eh,A, the exergy loss due to
re-radiation Er, and the exergy loss of the endothermic reaction Ee together are dominant.
Since Ee determined by the reaction conversion is inevitable considering the capacity
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and scalability of the system, minimizing Er and Eh,A should be the key to improve the
overall efficiency. Referring to Equations (4) and (6) above, Er and Eh,A depend on the
temperature profiles of the ammonia decomposition reactor including the inlet and outlet
temperatures. Figure 7 shows the temperature and the conversion profiles along the
ammonia decomposition reactor. As shown in Figure 7a, the reacting gas temperature rises
quickly near the inlet x < 50 mm. That is because the reaction rate shown in Figure 7b is
low at such a low temperature, while more solar flux is transferred into the sensible heat.
Having passed 300 ◦C, the increasing rate of reacting gas temperature in Figure 7a becomes
smaller due to a faster reaction rate, inferred from the conversion profile in Figure 7b.
Limited by the conversion, a large portion of the solar flux becomes the sensible heat rather
than the reaction heat. Even though the high-temperature exiting gas mixture from the
decomposition reaction is used to preheat the ammonia, there is still a large exergy loss
through the heat recuperation process in the heat exchanger. In addition, the relatively
high reaction temperature also causes large re-radiation loss. These facts explain why the
Eh,A, together with Er, occupies 63% of the total exergy loss of the charging loop. Therefore,
decreasing the reaction temperature as well as the temperature difference between the inlet
and outlet of the reactor are anticipated to be the key in improving the efficiency.

Table 3. Input properties of model.

Ammonia Mass Flow Rate, mc (g/s) Catalyst Bed Length, L (mm) Catalyst Bed Diameter, D (mm)

1.8 300 30

Table 4. Exergy loss distribution of system without membrane.

Items Exergy Loss, E (kW)

Charging loop
Endothermic reaction exergy loss, Ee 0.2587

Re-radiation exergy loss, Er 0.1419
Heat exchanger A exergy loss, Eh,A 0.4980
Compressor B exergy loss, Ecomp,B <1%

Charging loop cooling exergy loss, Ecool,c 0.1068
Total of the Charging loop 1.0055

Discharging loop
Adiabatic reaction exergy loss, Ea 0.1612
Heat exchanger B exergy loss, Eh,B 0.1403
Heat exchanger C exergy loss, Eh,C 0.0519
Compressor C exergy loss, Ecomp,C <1%

Discharging loop cooling exergy loss, Ecool,d 0.0002
Total of the discharging loop 0.3537
Overall system exergy loss 1.3592

Wnet 0.8751
ηste 19.3%
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4.2. Thermodynamic Analysis of the Proposed System

In this section, the proposed system with the hydrogen permeation membrane is
studied. For a reasonable comparison, all the properties including the ammonia mass flow
rate, endothermic reaction inlet temperature, catalyst bed length, and diameter, listed in
Table 3, are fixed. Figure 8 shows the reaction temperature and conversion profiles of the
ammonia decomposition reactor with the hydrogen permeation membrane. As shown
in Figure 8, both the reaction temperature and ammonia conversion profiles are identical
to those without the membrane in Figure 7 since the properties of the system for the
model input are the same. Having passed the membrane at x = 260 mm, there is a dramatic
decrease in the temperature and a rise in the conversion in Figure 8a,b, respectively, because
of an extremely high reaction rate. Essentially, such a high reaction rate is caused by the
combination effects of a high inlet temperature and ammonia mass fraction for the second
reactor (R2). Compared with the system without the membrane, the proposed system
achieves a higher conversion while the outlet temperature of the reacting gas become
lower. As a result, Er and Eh,A are expected to be lower. Table 5 listed the exergy loss
of the proposed system with the membrane. As listed in Table 5, Ee, compared with the
conventional system, is higher because of a higher ammonia conversion. Meanwhile,
Er, together with Eh,A, is more than 30% lower thanks to the membrane. On the other
hand, there is a tiny increase exergy loss in the discharging loop because more ammonia
is required to be synthesized in order to adapt to the higher conversion of the ammonia
decomposition. Nonetheless, Wnet becomes larger with more ammonia synthesized. In all,
the proposed system with the membrane has a higher solar-to-electric efficiency, 23.7%,
which is 4.4% higher than the conventional system. As the maximum endothermic reaction
temperature ~430 ◦C in Figure 8a can be realized with the parabolic-trough solar collectors,
it is fair to investigate the thermodynamic feasibility of commercialization by comparing
the solar-to-electric efficiency of the proposed system with that of a commercial parabolic
trough solar power plant. Since the solar-to-electric efficiency of a typical parabolic trough
solar power plant is 3.7% lower, i.e., the solar-to-electric efficiency of the Nevada Solar
One solar power plant is 20% [42], the thermodynamic feasibility of commercialization
is verified.
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Figure 8. (a) Reaction temperature and (b) ammonia conversion rate of system with membrane along the endothermi reactor.

Table 5. Charging loop exergy loss of system 2.

Items Exergy Loss, E (kW)

Charging loop
Endothermic reaction exergy loss, Ee 0.2801

Re-radiation exergy loss, Er 0.1172
Heat exchanger A exergy loss, Eh,A 0.3290
Compressor A exergy loss, Ecomp,A <1%

Pressure exergy loss, Epre 0.0080
Compressor B exergy loss, Ecomp,B <1%

Charging loop cooling exergy loss, Ecool,c 0.0376
Total of the Charging loop 0.7727

Discharging loop
Adiabatic reaction exergy loss, Ea 0.2017
Heat exchanger B exergy loss, Eh,B 0.1755
Heat exchanger C exergy loss, Eh,C 0.0650
Compressor C exergy loss, Ecomp,C <1%

Discharging loop cooling exergy loss, Ecool,d 0.0003
Total of the discharging loop 0.4426
Overall system exergy loss 1.1777

Wnet 1.0737
ηste 23.7%

5. Conclusions

An ammonia-based solar thermochemical energy storage system implemented with a
hydrogen permeation membrane is proposed for the first time. A system model including
the ammonia decomposition coupled with the hydrogen permeation membrane, the am-
monia synthesis reactor and the sCO2 Brayton cycle has been developed using the Aspen
Plus software implemented with user-defined Fortran subroutines. The model has been
validated by comparing our model-predicted temperatures and conversions profiles with
established data from other references.

With the validated model, comprehensive thermodynamic analyses of the conven-
tional system and the proposed system with the membrane have been performed. More-
over, the exergy distributions of systems are obtained to investigate the effects of the
membrane on system efficiency improvement. The results show that exergy loss in the
charging loop is dominant in the ammonia-based thermochemical energy storage sys-
tem. Furthermore, the exergy losses of Heat Exchanger Eh,A, together with that of the
re-radiation Er, play important roles in the exergy loss of the charging loop. For the
proposed system, the hydrogen permeation membrane cannot only improve ammonia



Sustainability 2021, 13, 12783 12 of 13

conversion but also reduce the endothermic reaction temperature, leading to a smaller
temperature difference between the cold and hot flows in the preheating process. Com-
pared with the conventional system, the Er and Eh,A of the proposed system are more
than 30% lower. Consequently, the proposed system has a higher theoretical solar-to-
electric efficiency of ηste = 23.7%, which are 4.4% and 5.7% higher than the conventional
ammonia-based solar thermochemical energy storage system and the presented system,
respectively [34]. Since the solar-to-electric efficiency of a typical parabolic trough solar
power plant is 3.7% lower, the thermodynamic feasibility of commercialization for the
ammonia-based solar thermochemical energy storage is verfied.
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