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Abstract:

The penetration of renewable energies into the electricity system is making it increasingly cheaper, cleaner,
and safer. It poses specific challenges, such as dispatchability periods and grid frequency stability.

Storage systems are needed to meet these challenges. Thermochemical reactions have great potential for
energy transport and storage. Their integration into solar energy systems is of great interest due to the
possibility of achieving high energy densities and seasonal storage. This work analyses the integration of a
thermochemical storage system based on ammonia looping into a concentrating solar power (CSP). Energy
storage is based on a charging phase, where heat is provided for ammonia decomposition and a discharging
phase, where heat is recovered from ammonia synthesis. This work aims to evaluate the thermodynamic
performance of a reference plant with a total capacity of 6.2 MW of CSP integrated into an ammonia loop
power system. The performance and LCOS curves are discussed as a function of synthesis and decomposition
temperatures.
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1. Introduction

Energy storage systems are used to ensure the availability of energy supply. Thermal energy storage (TES)
and Thermochemical energy storage (TCES) systems are promising technologies for renewable energy
storage [1]. In recent years, several thermal storage technologies for medium- and high-temperature CSP
systems have been developed based on the use of materials in which energy is stored as sensible heat [1]-
[5] or latent heat [6].The third form of storage is through thermochemical storage, in which the heat from the
sun drives an endothermic reaction, which decomposes a compound into other species, storing the energy in
chemical bonds. This has the advantage that it can be used for long-term energy storage. Different
thermochemical energy storage approaches have promising results[7]-[9] based on the methanol
decomposition into syngas [10] or iron carbonates [11].

They have an optimum operation at different temperature levels, offering solutions to efficiently convert, store
and transport solar energy. They allow seasonal storage capacity allowing long mismatch between resource
availability and discharge for covering demand. Depending on the involved reactions, they can have high
energy densities [12]. The thermochemical energy storage system based on the ammonia looping is based on
the decomposition and synthesis of the pair NHs/Hz. It has an energy density of 131 MJ/m3 with a turning
temperature of 195 °C [7] [11]. From the point of view of thermochemical storage, the reactions of synthesis
and decomposition of ammonia are opposite reactions that share the absorption and desorption of dinitrogen
stage.

Ammonia is a carbon-free hydrogen carrier with a reasonably good volumetric and gravimetric energy density
compared to hydrogen. It has an energy density of 13.1 GJ/m, whereas hydrogen has an energy density of
3.5 GJ/m [13], and itis used as a feedstock and raw material to produce other chemicals [14].

The ammonia chemical industry has a high environmental impact and needs the integration of renewable
energy to reduce it [15]. There are several possibilities for integrating renewables in the ammonia industry:
using biomass gasification systems [16]-[18], solar energy [19], [20], and wind energy [21], [22]. Another option
is to use biogas produced from the decomposition of organic material, such as agricultural waste or animal
excrement [23], as a source of hydrogen.
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Ammonia-based solar thermochemical storage systems can help ensure the stability of solar thermal power
generation systems 24-h basis, offering a high potential for long-term energy storage. Besides, ammonia, the
main raw material for fertiliser production, can be integrated into a thermochemical storage system. Carden et
al. pioneered the idea of the ammonia-based energy storage system in 1974 [24]. Subsequent exergy analyses
studies conducted concluded that the main irreversibility is the heat recovery process. The main losses are
concentrated in the reaction, the heat transfer within the exothermic reactor and the losses of the exothermic
reactor countercurrent heat exchanger[25]. In 2019, Chen et al. [26] studied the effects of dissociation reactor
geometry by performing a 2-dimensional pseudo-homogeneous cylindrical 2-dimensional model of a
dissociation reactor, concluding that converging conical reactors can achieve the highest conversions.
Lovegrove et al. proposed an ammonia looping system which operates at a nominal power level of 1 kWchem
solar dissociation reactor kWe [27], [28].

This work proposes a novel and flexible system in which the renewable energy produced by the sun can be
stored for a long time. Subsequently, this stored energy is released in the form of heat. This can be used for
power generation or to provide heat to a process. It is a carbon-free process where ammonia is produced
based on renewables [29]-[31], thus reducing the consumption of fossil fuels. The efficient and simple form of
the system results in a competitive levelised cost of storage.

2. System description

The system consists of a charging cycle, where the ammonia decomposition reaction is carried out, and a
discharge cycle, where the ammonia synthesis reaction is carried out. The concentrating solar power and a
heliostat field are integrated into the charge phase to generate syngas through endothermic decomposition. In
the discharge phase, the syngas is released to the synthesis phase and is converted into ammonia, releasing
heat to a power cycle.

In the charging phase, ammonia is stored at 30°C and 25 bar and released to a pump that raises the pressure
to 100 bar. The ammonia is preheated with the outlet of the decomposition reactor. This ammonia feeds the
endothermic reactor at 382.3 °C and 100 bar. The outlet of the reactor contains syngas and unreacted
ammonia at 500 °C and 100 bar[13], [32]-[34]. This outlet stream is cooled with the ammonia inlet to the
reactor to 94.31 °C.

Figure 1. Conceptual process flow diagram of the ammonia cycle system
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Figure 2. Process flow diagram of the ammonia cycle system

In the loading phase, ammonia is stored at 30°C and 25 bar and released to a pump that raises the pressure
to 100 bar. The ammonia is preheated with the outlet of the decomposition reactor. This ammonia feeds the
endothermic reactor at 382.3 °C and 100 bar. The reactor outlet contains syngas and unreacted ammonia at
600 °C and 100 bar. This outlet stream is cooled with the ammonia inlet to the reactor to 94.31 °C and raises
its pressure to 200 bar. Then, the syngas at 200 bar is stored [35].

Figure 3. Process flow diagram of the ammonia decomposition (charge phase)
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In the discharge phase, the synthesis gas is released from the tank, and this stream is cooled with the reactor
outlet. The inlet stream to the synthesis reactor is at 189.4 °C and 200 bar [36] with a catalyst converter
Ba/Ru/BN [35]. The reactor outlet stream is at 300 °C and 200 bar [36]. It separates in a flash into ammonia
and unreacted synthesis gas. At a steady state and with a sufficiently long residence time in the reactor, the
syngas would tend to be zero in the synthesis reactor outlet stream.
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Figure 4. Process flow diagram of the ammonia synthesis (discharge phase)

3. Simulation

In this section, simulations of the proposed system layout will be carried out. These simulations will be carried
out in the Aspen Hysys commercial software.

A series of operating conditions were previously defined to simulate the model, both in the loading and
discharging phases.

Steady-state model.

Sufficient residence time to achieve an overall conversion of 100%.

The minimum approach temperature for all heat exchangers is 20 °C.

The efficiencies of the pumps, compressors and turbines are 80, 89, and 90%, respectively.

The global, solar-to-chemical and solar-to-electric efficiencies have been defined according to
equations 1, 2 and 3.

QO TO

Table 1. Main parameters of the plant

Parameter Value Unit
NHs storage temperature/pressure 30/25 °C/bar
Syngas CO/H2 storage pressure 200 bar

Endothermic reaction temperature/pressure  500/100 °C/bar
Exothermic reaction temperature/pressure 250/200 °C/bar
Inlet NHs molar flow of the charging process 100 mol/s

The global performance of the plant is defined as follows.
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Qe.xo + WT " hdischarge
HHVyy.myy, +We + Qcsp - Menarge

(1]

Mplant =

The numerator represents the outputs, which are the energy extracted from the ammonia synthesis and the
power generated by the expansion turbines, while the denominator represents the heat flow of the ammonia
stream from the synthesis reactor outlet, the energy consumption by the compressors and the pump, and the
heat supplied by the CSP. This is affected by a ratio of discharge hours to charge hours.

Also, equations [2] and [3] define a solar-chemical yield and a solar-electric yield. The former represents the
thermal recovery of the dissociation reaction compared to the CSP power input, while the solar-electric yield
represents the electrical energy recovery compared to the CSP power and the energy consumption of the
compressors and pump. Both efficiencies are in terms of heat and electrical energy, respectively.

Xnm,Myn, Ahyy
Nsol—ch= —— [2]
QCSP
Wr
Nsol—elec =

- - 3
We + Qcsp 3]

3.1 Economic model

The technical-economic analysis was carried out by evaluating the CAPEX and OPEX and then evaluating the
LCOS of the system.

The levelized cost of storage (LCOS) according to equation 4.

CAPEX + ¥ 2PEX

i=1 n
(141)

"_’L QEXO 4

=1 (147r)n

LCOS =

It is assumed a discount rate (r) of 3% and a useful life of the plant (n) of 20 years.

The CAPEX was evaluated using equipment costs. These equipment costs are calculated based on the
correlations shown in Table 2. OPEX is assumed to be 20% of CAPEX.

Table 2. Correlations for estimating equipment costs.

Equipment Scaling parameter Expression Reference
Pump Brake power [kW] and isentropic IC, = 6898 - chmpressgr"”“ [37]
efficiency
Power [kW] . 0.2
Compressor 16, = 750- (1) .[1 +< )] [38]
1—mp
Turbi Power [kW] - W 06897 37
urbine IC; = 4001.4 - Wyyrpine [37]
Endotermic Power [kW] 165 = 193000 - Q0" 39]
reactor
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Exotermic Power [kW] ICon = 19594 - 0, [38]
reactor

Tank Volume [m?] Crank = 83 * Viank - 107 [40]
Heat Exchanger Area [m?] [38]
exchangers pressure [bar] Table

Solar tower Preceiver [kW] IC5we = 57.07 * Preceiver [41]

and receiver

Electric Power [MW] [Cyq = 106 - P2 [38]
generator

4. Results

The results of the system at nominal conditions are shown in Table 3. The solar-to-chemical performance is
high (>90 %) due to the high conversion achieved in the decomposition reactor regarding the power input by
the sun. The global performance is low compared to other TCES, as expected by the temperature levels.
However, it the LCOS is remarkable, which is fairly low compared to other technologies.

Table 3. Results at the operation point

Parameter Value Unit
Global performance 11.55 %
Solar to chemical performance 91.84 %
Solar to electrical performance 1.753 %
Exothermic reaction heat -3.78 Mw
Endothermic reaction heat 6.207 MW
CAPEX 3.964 M€
OPEX 0.793 M€
LCOS 63.98 €/MWh

It can be observed that the LCOS of the plant is 63.98 €/ MWh, which is a competitive value, in comparison
with other types of long-term thermochemical energy storage, such as Hz and CH4 storage with levelized cost
of electricity of 260-430 €/ MWh and 360-550 €/MWh, respectively. Table 4 shows the LCOS of the different
technologies for long-term and short-term storage. [42]

Table 4. Comparison table of LCOS for the different technologies for long-term storage

Technology Type of storage LCOS [€/MWh]
PSH (Pumped Storage Hydroelectricity) long-term 930-1850
dCAES (Diabatic Compressed Air Storage) long-term 20

aCAES (Adiabatic Compressed Air Storage) long-term 20-40

H2 Storage long-term 260-430

CHg4 storage long-term 360-530

NH3 storage long-term 64
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4.1. Sensitivity analysis

Different sensitivity analyses were performed as a function of endothermic temperature. Figure 5 shows the
effect of the molar fraction as a function of the decomposition temperature and synthesis temperature. As the
decomposition temperature increases, the molar fraction of ammonia increases, whereas as the synthesis
temperature increases, the conversion of ammonia to syngas decreases to a lesser extent than the
decomposition reaction. These conversions justify performance trends.

Figure 5. Concentration profiles as a function of decomposition temperature (on the left) and synthesis
temperature (on the right)
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The next analysis is the global performance as a function of the decomposition and synthesis temperatures
parametrised at four pressures. It has been shown that the higher the operating temperature, the higher the
overall plant performance. Also, as operating pressures increase, lower overall plant performance. Increasing
the endothermic temperature increases the conversion of ammonia to syngas, thus increasing the conversion
in ammonia synthesis, releasing more heat of reaction, and increasing the yield. Likewise, the increase in
pressure in the discharge phase increases the compression power, affecting the denominator and lowering
the yield.

Figure 6 follows the same trend of the overall yield as a function of the decomposition temperature, but as the
reaction temperature increases, the yield decreases. Increasing the reaction temperature the conversion
decreases. Therefore, the heat flow of the reactor outlet stream is lower, affecting the numerator of the yield
and decreasing it.

From these graphs, the optimum operating conditions that optimise the overall performance of the plant can
be selected. The higher the decomposition temperature and the lower the synthesis temperature, the higher
the overall plant performance.
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Figure 6. Global performance as a function of decomposition temperature parametrised at four pressures
(on the left) and parametrised at four synthesis temperatures.
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In figure 7 it is shown the exothermic heat release as a function of synthesis temperature parametrised at four
decomposition temperatures. As a synthesis temperature increases, the exothermic heat released decreases.
In the opposite trend, as the decomposition temperature increase, the heat releases increase. This fact is
because as the decomposition temperature increases, the syngas produced is higher. Then, the conversion
of syngas to ammonia in the synthesis reactor is greater, releasing more heat.

Figure 7. Exothermic heat release as a function of synthesis temperature parametrised at four
decomposition temperatures.

_1 T | T I T I T
| 400 &00 i
500 =700
=L i
= | i
=
d
N = —
i | L | L

4
251 261 271 281 291

Synthesis Temperature [°C]

2213 https://doi.org/10.52202/069564-0199



Figure 8 shows the levelized cost of storage as a function of the decomposition temperature and the synthesis
temperature. As the decomposition temperature increases, the LCOS decreases. Likewise, as the synthesis
temperature increases, the LCOS takes an opposite trend, decreasing.

Figure 8. LCOS as a function of decomposition temperature parametrised at four pressures (on the left) and
synthesis temperature (on the right).
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It is shown the higher the ammonia pressure at the reactor inlet, the higher the LCOS because the OPEX of
the installation increases as the pressure drop in the pump increases. This trend is equal in the discharge
phase.

When the decomposition temperature rises, the reaction is favoured and shifts to the right, producing more
syngas. Then the heat released in the synthesis reactor will be higher. This increases the denominator of the
LCOS by lowering it. As the synthesis temperature increases, the heat of reaction decreases, resulting in a
rise in LCOS. The rise in the OPEX is reflected mainly in the pressure in both analyses. As the pressure
increases, the LCOS increases.

5. Conclusions

A thermochemical storage system is proposed, based on the decomposition and synthesis of green ammonia,
being a CO2-free solution and a very dispatchable system in terms of energy production.

There are several advantages of the proposed system that can be mentioned.

i The solar-to-chemical performance is high (92%) due to the high conversion of ammonia in the
decomposition reaction. In contrast, the overall thermal efficiency of the system is 11.55%, which is
low due to high compression consumption in relation to the exothermic energy generated in the
synthesis reaction and the temperature levels.

ii. The system produces 3.78 MW of exothermic heat, with 6.2 MW of power input in the CSP, based on
100 mol/s of green ammonia.

iii.  The system has a competitive LCOS value of 63.98 €/ MWh for the design conditions. Itis a competitive
position concerning other long-term thermochemical systems storage, such as Hz or CHs storage.

iv. The temperature/pressure torque for the load plus phase is 30°C/25 bar, and for the discharge phase
250°C/200 bar, making a compromise between overall plant performance and LCOS.
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