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Abstract: Ammonia is a promising carbon-free energy vector, hydrogen carrier, and efficient means
for long-time hydrogen storage. Power-to-ammonia-to-power concepts, powered exclusively by
electricity from renewable sources, will leave the carbon economy behind and enter a truly renewable
era. However, the fluctuating nature of renewables requires a good dynamic behavior of such
concepts. Employing the software Aspen Plus Dynamics®, this paper investigates the dynamic
behavior of a novel containerized power-to-ammonia solution to be tested at the University of
Genova in 2023. Implementing a novel kinetic reaction model, the impacts of several deviations
from the optimal values of the cycle parameters are investigated. The simulations provide practical
guidance on how to best and safely operate the cycle. A total of ten scenarios were simulated, of
which six are acceptable, two are desirable, and two should be avoided. However, all scenarios can
be safely controlled by the control infrastructure.

Keywords: power-to-ammonia; novel process design; dynamic process simulation; Aspen Plus
Dynamics®

1. Introduction

Renewable power-to-X solutions, where X represents a synthetic fuel, e.g., hydro-
gen, ammonia, or methanol, are a promising way to store a surplus of renewable energy
chemically [1]. In times of a shortage of renewables, these fuels can be converted into
electricity via thermal engines, gas turbines, and fuel cells [2–9]. Such chemical storage
has the potential to offset the drawback of renewables and their fluctuation in space and
time [10] and ensure the European Union’s goal of climate neutrality by 2050 [11].

Besides its use as an energy vector, ammonia is the precursor of synthetic fertilizers.
A total of 70% of the CO2 emissions can be saved by 2030 in the EU if the ammonia produced
for the fertilizer industry is produced from renewable energy only [12].

Power-to-ammonia (P2A) on a small scale has been suggested and tested in the past
years [13–16]. However, only for large-scale traditional ammonia plants has the dynamic
behavior been simulated [17–19], while the simulation of small P2A concepts has been less
frequently [20].

The EU FLEXnCONFU project has developed a novel small-scale P2A concept that
will be tested at the University of Genova, Italy, in 2023. The novel design is geared towards
both flexibility and low investment cost.

Flexibility will allow the cycle to harvest the fluctuating renewables when there is
a surplus of renewable energy. The system is not designed for continuous operation.
Flexibility and a fast start-up are ensured by the electrical preheater and the electrical
heating of the reactor. On the contrary, conventional P2A concepts employ an internal
gas-gas heat exchanger [14,17,18,20–35] instead of an electrical preheater.

Processes 2023, 11, 680. https://doi.org/10.3390/pr11030680 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr11030680
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-3380-9917
https://orcid.org/0000-0001-7379-9640
https://orcid.org/0000-0002-7174-4184
https://doi.org/10.3390/pr11030680
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11030680?type=check_update&version=1


Processes 2023, 11, 680 2 of 25

The low investment cost of the cycle shall first ensure a rather low market entry
barrier. Second, since the process is not designed for continuous operation, economic
profitability dictates that the cycle be low in investment cost, as high investment correlates
with longer intervals of operation and vice versa. The low investment cost of the cycle is
ensured by the use of a recycle valve instead of a second recycle compressor found in most
conventional designs [17,18,20–29,36]. The main differences between the novel and the
more conventional P2A systems are summarized in Table 1.

Table 1. Main differences between the novel and the more conventional P2A designs.

P2A Design Operating Flexibility Cost of Investment

Conventional Rather low Rather high
The dynamic behavior of an internal
gas-gas heat exchanger can be difficult
due to the feedback of the internal loop
brought to the system by this type of
heat exchanger [35].

The use of two compressors with
about the same investment cost
increases the overall investment
cost by 20% [37].

Novel Rather high Rather low
The dynamic behavior of the electric
preheater is fast and efficient. Further,
feedback behavior is not to be expected,
as there is no internal loop.

The novel layout uses a recycle
valve instead of a recycle
compressor. The investment cost of
such a valve is negligible.

The novel cycle’s start-up, load-change, and shut-down behavior have been simulated
in previous work by Koschwitz et al., 2022 [38]. Extending and building on this previous
publication, this work focuses on the simulation of different dynamic scenarios deviating
from a steady state point of operation determined in [39], i.e., failure events and changes in
the point of operation. Similar to the previous work, the simulated cases in this work also
act as preparation for the test campaigns in 2023. For safe experimentation, the simulations
help to determine what to expect and how best to react when the simulated scenarios occur.
In addition, the simulations also show if the implemented control structure is able to safely
control all scenarios.

The simulations are conducted with the software Aspen Plus Dynamics® [40]. In total,
ten dynamic scenarios were simulated: two deviations from the optimal cycle inlet molar
ratio (RH2N2) of hydrogen (H2) to nitrogen (N2); a failure of both the N2 and H2 supply to
the cycle; an increase and decrease, both for the pressure in the high-pressure part of the
cycle and in the condenser temperature; and lastly an increase and decrease in the reactor
temperature leading to two different isothermal profiles.

2. Materials and Method—System Description and Simulation Set-Up

The process diagram of the cycle, introduced by Koschwitz et al., 2022 [39], is depicted
in Figure 1. The most important cycle parameters are given in Table 2.

The N2 inlet in Figure 1 is flow controlled (FC) by the H2 inlet flow. The optimum
RH2N2 with regard to a maximum ammonia (NH3) production at the outlet of the cycle,
stream VII, is 2.96. The inlet streams are mixed with the recycle stream XII (s. Figure 1). The
pressure of 8 barg of the resulting stream I is increased to 80 barg by the cycle compressor
(s. also Figure 1). The outlet pressure is controlled (PC 1). A temperature-controlled
(TC 1) electrical preheater raises the temperature of the reactor feed to the required inlet
temperature of the reactor.

As mentioned in the introduction, this electrical preheater is a central part of the novel
P2A design. Its flexibility is much higher than that of the gas-gas heat exchangers of more
conventional P2A designs [35], which use the outlet of the reactor to heat the inlet and
thereby create difficult-to-control internal feedback loops.

The reactor in Figure 1 is an iron-based catalyst fixed bed tube reactor with three
equally long sections of 60 cm and 10 cm in diameter, each containing 14 kg of catalyst (s.
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Figure 1), for which the temperature can be controlled separately (TC 2, TC 3, and TC 4).
The temperature control in each section is achieved by a combination of electrical heating
and air cooling. The electrical heating is for a fast start-up and shifting to higher reactor
temperatures. The air cooling by free convection and, if required, aided by air ventilation
is for steady-state operation and shifting to lower reactor temperatures. The optimum
temperature profile with respect to maximum steady-state NH3 production is 380, 380, 350,
and 340 ◦C for TC 1 to TC 4, as calculated by Koschwitz et al., 2022 [39].

The Haber–Bosch reaction to form ammonia in the reactor is a gaseous equilibrium
reaction of H2 and N2 in a ratio of three to one to form two NH3 molecules in the presence
of a solid catalyst. The equilibrium equation with negative enthalpy of reaction is shown in
Equation (1) at standard conditions (25 ◦C and 1.01325 bar) [41].

3H2(g) + N2(g) 
 2NH3(g); ∆h
◦
= −46.22 kJ/molNH3 (1)

However, since the equilibrium is only reached at infinite residence time in the reactor
or infinite length of the reactor, the kinetics of the reaction has to be considered. The kinetics
employed in this work is a kinetics fitted to test data provided by the catalyst supplier
and valid in the range of 75–125 barg and 300–450 ◦C. The catalyst is a novel iron-based
catalyst designed to be active at lower temperatures and pressures than conventional iron
catalysts. This will enable the P2A cycle to run at lower operating conditions and costs. The
kinetics is an adapted form of the Aspen Plus® Langmuir–Hinshelwood–Hougen–Watson
(LLHW) kinetics given in Equation (2), where r is the catalyst mass-specific reaction kinetics
in kmol/(kg s), T is the reaction temperature in K, and pH2 , pN2 and pNH3 are the partial
pressures of H2, N2, and NH3 in bar.

r =
0.016 kmol

kg s

(
e1.604− 10488 K

T bar−2.5 p1.5
H2

pN2 − e29.194− 23235 K
T bar−0.5 p−1.5

H2
p2

NH3

)
1 + 2bar−1 pNH3

(2)

The choice and development of the reaction kinetics in Equation (2) are described in
detail in [39].

The 10 L condenser in Figure 1 separates the reactor products into mainly liquid NH3
in stream VII and gaseous H2, N2, and NH3 in stream VIII. The condenser liquid level is
controlled (LC) via outlet stream VII. Stream VII is stored in a 30 L pressurized tank at
20 bar at ambient temperature in the liquid state. The pressurized tank is not included in
Figure 1.

Stream VIII is split in an assumed molar ratio of 0.001 to 0.999 into the purge stream
IX and the recycle stream XI. This rather small assumed ratio is chosen because the purge
stream cannot be set to zero at the beginning of the simulation since all cycle components
and streams need to be active at the start of the simulation. The purge valve, aided by
the recycle valve in a cascaded control scheme (PC 2 and PC 3), controls the pressure in
the condenser, i.e., in the high-pressure part of the cycle. When the purge valve opens,
stream IX can exit the cycle as stream X. When the recycle valve opens, it allows stream
XI to enter and, reducing the pressure to the 8 barg of the lower pressure part of the cycle,
closes the recycle with stream XII exiting the recycle valve. Cascaded control, visualized
by the dotted line that connects PC 2 and PC 3 in Figure 1, means that the recycle valve is
opened or closed first, and only then, as a last resort, the purge valve is opened or closed to
control pressure. In all, the control infrastructure consists of ten controls.

As mentioned in the introduction, the recycle valve is a central part of the novel P2A
design. The investment cost of a second recycle compressor instead of the recycle valve
would be about the same as the inlet compressor [37]. For the novel design, the share of the
compressor in the investment cost is 20% [37]. Thus, the novel design has a significantly
lower investment cost.
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Figure 1. Process and control diagram of the P2A cycle.

Table 2. Main parameters of the novel P2A design and its implementation in Aspen Plus Dynamics®.

P2A Design

Electrolyzer Electrical power input 0–15 kW
Hydrogen production 0–3 Nm3/h

Reactors Catalyst Novel iron-based catalyst [39]
Catalyst mass 14 kg
Length 0.6 m
Diameter 0.1 m

Condenser Volume 10 l

Aspen Plus Dynamics®

General Property method Modified HYSPR used by
industry partners [39]

Type of controls PID optimized with
Ziegler–Nichols

Time integration Default Mixed Newton &
Implicit Euler

Compressor Isentropic efficiency 80 %
Inlet pressure 8 barg
Outlet pressure 80 barg

Reactors Pressure drop correlation Ergun

Kinetics
Modified LLHW fitted to
catalyst performance data
(Equation (2), [39])

Optimal temperature profile 380, 350, and 340 [39] ◦C
Condenser Temperature 15 ◦C

Initial liquid level 50 %

The dynamic behavior of the cycle is simulated in Aspen Plus Dynamics®. The main
simulation parameters are listed in Table 2. HYSPR with modified parameters supplied by
a project partner [42] is used as the property method (s. Table 2). For simplicity, a black-box
model with a linear 0–15 kWel input, i.e., 0–100% capacity, and 0–3 Nm3 H2/h output with
changes of 1 kWel/min, is used for the electrolyzer. The controls are of type PID and tuned
successively using the Ziegler–Nichols method. The default settings of the solvers are used,
i.e., Mixed Newton for the non-linear solver in each time step and Implicit Euler to reach
the next time step.
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All ten scenarios, each beginning at minute 7.5, were simulated with the cycle operat-
ing at 50% capacity, the assumed cycle point of operation for most of the time. At the start
of all scenarios, the purge stream X is set to a continuous value of 0.001 mol% of the gas
stream VIII from the condenser. In reality, the purge will be activated from time to time
to purge accumulating impurities such as argon. This discontinuous purging, however,
cannot be easily implemented in Aspen Plus Dynamics®.

In addition, the presence of impurities such as argon is neglected in the simulations.
This is done because the H2 supplied from the electrolyzer has a very high purity of
99.5 ± 0.3 Vol% [43]. In addition, as depicted in Figure 1, the N2 is supplied from research-
grade 99.9998 Vol% bottles [44]. Third, testing will not be long term, but short term. Thus,
accumulations of impurities are expected to be negligible. However, after the tests have
been conducted and the compositions of the gas streams in the cycle are known, a more
elaborate simulation, including the neglected impurities, can be set up if necessary.

The initial liquid level in the condenser is set to 50%, i.e., 0.15 m.
The simulated scenarios, numbered (a) to (j), are listed and described below:

(a) An increase in the N2 inlet, such that the value of RH2N2 is changed from 2.96 to
2, shall emulate a case of a malfunctioning FC, i.e., what happens to the cycle if too
much N2 is being fed into it.

(b) A decrease in the N2 inlet, such that the value of RH2N2 is changed from 2.96 to 4,
shall emulate a case of a malfunctioning FC, i.e., what happens to the cycle if too little
N2 is being fed into it.

(c) A failure in the N2 inlet, i.e., a drop from 0.023 to 0 kmol/h within 1 min, shall emulate
a sudden failure in the N2 supply or of the FC.

(d) A failure in the H2 inlet, i.e., a drop from 0.067 to 0 kmol/h within 1 min, shall emulate
a sudden failure in the H2 supply, e.g., due to an outage of the electrolyzer.

(e) A pressure increase from 80 to 85 barg in the high-pressure part of the cycle shall
determine if the cycle’s performance can be improved by higher pressure, e.g., via a
compressor retrofit.

(f) A pressure decrease from 80 to 75 barg in the high-pressure part of the cycle shall
determine if the cycle’s performance is reduced as a result of the lower pressure in the
reactor.

(g) An increase in the condenser temperature from 15 to 20 ◦C shall investigate how a
malfunctioning cooling of the condenser affects the cycle’s performance.

(h) A decrease in the condenser temperature from 15 to 10 ◦C shall investigate if the cycle
can be improved by a cooling system that reaches lower temperatures.

(i) A collective increase in the reactor temperature profile from 380, 380, 350, and 340 to
400 ◦C shall investigate how the cycle’s performance is affected by a malfunctioning
cooling of the reactor resulting in a too-high isothermal profile of the reactor.

(j) A collective decrease in the reactor temperature profile from 380, 380, 350, and 340 to
300 ◦C shall investigate how the cycle’s performance is affected by a malfunctioning
heating of the reactor resulting in a too-low isothermal profile of the reactor.

3. Results

The results of scenarios (a) to (j) for selected cycle variables are depicted in Figures 2–30.
In Figures 2 and 3 the results of scenario (a) are depicted. In Figure 2, the N2 inlet

increases from minute 7.5 to minute 10, while the RH2N2 decreases from 2.96 to 2. At
first, up to minute 12.5, the amount of NH3 that is produced in the reactor increases from
section to section (s. Figure 2 streams III to VI), and the amount of NH3 leaving the cycle
(s. Figure 2 stream VII) increases. Meanwhile, the H2 inlet stays constant. It can be seen
in Figure 3 that these increases coincide with an increase in the recycle stream, i.e., the
total recycle stream XI increases due to an increase in the recycled N2. The cycle is being
filled up with N2. In order for the pressure in the high-pressure part to be kept constant,
the recycle valve is opened up to 100% (s. Figure 3 right axis). After the recycle valve is
at 100%, the only other way to keep the high-pressure constant is for the purge valve to



Processes 2023, 11, 680 6 of 25

open. This happens at minute 12.5, as can be seen in Figure 3 from the increase in the purge
stream X. This shows that the cascaded control works, i.e., the recycle valve controls the
pressure such that no material is lost and wasted through the purge at first. Only second,
as a last resort to control the pressure, the purge valve opens, and material is lost through it.
Once the purge stream is active, the increase in the recycle stream slows down and reaches
a steady state at ca. minute 30 (s. Figure 3). At minute 12.5, i.e., when the recycle valve is
100% open and the purge is being activated, the formerly increasing NH3 mass streams
in the reactor decrease as well as the NH3 leaving the system (s. Figure 2 streams III to VI
and stream VII). Stream VII keeps on decreasing until it levels out to a steady state value
that is below its starting value. All the streams in Figures 2 and 3 reach a steady state at ca.
minute 30.

To sum up, the control architecture can stabilize scenario (a), but the side effects of (i)
losing material through the purge, (ii) a lower liquid NH3 production, and (iii) a doubled
mass flow in the recycle, lead to a higher electric power demand of the cycle compressor.

As a consequence, an increase in the N2 inlet should be avoided in the test campaigns,
and instead, the RH2N2 value of 2.96 should be maintained.
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In Figures 4–6, the results of scenario (b) are depicted. In Figure 4, the N2 inlet
decreases from minute 7.5 to minute 10, while the RH2N2 increases from 2.96 to 4. At
first, up to minute 70, the amount of NH3 that is produced in the reactor decreases from
section to section (s. Figure 4 streams III to VI), and the amount of NH3 leaving the cycle
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(s. Figure 4 stream VII) decreases. It can be seen in Figure 5 that these decreases go along
with a decrease in the recycle stream, i.e., the total recycle stream XI decreases due to a
decrease in the recycled N2. The cycle is being emptied out. In order for the pressure in
the high-pressure part to be kept constant, the recycle valve is closed at the same time
(s. Figure 5 line PC 3 on the right axis). However, at ca. minute 70, the recycle valve is
opened again and is being opened further and rather rapidly at ca. minute 100 until it is
100% open at minute 105. After the recycle valve is at 100%, the only other way to keep
the high-pressure constant is for the purge valve to open. This happens at minute 105,
as can be seen in Figure 5 from the increase in the purge stream X. This shows that the
cascaded control also works in this scenario. Along with the opening of the recycle valve,
the recycled mass streams also increase again until they both peak at minute 105 once the
purge stream is active. The recycle streams start to level out and reach a steady state at ca.
minute 130 (s. Figure 5). The total recycle stream reaches a value that is below but close
to its starting value (s. stream XI in Figure 5), which means that in scenario (b), in terms
of mass content, the cycle is first emptied out and then filled up again to where it started.
However, by comparing minutes 0 and 130 in Figure 5, it can be seen that the recycle stream
is losing N2 in the process. Furthermore, judging from Figure 4, the cycle is also losing
NH3 at first, but as the recycle valve opens again at ca. minute 70, the NH3 in the recycle
stream is increasing (s. stream III) as well as the NH3 mass streams in the reactor sections
(s. streams IV to VI). However, as can also be seen in Figure 4, the amount of NH3 leaving
the system, stream VII, first decreases slightly from minute 7.5 to minute 10, then stays
constant until minute 105, only to decrease sharply and then level off.

The closing and opening of the recycle valve and all of the formerly described results
can only be explained by looking at the molar compositions of the streams, which are
depicted in Figure 6. In Figure 6, the molar shares of H2 increase while the N2 shares
decrease constantly, both at the reactor inlet, the outlet of the last reactor section, and in
the recycle stream (s. H2 and N2 streams III, VI, and VIII). This continues up to a point
where the molar shares of H2 make up almost 90%, while the N2 shares are close to 2%.
This means that compared to the start with a molar composition of about 30 and 60% for
H2 and N2 for all streams in Figure 6, almost all N2 is replaced by H2 during the scenario.
Regarding NH3, up to ca. minute 70, the molar concentration of NH3 at the reactor outlet
is increasing, while the concentrations at the reactor inlet and in the recycle stream stay
almost constant (s. NH3 streams VI, III, and VIII in Figure 6). This means that up to this
point, an increase in H2 and a decrease in N2 in the cycle are favorable to NH3 conversion
in the reactor. This further means that albeit the total mass stream decreases (s. stream
XI in Figure 5), the NH3 leaving the system remains close to constant (s. stream VII in
Figure 4). However, after ca. minute 70, too much H2 and too little N2 are present in the
cycle, such that their ratio for NH3 conversion is less favorable, less NH3 is produced and
the molar concentration of NH3 at the reactor outlet drops (s. stream NH3 VI in Figure 6).
The higher the share of NH3 in the condenser, the more NH3 can be condensed, but as this
share decreases, less NH3 condenses, and the pressure in the condenser increases. In order
to prevent this, the recycle valve begins to open again, and the recycle stream increases
(s. valve position and stream XI in Figure 5). As a result, the amount of NH3 that is being
condensed and leaving the cycle can be maintained (s. stream VII in Figure 4), but only
until the recycle valve is fully open at minute 105. Once the recycle stream is at maximum (s.
stream XI in Figure 5), it cannot compensate for the less and less conversion of NH3 in the
reactor (s. stream NH3 VI in Figure 6). As a result, the NH3 condensation in the condenser
decreases, and in order to keep the liquid level in the condenser constant (s. LC in Figure 1),
less NH3 leaves the cycle (s. stream VII in Figure 4). This would lead to an increase in the
pressure in the condenser. To prevent this, the purge valve opens, and the purge stream is
activated (s. stream X in Figure 5). The activation of the purge finally stabilizes the cycle,
and all variables come to a new steady state at ca. minute 130 (s. streams in Figures 4–6).

To sum up, in scenario (b), the controls can keep the liquid NH3 output steady for
a while. During this time, however, the composition in the cycle changes from N2 to H2
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being the dominant component of the system. In addition, during that time, the recycled
mass flow decreases continuously, only to rise sharply again. This sharp rise happens in
connection with a fast opening of the recycle valve and a fast increase in the purge stream.
Such fast changes are damaging in terms of component durability and should thus be
avoided. After that sudden change, the cycle returns to a new steady state, with, compared
to the beginning, an almost identical recycle mass flow but a lower liquid NH3 output and
a mass flow that is lost through the purge.

Consequently, a decrease in the N2 inlet should be avoided in the test campaigns, and
instead, the RH2N2 value of 2.96 should be maintained.

In addition, comparing scenarios (a) and (b), scenario (a) retains a higher liquid NH3
production but at the cost of a higher recycle flux to be compressed by the cycle compressor
and thus increasing the power demand of the cycle. Furthermore, the cooling demand in
the condenser also increases with an increase in the recycle flow. On top of that, scenario (b)
displays a lower loss through the purge. Therefore, it is hard to decide whether an increase
or a decrease in N2 influx is worse for cycle performance.
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Scenario (c) is depicted in Figures 7 and 8. In Figure 7, it can be seen that with the
drop in the N2 supply, the NH3 outlet stream VII also drops, then recovers for a short
while as the N2 in the system is being used up (see the drop in the recycle stream N2 XI in
Figure 8). The pressure in the high-pressure part is maintained by the closure of the recycle
valve (s. valve position in Figure 8). At ca. minute 30, not enough N2 is left in the system
for continued NH3 conversion. The H2 and NH3 in the cycle accumulate, leading to an
increase in pressure in the high-pressure part of the cycle, resulting in the recycle valve
being opened again (s. valve position in Figure 8). Once the valve is completely open, the
purge line opens at minute 33 (s. stream X in Figure 8). From then on, the recycled mass
stream stabilizes (s. stream XI in Figure 8). This happens because no more NH3 leaves the
system via stream VII (s. stream NH3 VII in Figure 7). Instead, the condenser loses NH3 in
the vapor state, and consequently, the liquid level of NH3 decreases in the condenser (s.
condenser liquid level on the right axis in Figure 7). The vaporized NH3 mainly enters the
recycle stream. A smaller part is lost in the purge. At minute 280, the condenser does not
contain any liquid NH3 anymore, and the simulation fails, as the condenser has to contain
two phases for a working simulation. However, in reality, the cycle would continue to
operate, but all the inlet H2 would be purged, and no liquid NH3 would be produced.

To sum up the case of a stop of the N2 supply of scenario (c), the system first enters a
stable state, constantly losing liquid NH3 in the condenser, which is vaporized and partly
lost in the purge. This stable state ends after approximately 4.5 h when the condenser
contains no liquid NH3 anymore. The simulation fails at this point due to the requirement
of two phases being present in the condenser but lacking the liquid phase. In reality, the
process would continue, with the undesired state of a complete loss of the inlet H2 through
the purge, gas being recycled with no purpose, and no liquid NH3 leaving the cycle.

For the test campaigns, this means that a short-term stop in the N2 inlet does not have
any major ramifications, as some NH3 continues to be produced. However, a long-term
stop in the N2 inlet means that the cycle has to be shut down, as the condenser is being
emptied out, no more NH3 is being produced, and H2 is being wasted.
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Figure 8. Further mass flows (left vertical axis) and position of the recycle valve (right vertical axis)
of scenario (c).

Scenario (d) is depicted in Figures 9 and 10. In Figure 9, it can be seen that with the
drop in the H2 supply, the NH3 outlet stream VII also drops. The H2 in the system is being
used up (see the drop in H2 mole fractions in Figure 10) to a point at ca. minute 20, where
no NH3 is produced anymore, and the entire mole fractions stay constant (s. Figure 10).
Similar to scenario (c), in this scenario, the liquid NH3 in the condenser starts to evaporate,
and the liquid level drops (s. Figure 9 right axis condenser liquid level). At minute 340, 60
min later than in scenario (c), no liquid NH3 is left in the condenser, and the simulation
ends. However, in the real plant, the cycle would also, in this case, continue to operate,
with all the N2 entering the cycle being purged and no liquid NH3 leaving the cycle.

To sum up the case of a stop of the H2 supply of scenario (d), the system first enters a
stable state, constantly losing liquid NH3 in the condenser, which is vaporized and partly
purged. This state continues for approximately 5.6 h until the condenser contains no liquid
NH3 anymore. However, compared to scenario (c), the cycle loses less liquid NH3 per time
and is thus a more favorable scenario. In addition, the H2 supplied via electrolysis is more
costly than the N2. However, both should never be wasted and lost in the purge.

The results of scenario (d) have the same consequence for the test campaigns as the
results of scenario (c). A short-term stop in the H2 inlet is acceptable if reversed quickly. A
long-term stop means that the plant has to be shut down.
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The results of scenario (e) are depicted in Figures 11–13. In Figure 11, the pressure
increase in the high-pressure part of the cycle is displayed. The reason for the maximum
time of 2500 min, i.e., 1.7 days, can be seen in Figure 12, as the system takes that long to
reach a steady state again. The recycled mass stream drops from 6.6 kg/h to 4.1 kg/h only
to increase slowly to reach a value of 5.9 kg/h (s. stream XI in Figure 12). Likewise, the
recycle valve closes from 50 to 30 only to open again to a value of 42% (s. right axis recycle
valve position in Figure 12). The slow response and high response time of the recycle valve
hint at the fact that the control of the recycle valve can be optimized with regard to a faster
response. However, Figure 12 mainly shows that an increase in the high pressure reduces
the recycled mass stream. Furthermore, this reduction comes along with an increase in the
liquid NH3 that leaves the cycle and with a reduction in the mass stream that is purged (s.
Figure 13 for the mass percentage changes of these two streams, left axis NH3 VII and right
axis purge X).

To sum up, an increase in the high pressure of scenario (e) is desired, as it increases the
liquid NH3 that leaves the cycle and, at the same time, reduces the mass that is lost through
the purge. However, the recycle valve control parameters should be improved regarding a
minimized response time.
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For the test campaigns, this means that the compressor should be operated at maxi-
mum outlet pressure at all times to maximize NH3 production.
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The results of scenario (f) are depicted in Figures 14–16. In Figure 14, the pressure
decrease in the high-pressure part of the cycle is displayed. The reason for the maximum time
of 2.500 min, i.e., 1.7 days, here as well can be seen in Figure 15, as the system takes that long
to reach a steady state again. The recycled mass stream rises from 6.6 kg/h to 12.2 kg/h only
to decrease slowly to reach a stable value of 5.4 kg/h (s. Figure 15 stream XI). Accordingly, the
recycle valve opens from 50 to 98, only to close again to a value of 45.1% (s. Figure 15 right
axis recycle valve position). Similar to scenario (e), the slow response time of the recycle valve
here also hints at the fact that the control parameters of the recycle valve can be optimized
with regard to a faster response. However, Figure 15 mainly shows that a decrease in the
high pressure reduces the recycled mass stream here, too. Different from scenario (e), the
recycle valve cannot control the high pressure on its own. The purge valve is opened as well,
resulting in an increase in the purge stream (s. Figure 16 right axis stream X). Furthermore,
the amount of liquid NH3 that leaves the cycle is reduced (s. Figure 16 stream VII).

To sum up scenario (f), a decrease in the high pressure is undesired, as it decreases the
liquid NH3 output that leaves the cycle and, at the same time, increases the mass that is
lost through the purge. On top of that, the slow response time of the recycle valve control
implies here as well, that its control parameters should be improved.

For the test campaign, scenario (f) has the same implication as scenario (e), i.e., the
compressor should always be operated at maximum pressure.
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Figure 15. Recycle mass flow (left vertical axis) and position of the recycle valve (right vertical axis) 
of scenario (f). 

  

Figure 15. Recycle mass flow (left vertical axis) and position of the recycle valve (right vertical axis)
of scenario (f).
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and an increase in the purge stream (s. percentage change of stream X right axis). Both 
effects are undesired. 

To sum up, in scenario (g), an increase in the condenser temperature has a similar 
impact as the pressure decrease in scenario (f), i.e., a decrease in liquid NH3 output and 
an increase in the mass lost through the purge. Therefore, scenario (g) has to be prevented 
as well. In general, it can be said that all scenarios that come with an increase in the recycle 
mass flow, i.e., scenarios (a) and (g), raise the power input of the compressor and the 
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For the test campaigns, scenario (g) shows that the condenser temperature should 
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Figure 16. Percentage change of mass flows NH3 VII and X (left and right vertical axis) of scenario
(f).

The results of scenario (g) are shown in Figures 17–19. In Figure 17, the constant
condenser liquid level (left vertical axis), as well as the condenser temperature increase
(right vertical axis), are displayed. The constant liquid level value shows that the LC (s.
Figure 1) works despite a change in the condenser temperature. In this scenario as well,
the reason for the maximum time of 2500 min, i.e., 1.7 days, can be seen in Figure 18, as
the system takes that long to reach a new steady state. The recycled mass stream rises
from 6.6 to 9.8 only to decrease slowly to reach a value of 6.9 kg/h (s. Figure 18 stream
XI). Correspondingly, the recycle valve opens from 50 to 74.5 only to close again to a value
of 53.7% (s. Figure 18 recycle valve position right axis). The slow response of the recycle
valve here also leads to the assumption that the recycle valve control parameters can be
optimized. From Figure 19, it can be seen that an increase in the condenser temperature
leads to both a decrease in liquid NH3 output (s. percentage change of stream NH3 VII)
and an increase in the purge stream (s. percentage change of stream X right axis). Both
effects are undesired.

To sum up, in scenario (g), an increase in the condenser temperature has a similar
impact as the pressure decrease in scenario (f), i.e., a decrease in liquid NH3 output and an
increase in the mass lost through the purge. Therefore, scenario (g) has to be prevented as
well. In general, it can be said that all scenarios that come with an increase in the recycle
mass flow, i.e., scenarios (a) and (g), raise the power input of the compressor and the
condenser and are thus undesired.

For the test campaigns, scenario (g) shows that the condenser temperature should
not be increased. There will be different cooling utilities, i.e., air, water, and chilled water,
available at the test site. All these utilities will be used to try to keep the targeted condenser
temperature at 15 ◦C.



Processes 2023, 11, 680 15 of 25Processes 2023, 11, x FOR PEER REVIEW 21 of 38 
 

 

 
Figure 17. Condenser liquid level and position of the recycle valve (left and right vertical axis) of 
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Figure 17. Condenser liquid level and position of the recycle valve (left and right vertical axis) of
scenario (g).
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Figure 18. Recycle mass flow and position of the recycle valve (left and right vertical axis) of scenario 
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Figure 18. Recycle mass flow and position of the recycle valve (left and right vertical axis) of scenario
(g).
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Figure 19. Percentage change of mass flows NH3 VII and X (left and right vertical axis) of scenario
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The results of scenario (h) are depicted in Figures 20–22. In Figure 20, the constant
condenser liquid level (left vertical axis), as well as the condenser temperature decrease
(right vertical axis), are displayed. The constant liquid level value, similar to scenario (g),
also shows that the LC works despite a change in the condenser temperature. As can be
seen in Figure 21, the material in the cycle (s. stream XI) first decreases rapidly and then
slowly increases to a value of 6.4 kg/h, 0.2 kg/h less than at the start of the scenario. This
means that in contrast to scenario (g), the mass in the system decreases, and this comes
along with an increase in liquid NH3 output and a reduction in the mass that is lost in the
purge (s. Figure 22 left and right vertical axis, streams NH3 VII and X).

Summarizing scenario (h), a decrease in the condenser temperature has the same
desired impacts as the high-pressure increase in scenario (e), namely an increase in the
liquid NH3 stream leaving the cycle as well as a reduction in the mass that is being lost via
the purge.

Consequently, in the test campaigns, the available cooling utilities will not only be
used to keep the targeted condenser temperature at 15 ◦C but will also be used to try and
further reduce the condenser temperature in order to increase the NH3 output.
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The results of scenario (i) are depicted in Figures 23–26. In Figure 23, the change from
a falling temperature profile of 380, 380, 350, and 340 ◦C in the preheater and the three
reactor compartments to an isothermal profile of 400 ◦C is depicted (s. streams III to VI).
Consequently, the mole composition profile in the reactor changes as well, as can be seen in
Figure 24. The conversion into NH3 decreases in the first reactor compartment (s. the drop
of the mole fraction NH3 IV in Figure 24). In the two following compartments, no NH3 is
produced anymore, as the mole fractions NH3 V and VI are the same as the mole fraction
NH3 IV. Furthermore, the NH3 composition at the outlet of the third reactor section, stream
VI, is significantly lower than at the start of the scenario. This means that less NH3 can be
condensed in the condenser, and the liquid NH3 stream VII leaving the cycle decreases, as
depicted in Figure 25.

In addition, a lower NH3 conversion in the reactor means that more N2 and H2 remain
in the system, leading to a higher recycle mass flow (s. sharp increase in stream XI in
Figure 26) and an increase in the opening of the recycle valve (s. the rapid opening of the
recycle valve position in Figure 26 right axis). As a last resort to prevent a potential pressure
increase in the high-pressure section of the cycle, the purge valve opens, and the purge
stream X in Figure 26 increases. At ca. minute 17 (s. Figures 25 and 26), the system starts to
stabilize. More and more N2 and H2 enter the system through the inlets. However, since
almost three parts of H2 to one part of N2 enter the system, and both are not converted to as
much NH3 as before, and H2 becomes the dominant component in the cycle with a molar
share of almost 0.7 (s. Figure 24 molar fractions of H2 of streams III to VI). This change in
composition leads to a new and stable steady state as NH3 conversion starts to pick up
again (s. rise in NH3 mole fractions IV to VI in Figure 24). This conversion decreases the
recycle mass stream (s. stream XI in Figure 26), and the recycle valve is closed again (s. also
Figure 26 right axis). All streams in Figures 24–26 level off, and at approximately minute
240, the new steady state is reached.

This new steady state displays a smaller NH3 conversion in the reactor resulting in a
smaller liquid NH3 stream leaving the system and is thus undesired. In addition, a larger
mass stream is lost through the purge. The only positive outcome is a decreased recycle
mass stream, which leads to a smaller power uptake of the recycle compressor.

The practical implications of scenario (i) are that during the test campaign, the falling
temperature profile in the reactor of 380, 350, and 340 ◦C should be monitored closely and
not be increased as it worsens the conversion in the reactor.
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The results of scenario (j) are depicted in Figures 27–30. In Figure 27, the change from
a falling temperature profile of 380, 380, 350, and 340 ◦C in the preheater and the three
reactor compartments to an isothermal profile of 300 ◦C is depicted. Consequently, the
mole composition profile in the reactor changes as well, as can be seen in Figure 28. In
contrast to scenario (i), the conversion into NH3 in the three reactor sections continues,
but at a lower level than at the beginning (s. Figure 28 NH3 mole fractions IV to VI). This
points to the fact that the reactor is not long enough for the NH3 conversion to reach its
equilibrium at 300 ◦C.

The NH3 composition at the outlet of the third reactor section is significantly lower
than at the start of the scenario (s. Figure 28 NH3 mole fraction VI). This means that less
NH3 can be condensed in the condenser, and the liquid NH3 stream VII leaving the cycle
decreases, as depicted in Figure 29 (stream NH3 VII). Furthermore, a lower NH3 conversion
in the reactor means that more N2 and H2 remain in the system, leading to a higher recycle
mass flow (s. stream XI in Figure 30) and an opening of the recycle valve (s. Figure 30,
recycle valve position right axis). As a last resort to prevent a potential pressure increase in
the high-pressure section of the cycle, the purge valve opens, and the purge stream X in
Figure 30 increases. At ca. minute 24 (s. Figures 29 and 30), the recycle stream decreases,
and the recycle valve closes (s. Figure 30). The system starts to stabilize with a dip at ca.
minute 75, followed by a leveling off of the streams (s. Figures 28–30) to reach a new steady
state at approximately minute 400.

Similar to scenario (i), the new steady state of scenario (j) also displays a smaller NH3
conversion in the reactor, resulting in a smaller liquid NH3 stream leaving the system.
Thus, scenario (j) is undesired, too. Comparing Figure 29 to Figures 25 and 30 to Figure 26,
the cool-down scenario (j) seems to be more tolerable than the heat-up scenario (i), as the
decrease in liquid NH3 and the increase in the purge stream are less severe. However, the
cool-down scenario takes longer to be stabilized by the controls to reach a new steady state.
Furthermore, the recycle mass stream at the end of scenario (j) is higher than in scenario (i),
which means that the energy uptake of the compressor in scenario (j) is higher.

For the test campaigns, scenario (j) has the same lessons learned as scenario (i), i.e., that
the optimum reactor temperature profile should not be lowered but be kept and monitored
closely.
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In summary, the control infrastructure is able to safely control all ten scenarios. Thus,
it can be assumed that the test campaigns should be rather safe for the operating personnel.
None of the scenarios results in a potentially risky situation, e.g., an uncontrolled increase
in the reactor temperature or pressure.

However, the two scenarios, (c) and (d), should be avoided over all other scenarios,
as they both lead to a zero NH3 output in the end. A temporary failure in the N2 and H2
supply is acceptable but should be fixed as soon as possible when the tests are conducted.

In addition, some of the scenarios, i.e., (b), (c), (i), and (j), display a rather sudden
change in the recycle valve position accompanied by a rather sudden change in the recycle
mass flow. Such stark changes may cause damage to the cycle components. Hence, in the
test plant operation, these scenarios should not be tested too many times and should be
avoided in long-term operation.

Furthermore, it can be said that all scenarios which entail an increase in the mass
stream that is purged and lost to the system, i.e., all scenarios apart from (e) and (h), are
undesired.

Scenarios (e) and (h) are the only desirable scenarios, as in both scenarios, the liquid
NH3 stream that leaves the cycle increases, and both the purge and recycle mass stream
decrease. Comparing scenarios (e) and (h), (e) displays a larger reduction in the purge
stream as well as in the recycle stream, but (h) shows a higher increase in the liquid NH3
production. This is why it is hard to say if an investment in a compressor with a higher
outlet pressure is more favorable to the P2A system than a cooler with a lower cooling
temperature to cool the condenser. Only the test campaigns will reveal which scenario, (e)
or (h), is more favorable in terms of NH3 production and cycle efficiency. Afterward, it can
be decided how to best optimize the cycle, i.e., by an investment in a better compressor or
a better cooling system.

All scenarios (e) to (h) show that the recycle valve control parameters should be
improved in terms of reaction time. In addition, the cascaded control of the high-pressure
part of the cycle as a whole should potentially be revised, as in all of these four scenarios,
it takes a very long time to reach the new steady state. The optimization of these control
parameters and the cascaded control design will be part of the test campaigns.

Lastly, comparing scenarios i) and j), the cool-down reactor scenario (j) results in a
lesser decrease in the liquid NH3 output, and the purge mass stream is smaller. However,
in scenario (i), the recycle mass stream is smaller, and the time taken for the controls to
reach a new steady state is also reduced. Thus, it can be argued that both a high and a
low isothermal reactor profile are worse for the P2A system. In either case, for the test
campaigns, it is vital to monitor the reactor temperature profile closely and to maintain the
optimal temperature profile.



Processes 2023, 11, 680 22 of 25

4. Discussion & Conclusions

In this work, a total of ten scenarios of a novel small-scale P2A cycle employing
the software Aspen Plus Dynamics® were conducted. A novel kinetic reaction model
was implemented as well. The scenarios all emulate events, i.e., changes in operating
parameters and failure events that are likely to occur during the first-time operation of the
containerized new system in 2023. Thus, the simulations are preparation and guidance as
to what to expect and how best to conduct the actual tests.

The ten scenarios are: an increase in N2 input (a)), a decrease in N2 input (b)), a stop
in N2 input (c)), a stop in H2 input (d)), a high-pressure increase (e)), a high-pressure
decrease (f)), a condenser temperature increase (g)), a condenser temperature decrease
(h)), a change to a high-temperature isothermal reactor profile (i)), and lastly a change to a
low-temperature isothermal reactor profile (j)).

The simulations showed that all scenarios could be safely controlled by the control
infrastructure. This suggests that the scenarios are also safe for the operating personnel
during the test campaigns, provided that the system is monitored and that the other safety
installations, such as gas warning devices and safety valves, operate reliantly.

However, the failures in the N2 and H2 supply, scenarios (c) and (d), should be
remedied as quickly as possible should they occur. In the long run, these are the only
scenarios that lead to a zero NH3 output of the cycle. The system will continue to operate,
but the inlets will be purged after some cycles in the loop, with no NH3 being produced.
As a consequence of the real plant tests, a temporary failure in the N2 and H2 supply can be
controlled, but, as was to be expected, a long-time failure needs to be fixed, and the plant
needs to be shut down in the meantime.

In addition, some of the scenarios, i.e., (b), (c), (i), and (j), cause rather sudden changes,
e.g., in the recycle valve position, which are likely to damage the cycle components. Hence,
in the test plant operation, these scenarios should not be tested too many times and should
be avoided in long-term operation.

Lastly, scenarios (e) and (h) are the only two desirable scenarios because they lead to
an increase in NH3 production and a decrease in the recycle mass and purge. Consequently,
for the actual tests, the aim will be to operate the compressor at maximum outlet pressure
and to keep the condenser temperature as low as possible. Especially the optimization of
the cooling will be studied in the test campaigns, with different cooling utilities available at
the test site, i.e., air, water, and chilled water.

Looking ahead, the results of the simulations will not only be used as guidance for the
test campaigns in 2023 but also to validate the simulations. In addition, the test results will
help to improve the dynamic model by altering chosen settings and changing assumptions
that were made so the model better fits the behavior of the real plant. A comparison of the
actual test data with the performance of the improved model will be published in a follow-
up paper to this work. The optimized and validated dynamic model can then be used for
the design and prediction of the dynamic behavior of similar small-scale P2A systems.
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