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Abstract

Ammonia is a promising zero carbon and sustainable hy-
drogen carrier that can be used as a fuel in solid oxide
fuel cells (SOFC) by offering advantages related to the
ease of storage and the possibility of being used directly
without an external reformer. In this study, a Modelica-
based dynamic model of an ’Ammonia to Power’ (A2P)
system was developed by integrating ammonia decompo-
sition kinetics, electrochemical reactions, all the system-
level components and the main control loops. A novel
Balance of Plant (BoP) configuration is proposed, featur-
ing a five-way heat exchanger that recovers waste heat pri-
marily using the fuel stream as the thermal energy vector
instead of air. The model evaluates transient responses
to operational perturbations, the behavior of the different
control loops, and recirculation percentage rates to opti-
mize system performance. Efficiency is calculated as the
ratio of the power output from the SOFC to the power de-
rived from the fresh ammonia line.

Keywords: SOFC, Ammonia, BoP, High temperature fuel
cell

1 Introduction

The sustainable energy transition needs carbon-neutral so-
lutions to meet the worldwide increasing energy demand
(16 TW in 2010 to 23 TW in 2030 and 30 TW in 2050)
while minimizing the environmental impacts (Dresselhaus
and Thomas 2001). In this contest, green hydrogen pro-
duced from renewable energy sources (RES) plays a cru-
cial role and is considered a potential alternative to fossil
fuels. However, the establishment of a hydrogen econ-
omy faces substantial hurdles that must be addressed. Be-
yond the necessity of large-scale production of renewable-
based green hydrogen, there are also long-standing chal-
lenges related to transportation, distribution, storage, and
end-use of hydrogen that need a solution. Therefore, it
is essential to develop innovative and effective strategies
that can facilitate sustainable energy transition. In this per-
spective, the potential of utilizing ammonia as a hydrogen
carrier for on-site power generation via ammonia decom-
position is systematically discussed (Zhai et al. 2023). Hy-
drogen possesses a high gravimetric energy density of ap-
proximately 120 MJ/kg, surpassing conventional fuels like
gasoline (44 MJ/kg) but the volumetric energy density of
hydrogen is lower, so it requires larger vessels for storage

and transportation. Different physical and material-based
technologies have been explored for the dense storage of
hydrogen but physical processes such as liquefaction and
compression, which are used for storage and transporta-
tion, are energy intensive. For instance, hydrogen lique-
faction consumes about 13.8 kWh/kg of liquid hydrogen,
which corresponds to approximately 40% of hydrogen’s
energy content (Zhang et al. 2023). Similarly, hydrogen
compression to high pressures, such as 700 bar, is es-
sential for applications like fuel cell vehicles to achieve
acceptable storage compactness. This process is energy-
intensive; for instance, a study reported that using multi-
ple pressure stages in refueling stations can reduce com-
pressor power consumption by 17%, highlighting the sig-
nificant energy demands of hydrogen compression. On
the other hand, material-based storage, such as zeolites
and metal hydrides, can provide a hydrogen storage ca-
pacity of up to 13 wt%., but these technologies often face
challenges related to technological readiness levels (TRL).
Higher energy densities are obtained with hydrogen stor-
age in the form of chemicals such as methanol (12.5 wt %)
or ammonia (17.65 wt%). Ammonia (NH3) has emerged
as a promising hydrogen carrier and carbon-free fuel, of-
fering a unique combination of high hydrogen content,
established global infrastructure, and compatibility with
various energy conversion technologies. Historically, the
ammonia synthesis via the Haber-Bosch (HB) process has
been fundamental in worldwide agriculture and industry,
by enabling the large-scale ammonia production via nitro-
gen and grey hydrogen produced via steam methane re-
forming, under high temperature and pressure operating
conditions. The potential of ammonia as an energy car-
rier spans multiple applications, including internal com-
bustion engines (ICE (Tornatore et al. 2022) ), gas turbines
(Pashchenko 2024a) , and fuel cells (Pashchenko 2024a;
Qi et al. 2023; Pashchenko 2024b). Among these, solid
oxide fuel cells (SOFCs) stand out for their ability to uti-
lize ammonia directly as a fuel, bypassing the need for
external hydrogen production or cracking processes. This
direct utilization enables SOFC systems to achieve high
power densities while producing only nitrogen and water
as byproducts, aligning with the goals of a sustainable en-
ergy future (Dhawale et al. 2023). Several authors studied
the configurations of direct ammonia SOFC system and
their performance (Cinti et al. 2016; Nemati et al. 2025;
Ayerbe et al. 2024). In their work, Cinti et al. have demon-
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strated the improved efficiency of a direct ammonia SOFC
system if compared to a hydrogen-based one. Nemati et
al. have shown the importance of the anode off-gas recir-
culation and pre-cracking to improve the efficiency and re-
duce the impact of nitriding. The dynamic behavior of the
A2P BoP is notably complex due to the interaction among
its various functional zones, subcomponents, and control
loops. This study addresses this challenge by developing
a comprehensive dynamic model in Modelica language,
serving as a prototyping tool that enables the analysis of
overall system performance, including the direct ammo-
nia solid oxide electrolyzer, the external cracker, and the
waste heat recovery system under various operating sce-
narios. Additionally, the incorporation of advanced con-
trol loops and recirculation strategies offers new insights
into the system-wide dynamics and operational stability,
contributing novel understanding to the field of P2A plant
integration and control

2 Methodology

Dynamic modeling is crucial to understanding and opti-
mizing the behavior of an energy system balance of a plant
under different operational conditions by simulating com-
plex interactions between the system components. Dy-
namic modeling activities can also be a useful guide for
the development of a control strategy to enhance over-
all system efficiency, flexibility, and reliability. Mod-
ern process modeling has evolved beyond simple mate-
rial and energy balance calculations to become a strate-
gic tool for managing and better understanding the po-
tential of prototypes by gaining a competitive advantage
(Ayerbe et al. 2024). Robust models enable rapid adap-
tation to market changes and serve as repositories of cor-
porate knowledge. Models also capture valuable experi-
mental data that aid in process optimization, redesign, and
patent development. This creates a continuous improve-
ment cycle in which each use enhances the value of the
model, increasing the return on investment, and driving in-
novation. The Modelica language (Mattsson and Elmqvist
1997; Qiu et al. 2024) enables the simulation of complex
systems such as the balance of plant (BoP) of hydrogen
systems by using non-causal modeling, reusable compo-
nents, and equation-based formulation. Non-causality al-
lows the same equations to be used for forward and in-
verse kinematics, enhancing adaptability across engineer-
ing applications. In addition, the use of proper media for
the fuel and air stream ensures accurate thermodynamic
property calculations that are fundamental for calculating
a heat and material balance that gives crucial information
regarding the design of the overall system. In this study,
one-dimensional equidistant discretizations is applied to
each component of the BoP model. Furthermore, diffusion
phenomena were neglected by simplifying the simulation.

2.1 BoP Model Description

This work presents the development of an ‘Ammonia to
Power’ (A2P) plant model based on solid oxide fuel cell

technology, which incorporates all other components of
the system. In Figure 1, the functional Process and Instru-
mentation Diagram (P&ID) is presented:
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Figure 1. Functional Process and Instrumentation Diagram
(P&ID) with fuel loop (black line) and air loop (orange line)

In the P&ID, the air flow loop is identified in orange, while
the fuel flow loop appears in black. Each component is
clearly labeled, and the regions associated with the waste
heat recovery system, as well as the fuel cooling and re-
circulation circuits, are marked with dashed outlines for
easy identification. To contribute to the development of
an efficient and sustainable ammonia-based energy solu-
tion, this study aims to provide information on system de-
sign, operation, and control strategies. The key core of
the system is represented by a solid oxide fuel cell stack,
but particular attention was paid to the waste heat recov-
ery and recirculation aspect of the anode off-gas within the
AMON project. In Figure 2, the layout of the BoP model
is presented using the Modelon Impact (Modelon 2025)
interface.

From the layout in Figure 2, it is possible to distin-
guish the hot BOP that works at high temperature from the
cold BOP starts from the condenser (block 6) and finishes
downstream of the recirculation blower (block 9). More-
over, it is possible to also notice that other components of
the Modelon library (joints and splits) were used to couple
and split the fuel and air streams in the Hot BoP.

The BoP components in Figure 2 are numbered and de-
scribed in the following.

1) Stack

The stack model is based on the Fuel Cell library (Ander-
sson et al. 2011) by Modelon Impact (Fuel Cell Library
2025; Modelon 2025). The model was modified by im-
plementing ammonia cracking in the anode channel. The
stack model was validated by considering the polariza-
tion curves obtained in FBK test benches for other works
within the AMON project. Moreover, to the stack an ac-

396

Proceedings of the 16" International Modelica&FMI Conference
September 8-10, 2025, Lucerne, Switzerland

DOI
10.3384/ecp218395



Session: Fuel Cell Modeling and Control in Track for Energy

Figure 2. Layout of Ammonia to Power BoP model in Modelon Impact.

tive control loop based on a PID that controls the current
delivered by the stack is applied in order to control the
desired power for the different operating modes.

2) External Cracker

The External Cracker model is based on the use of the
Modelon Standard Library by using the reaction channel
and distributed pipe model that are connected to the metal
wall model in counterflow mode.

3) Heat Exchanger Network

The model of the heat exchanger network is based on 4
heat exchangers that are calibrated according to the tech-
nical datasheet provided within the AMON project. In ad-
dition, several split and joint components of the Modelon
library were used to modify the mass flow rates of the four
different HEXs. In particular, air, which typically serves
as the thermal carrier for the high-temperature balance of
plant (BoP) components in SOC technologies, is used only
10% to preheat the recirculated fuel mixture (NH3 and
Nj), while the remaining portion is used to preheat the air
entering the stack. Each heat exchanger (HEX) consists of
a distributed pipe connected to a metal wall.

4) Fresh Ammonia Sourcer

This is an ideal ammonia source model at 25 °C and the
ammonia mass flow rate required by the system is calcu-
lated as a function of the current delivered from the stack
and the utilization of the fuel:

)]

where n.ep is the number of cells in the stack, I is the
current, Uy is the fuel utilization (equal to 0.7), F is the

Faraday constant and MMyn, = 0.017031kg/mol is the
molecular weight of ammonia.

5) Air Source
This is an ideal air source model at 25 °C with the mass
flow rate defined as follows:
neend
AUp F
where Uy, is air utilization (equal to 0.11), Yo, is

the oxygen content of the air (0.2094%) and MM =
0.028965kg/mol is the molecular weight of the air.

6) Chiller

The chiller is an ideal and simplified model of a simple
pipe connected to a thermal power source that chills the
Off Gas Anode (AOG) to 25 ° C using a specific PID com-
ponent to modulate the cooling power required.

A = Yo, MM pj; )

7) Condenser

The Condensing Separator model is a Modelon library
component based on a condensing volume that efficiently
separates water from a generic gas stream. A specific con-
densate medium is used by implementing two medium
converters that can couple the medium used for the fuel
and the condensate one.

8) Recirculation Blower

This is a simplified model of an axial fan in which the
characteristics of the fan with respect to the volume flow
rate Vqow and the power absorbed by the fan Py, have
been implemented as follows:

Moreover, a time constant T affects the equations that
govern the mass flow rate (mgqqy) and power consumption
(P) as can be seen in the following equations:

DOI
10.3384/ecp218395

Proceedings of the 16 International Modelica&FMI Conference
September 8-10, 2025, Lucerne, Switzerland

397



Dynamic modelling of an Ammonia to Power application at high efficiency using a solid ...

Carachteristic curves

0.0175 4
r 50

0.0150 4

IS
S

0.0125 4

0.0100 4

Vflow (m*/h)
w
8
Pfan(W)

0.0075

N
5

0.0050

0.0025 A

6000 8000 10000 12000

dp

2000 4000

Figure 3. Characterization curves of the recirculation fan

dmﬂ W
Tlo + Mflow = Vﬂowin dAinﬂow (3)
dP
TE +P:Pfanin 4)

where dAjhaow 1S the mass density calculated in the
mass port upstream of the component.
The speed of the recirculation blower is controlled by a
PID controller to maintain the upstream pressure higher
than the environmental pressure during transitions be-
tween different operating modes.

9) 3-Ways recirculation valve

This three-way valve model is designed for single-phase
medium applications and belongs to the ThermalPower
1.28 library of Modelon (Modelon 2025). The valve as-
sumes turbulent, non-choked flow with static mass and en-
ergy balances and no actuator dynamics. By default, the
flow characteristic is linear, but can be customized.

10) Ammonia Catalytic burner

The burner model is a fixed volume combustion chamber
of the Modelon library. In this study, it was modified ac-
cording to the A2P system by replacing fossil fuels with
a mixture of hydrogen (H;) and ammonia (NH3). Energy
calculations use the Lower Heating Value (LHV) of the
H2/NH3 blend.

3 Main processes

In this section, the main processes implemented in the
A2P dynamic model are described. A particular medium
NASA-based of 5 elements (Hy, NH3, H O, N3, O;) was
created to implement Ammonia in the fuel composition.

3.1 Ammonia cracking Processes

For ammonia cracking, the studies by Kishimoto et al.
(Kishimoto et al. 2017) and Lucentini et al. (Lucentini
et al. 2021) were considered. The model of Kishimoto
et al. was applied to the cracking of ammonia within the
anode channel of the stack (block 1), as they developed

an experimentally validated ammonia decomposition re-
action (Ryisn) for a Ni-YSZ anode. The reaction model
developed by Lucentini et al. (Ry,) for the decomposition
of ammonia over Ni-Ru supported on CeO, was applied
to the external cracker reaction channel (block 2). The
following equations present the ammonia degradation re-
action rates for both the stack and the external reformer:

. E
Rxish = SNi-poreANl pore exXp (_RT> p%H3 (sz + C)b %)

kK1CNH,

Riye = (6)

2
G
(1 + K1 Cnn; + ,?42>

In this study, the materials constituting the storage cell
and the cracker catalyst are not yet defined, so the same
materials of the reference papers were considered by us-
ing the same values of the coefficients for the two reaction
rates. Subsequently, the ammonia decomposition reaction
of Lucentini et al. is calibrated considering the coefficient
values valid for SNilRu/CeO, by implementing the geo-
metric characteristics of the cracker presented in Table 1,
which refers to the equivalent diameter of the pipe having
the same cross section as the rectangular channel of the
cracker plates.

Table 1. Technical specifications of the external cracker

Parameters Value Unit Description

Nplates 34 - Number of plates

Apeat 0.4 m? Heat exchange area
length 20.7 cm Total length

height 13.7 cm Total height

width 7.7 cm Total width

deg 25 cm  Equivalent diameter

Eped 0.245 - Porosity of the bed

fo 0.196 - Catalyst volume fraction

In this study, the external cracker was considered as a
fixed-bed reactor; thus, the concentration of ammonia and
hydrogen is calculated only over the void volume. The
amount of catalyst needed within the reactor bed (gcq [g])
depends on the temperature and the conversion percent-
age, as shown in Figure 4.

3.2 Electrochemical Process

In this study, the structure of the stack model is based on
the Modelon Fuel Cell Library, which utilizes the coupling
between the anode channel, the elementary cell, and the
cathode channel. Within the elementary cell, a simplified
equivalent electrical circuit was used to characterize the
polarization curves of the simulation by comparing them
with the experimental data obtained at the FBK test bench
using a short stack of 6 cells provided by Solydera. More
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Figure 4. Ammonia cracking percentage as a function of tem-
perature and mass of the catalyst.

details of these validation activities are presented in an-
other FBK study at the Modelica Conference.

Taking into account the desired rangeability of the op-
erating conditions of the A2P system within the AMON
project, the cell voltage in the cell model was calculated

by considering only ohmic losses.
Veen = Eo — ASR(T') jeen (7

where Ej is the Nernst voltage, je.n is the current den-
sity, and ASR is the area specific resistance calculated as

follows:
1 PH0
Agreaction + RTcen In . 05 (8)
nel PH, D0,

E( | 1)}
ASR(T) = ASRg +exp | — - — 9
@) 0 p[R Ten T

Ey=

1
Acell

For this work, a value of ASRg = 0.34 x 1074 Q/cm?
and an activation energy E, = 24.8 x 10°kJ/mol were
used with a reference temperature 7y = 600 °C, obtaining
a relative error less than 3%, consistent with previous
work on SOC technologies performed in other EU
projects.

jcell = (10)

3.3 Condensation Process

The condensation process follows a first-order differential
equation governed by the condensation time constant Tgy;.
This parameter controls the rate at which water vapor con-
denses into liquid and is defined as follows:

Tsat Emwater + mwater = mfeed (Xfeed - Xsat)

Table 2. Stack Technical Parameters

Value

Active Area [cm?] 320
Number of cells 80

Parameters

Max Current [A] 128
Fuel Utilization [%] 70
Max Power [kW] 8

where

* Xfeed 18 the water mass fraction in the inlet stream,

* Xsat 18 the saturated water mass fraction, calculated
as:

Ysat

1 — Ysat

Xoat = . kmolar . (1 - Xfeed) (] 2)

where yg, is the saturated mole fraction of water vapor
calculated as a function of temperature 7 and pressure p:

T
Ysat = psat( )

p

13)

Here, psa(T) the saturation pressure is calculated as a
function of temperature and is a medium parameter.

The factor of molar ratio ks i calculated as the ratio
of the molar fraction of water to the molar fraction of gas
without water:

MMj,0

e (14
MM Hjpdry_gas

kmolar =

3.4 Combustion of H, / NH; mixture

In the burner model, the following oxidation reactions for
H; and NH3 have been integrated into the combustion re-
action by implementing a specific stoichiometric matrix:

1
H2+502 — 2H,0 (15)

NH; + %Og — %Hzo + %Nz

These reactions assume ideal conditions under the as-

sumption of complete combustion, where all reactants are

fully converted into products, primarily water vapor and

nitrogen gas, with no unburned residues or intermediate
species.

(16)

3.5 Heat Recovery System

In this study, particular attention was paid to the heat re-
covery system of the thermal energy coming from the high

+ kmolar MAX (€ — Hiwater, YH,0 — Ysat) temperature SOFC and the additional burner. The heat

(an

heat recovery system is composed of 4 heat exchangers:
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¢ hexla (fuel-fuel): preheating of the recirculated fuel
and fresh ammonia mixture by using the 50% of
mass flow rate of anode fuel from the stack after the
heating of the external cracker

¢ hex1b (fuel-fuel): preheating of the non-recirculated
fuel that feeds the burner by using the 50% of mass
flow rate of anode fuel from the stack after the heat-
ing of the external cracker

* hex2 (fuel-air): preheating of the recirculated fuel
and fresh ammonia mixture by using the 10% of ex-
haust gas mass flow rate from the burner

* hex3 (air-air): preheating of fresh air by using the
90% of exhaust gas mass flow rate from the burner

All the HEXs mentioned above are in counterflow con-
figuration; the specific geometries were implemented co-
herently with the design data of the AMON project. In
the following figure is possible to see the trends of hot
and cold fuels vs the longitudinal distance of each heat
exchanger.
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Figure 5. Trends of temperature of hot and cold sides vs dis-
tance for each HEX.

Figure 5 shows the temperature profiles along the length
of four heat exchanger configurations (hexla, hexlb,
hex2, hex3), illustrating heat transfer between primary and
secondary fluids. The decreasing primary and increasing
secondary temperature trends suggest counterflow or par-
allel flow behavior, influenced by variations in the design
of the heat exchanger and operating conditions.

4 Results

In this section, the main results of the BoP model are pre-
sented. An initial simulation of 200,000 seconds was per-
formed, with an elapsed time of approximately 14 to 15
minutes, to verify the behavior of the external reformer.
Setting a fuel recirculation rate at 88 % and a power at
8 kW (nominal condition). In Figure 6, it is possible to

see that during the simulation time, the NH3 conversion
rate of the external reformer and the related trends of NHj3
molar fraction and inlet/outlet fuel temperatures reaches
converge and the outlet NH3 molar fraction is around 3%
in a consistent way with the decision-making decisions
made during the design phase of the system for the AMON
project.
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Figure 6. External cracker behaviors at nominal condition with
88 % of recirculation rate. Ammonia conversion rate [%] (upper
plot), inlet and outlet cracker fuel temperature, and NH3 molar
fraction (lower plot)

Eventually, considering the same simulation, the relative
pressure profiles of air (blue line) and fuel (red line) are
presented in Figure 6.

s 744 mBar 75.1 mifar

Relative Pressure [mBar]

AMON BoP Components

Figure 7. Pressure drops trends for all the components of the
BoP model [air channel in blue and fuel channel in red]

It can be observed that the fuel pressure profile is higher
than that of air, with a recorded pressure difference of ap-
proximately 39 mbar under nominal conditions (8 kW) in
this simulation. This configuration ensures that the an-
ode pressure at the stack inlet is higher than the cathode
stack pressure, which is a crucial safety measure to pre-
vent backflow or mixing risks. The fuel loop achieves a
peak pressure of 74.4 mbar through fan-driven circulation,
with a pre-recirculation pressure drop of approximately 73
mbar. This results in a recirculation rate of 88%, while
12% 1is directed to the burner. On the other hand, the
air pressure profile achieves a maximum pressure of 26.5
mbar upstream of the heat recovery system. Afterward, a
short sensitivity analysis of the fuel mass flow rate recircu-
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lation rate was performed to select the best configuration.
The fuel that is recirculated after the cracking, electrolysis
process, chilling, and condensation is a mixture mainly
composed of Ny. In Table 4, four different cases with a
recirculation rate of 80, 85, 88, and 90 % have been eval-
uated.

Considering the design decisions made during the de-

sign phase of the system, the 88% fuel recirculation rate
was chosen as the optimal solution because it allows the
recirculation of the blower operation to be respected in
terms of the maximum flow rate and achieves an efficiency
of 73.13%, which is above the 70% target of the AMON
project.
Finally, in Figure 8, the transitions between full load
(8 kW) and partial mode (2.4 kW) were simulated in or-
der to verify the behaviors of the control loops dedicated
to the modulation of current for the power control of the
stack, the control of the AOG recirculation (CL_fan) by
modulating the rpm [Hz] of the blower, and the control of
opening/closing of the 3-way valve (CL_3ways). More-
over, in the same figure it is possible to see the trend of
the overall efficiency of the system, which is calculated as
follows:

F, stack

—_— (17)
LHVyH, - MyH; in

NBoP =

Power and Current from the stack
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Figure 8. Dynamic simulation results of Full to Partial Mode
transitions: Power and Current of the stack (upper), Overall Ef-
ficiency of the system (medium-high), Control of recirculation
fan (medium-low), and Control of the 3-way valve (lower plot).

It is possible to see that the control of the stack power
by modulating the current is quite stable. However, dur-
ing the transition from partial to full operation, the over-
all efficiency of the system experiences a transient de-
crease. This initial drop in efficiency occurs only in the

first moments after the switch, but subsequently stabilizes
within the typical range associated with full load opera-
tion, which was previously calculated as approximately
72-74%.

Moreover, the CL_3ways control loop governing the
3-way valve demonstrates consistent stability, while the
CL_fan control loop for the recirculation fan shows minor
deviations from the set point (around 200 Pa). These de-
viations are sufficiently small to be considered negligible,
so the control loop can be considered to function correctly
by maintaining the required pressure set point. Overall,
despite some small adjustments required, the control strat-
egy implemented in the model exhibits robust stability and
good dynamic response, ensuring reliable operation under
varying load conditions.

5 Conclusion

This work presents a description and comprehensive anal-
ysis of a Modelica-based dynamic model of an Ammo-
nia2Power (A2P) system utilizing the coupling of a direct
ammonia solid oxide fuel cell and an external reformer.
With the integration of detailed ammonia decomposition
with different catalysts for the external reformer and the
stack, the electrochemical processes, and an innovative
BoP addressing enhanced waste heat recovery, the model
enables in-depth analysis of system behavior under differ-
ent operating modes. Two different simulations were per-
formed, one addressed to calculate heat and material bal-
ance (after 200000 s of stationary behavior) and one ded-
icated to the transitions between full and partial modes.
Furthermore, the simulation results demonstrate that the
proposed system can achieve a high ammonia conversion
rate and efficient heat recovery, with an AOG recircula-
tion rate of 88% and stable operation in full (8 kW) and
partial (2.4 kW) modes. The pressure profile of both fuel
and air streams was calculated, ensuring safe operation by
maintaining anode pressure higher than the cathode pres-
sure, minimizing backflow risks. Finally, the dynamic
Modelica-based modeling approach provides valuable in-
sights into the transient behavior of the system, the impact
of AOF recirculation and heat integration on the overall
efficiency of the system, and the effectiveness of control
strategies. This study confirms the technical feasibility
and potential of ammonia as a vector and hydrogen car-
rier for direct utilization in SOFC BOP. The model acts
as a robust tool to guide the design phase of the prototype
and the optimization of future A2P systems, supporting
the transition to sustainable energy and carbon-neutral so-
lutions. Future work will focus on the implementation of
a proper state machine for the control strategy, further re-
finements of control loops, and verification of emergency
scenarios to evaluate system safety in order to enhance
system flexibility and reliability under real-world operat-
ing conditions.
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Table 3. Sensitivity Analysis for Different Recirculation Rates (80, 85, 88, 90%)

Casel Case2 Case3 Cased
Recirculation Fraction 80% 85% 88% 90%
mgow AOG [kg/h] 12492  15.12 17.856 20.628
Taog [°C] 230 239 241 244
Efficiency [%] 71.20 73.30 74.40 75.01
NHj3 fresh mgoy, [kg/h] 2.16 2.11 2.08 2.06
Ap recirculation fan [mbar]  46.96 56.99 72.94 95.49
NH3 cracking rate [%] 93.91 92.94 83.00 84.51
XNH; cracker out [%] 3.95 3.23 2.85 2.48
XNH; stack out [%] 1.6e—6 0.002 0.05 0.17
Air required [kg/s] 0.0310 0.0308 0.0306 0.0305
Chiller [kW] 1.007 1.219 1.407 1.603
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