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ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.B. Basile Proton exchange membrane fuel cell (PEMFC) employing ammonia fuel present a prospective alternative for the
operational dynamics of hydrogen fuel cells. Fuel cell systems based on hydrogen production from ammonia

Keywords: decomposition offer several advantages, including low-cost storage and transportation, high safety, high effi-

Amrlnorﬁa decomposition ciency with low fuel cost, and importantly, are environmentally friendly with no carbon emissions during use. By

Fuel ce

regulating the hydrogen production from ammonia decomposition and the coordinated control of the PEMFC and
energy storage devices, efficient and stable power generation can be achieved. In this study, with the electrical
demand of 285 households in a community as the target output, an integrated system comprising an ammonia
decomposer, membrane separator and PEMFCs is proposed. The effects of integrating different energy storage
devices, including hydrogen tanks and lithium batteries, along with various ammonia decomposition input
modes such as hourly, stepped, and constant flow strategies on the system’s operation characteristics were
systematically analyzed. Furthermore, the overall system performance and economic assessment were con-
ducted, considering the equipment invested and the revenue generated for each strategic approach. It is
demonstrated that the regulation strategy with constant flow input exhibited an average system efficiency of
52.49%, outperforming the stepped flow mode-based strategy, and the strategies based on the energy storage of
lithium battery operate more stable than the ones based on hydrogen storage tanks. Overall, the strategy with
constant flow, lithium battery stands out based on cost-effectiveness analysis.

Power generation
Energy storage
Hydrogen

storage pressure, and long-term storage stability [5-8], which enables
on-line hydrogen production and multi-scenario utilization. Compared
with conventional hydrogen production strategy by reforming of
methane or methanol, ammonia is a cleaner hydrogen carrier and pro-
vides a closed-loop solution for the utilization of hydrogen energy from
zero-carbon ammonia. Besides, ammonia effectively solves the problem
of safety when storing and transporting hydrogen at high densities.
Meanwhile, distributed power generation based on fuel cell is being
used on a large scale in residential, commercial and industrial applica-
tions [9-11]. Afif, Radenahmad [12] analyzed the ammonia-fed solid
oxide fuel cell (SOFC), concluding that it is a promising next-generation
energy source. Miyaoka, Miyaoka [13] studied the use of purified
hydrogen from ammonia decomposition in PEMFCs for electricity gen-
eration, highlighting the potential use of ammonia in the future energy
system. Cinti, Liso [14] proposed a high-temperature PEMFC system
with ammonia decomposition, achieving a system energy efficiency of

1. Introduction

The depletion of finite fossil fuel resources and growing environ-
mental concerns regarding carbon emissions, atmospheric impact, and
public health have led to the urgent prioritization of sustainable, envi-
ronmentally friendly, and clean energy sources [1]. Hydrogen, a clean
energy carrier, plays a crucial role in the transition to clean, sustainable,
and renewable energy systems [2]. Renewable energy systems that
integrate hydrogen with electrochemical devices such as batteries and
fuel cells can achieve high efficiency and zero carbon emissions, thereby
accelerating the pace of energy transition [3]. However, the rapid and
large-scale development of hydrogen energy in a short period is hin-
dered by the limitations and complexity of infrastructure for its pro-
duction, utilization, and storage [4]. Ammonia is a promising indirect
hydrogen storage medium due to its high bulk hydrogen density, low
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Nomenclature E, Activation energy (J/mol)
X Dissociation rate

Abbreviation F Molar flow (mol/s)

AD Ammonia decomposer A Area (m?)

PEMFC Proton exchange membrane fuel cell P Pressure (Pa)

HS Hydrogen storage device I Current (A)

ES Electrical storage device F Faraday constant (C/mol)

SOC State of charge i Current density (A/cm?)
y Membrane resistor parameter

Parameters . l Membrane thickness (mm)

ks Reaction rate constant p Power output (KW)

R Molar gas constant (J/mol-K) Cap Battery capacity (kWh)

T Thermodynamic temperature (K) Ry, Internal resistance

W/F Contact time betv.veen catalyst and feed gas ((g cat. h)/mol) oy Density (kg /m3)

E Membrane effective factor Tip Lifespan of the system

a Pre-exponential factor

V/E Voltage (V) Subscript

E Separation activation energy (kJ/mol) n Partial pressure index

) Membrane thickness (pm) L Low-pressure side

E1/E2/3/64 Empirical parameter pur Purge gas

Coz Concentration of oxygen st Fuel cell stack

Ayt Active area of PEMFC (cm?) Li Lithium-ion

B Stack coefficient maint Maintenance

N Number of the cell PV Proportional valve

n Efficiency H High-pressure side

U Valve opening imper Impermeable gas

Hst Hydrogen utilization rate of fuel cell cell Sigel cell

m Mass flow (kg/h) bat Battery

C Cost ($) cons Consumption

k, Flow coefficient of the valve (m3/h) oC Open circuit voltage

up to 40.1%. Meng, Cui [15] developed a liquid ammonia-fueled
SOFC-PEMFC hybrid system with a thermoelectric efficiency of up to
95%. Duong, Ryu [16] integrated SOFC, PEMFC, gas turbine, and waste
heat recovery systems, achieving an overall energy efficiency of 60.69%
and exergy efficiency of 57.5%. Xu, Zhang [17] proposed a hybrid power
generation system of PEMFC and combustion engine based on ammonia
decomposition subsystem with maximum power of 16.23 kW and effi-
ciency of 50.28%. Gong, Xu [18] compared ammonia- and
methanol-fueled SOFC-CHP systems and found that the ammonia-fueled
system exhibited higher electrical and overall efficiencies. Nie, Huang
[19] simulated and compared ammonia-fueled power systems,
including those using only internal combustion engines (ICE), only
PEMFC and a combination of ICE and PEMFC. The PEMFC-based
ammonia fuel system demonstrates optimal efficiency at lower power
levels, with a maximum efficiency of up to 40.98%.

In general, the literature review indicates that utilizing ammonia as a
fuel for fuel cells has the potential to enhance both the output power and
overall efficiency of the system. Among different types of fuel cells,
PEMFC stands out due to its faster response and higher efficiency. The
ammonia-fueled fuel cell system boasts high energy density, low-cost
storage and transportation, high safety, high efficiency, and low fuel
cost [20,21]. Moreover, the presence of energy storage devices enhances
the flexibility and reliability of energy supply. Compared with tradi-
tional fossil fuel systems, this system offers greater cost-effectiveness
[22]. Consequently, an ammonia decomposer power generation sys-
tem for PEMFC holds promise in improving efficiency and power gen-
eration. This integrated system can find applications in distributed
power generation and energy storage, offering a potential solution to
challenges such as energy shortage and global warming.

The integration of distributed power generation system into existing
energy infrastructures necessitates the development of innovative en-
ergy management and distribution methodologies. Appropriate control

strategies that can rapidly adapt to load fluctuations are essential. Peng,
Zhao [23] proposed an energy management strategy which mainly
based on state machine for the PEMFC, the results showed that the
proposed strategy could achieve an increase in fuel efficiency of nearly
7% and optimal oxygen excess ratio operation of the PEMFC power
subsystem. Wang, Li [24] analyzed an online identification power
allocation method based on forgetting factor recursive least square
(FFRLS) algorithm to minimize the hydrogen consumption of PEMFC
system, which could achieve higher system efficiency(43.319%) and less
system hydrogen consumption(3.821g). Fathy, Abdelkareem [25]
analyzed a strategy based on the maximum power tracking method of
PEMFC, which had the high reliability and efficiency. Yuan, Chen [26]
examined the operating characteristics of the PEMFC-based CHP system
in various strategies including constant-power output, electrical-led
output, and stepped electrical-led output. The results indicated that
the total system efficiency reaches 95.62% in the constant power output
strategy. Cai, Wang [27] developed four strategies for data center ap-
plications using PEMFC, in which the complementary nature of different
energy storage devices (thermal storage tanks and batteries) and mul-
tiple energy sources was taken into account. In addition, economic
analysis is another key system evaluation criterion. Cesaro, Ives [28]
predicted the cost of a large green ammonia power plant by examining
ammonia fuel costs, equipment costs, and maintenance costs. Shahver-
dian, Sohani [29] conducted an economic evaluation of a photovoltaic
wind power generation system with PEMEC-PEMFC based on
techno-economics, which take the installation cost of each component of
the system as well as profitability of the electricity sold into account.
Numerous scholars have conducted extensive thermodynamic
modeling and analysis of ammonia-fueled PEMFC power systems,
highlighting their significant advantages such as clean and efficient
energy conversion capabilities [30-33]. These systems are recognized
for their potential applications in transportation and distributed power
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Fig. 1. Hourly electrical consumption curve of users of 285 individ-
ual household.

generation. However, previous studies have mainly focused on the
regulation of hydrogen energy and the performance of the PEMFC in
terms of power and efficiency. In the context of PEMFC systems with
ammonia decomposed hydrogen for supply, the complexity and
multi-coupled nature of ammonia-fueled systems necessitate the devel-
opment of strategies that promote system stability, economic feasibility,
and control flexibility. Major contributions of this study are summarized
as follows.
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(1) In order to provide a more accurate and comprehensive under-
standing of the system characteristics and control action, the
performance of ammonia catalytic cracking-based PEMFC system
including the ammonia decomposer, palladium membrane
separator, PEMFC, hydrogen storage tanks, lithium battery and
end-user components were assessed.

(2) This study proposes various strategies designed to improve the
operation stability and regulation efficiency of PEMFC systems
using ammonia catalytic decomposer. The findings provide new
perspectives on the application of ammonia-catalyzed hydrogen
production within PEMFC power generation systems.

(3) Comprehensive performance and tech-economic analysis of the
system under the five control strategies from the perspectives of
valve switching times, fuel cell status, average system efficiency
and daily cost have been conducted.

2. System description
2.1. Electrical consumption

The residential electrical consumption curve is obtained from 285
households [34] as shown in Fig. 1. The curve exhibits two peaks,
occurring in the morning and evening, with the highest load reaching
398 kW at 19:00. The daily electricity demand fluctuates within the
range of 98-398 kW. This study focuses on ammonia feed in different
operating modes, including hourly-flow input mode, stepped-flow input
mode and constant-flow input mode using the strategies described in
Section 2.2 assuming that the hourly electrical consumed by the user
remains constant.

2.2. System diagram and control strategy

The proton exchange membrane fuel cell-based power system, fueled
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Fig. 2. Schematic diagram of the system and the corresponding control strategy: (a) AD-PEMFC, (b) Strategy I for hourly control.
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Fig. 3. Schematic diagram of the system and the corresponding control strategy: (a) AD-PEMFC-HS, (b) Strategy II for stepped flow and III for constant flow.
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Fig. 4. Schematic diagram of the system and the corresponding control strategy: (a) AD-PEMFC-ES, (b) Strategy IV for stepped flow and V for constant flow.
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Table 1
Values of kinetic parameters of the ammonia decomposer [41].
Value Unit
ko 7.54e+10 kmol/m>s
E, 219 kJ/mol

by hydrogen derived from ammonia decomposition, is employed to meet
load demands through the coordinated control of the fuel cell, hydrogen
storage tanks, and lithium batteries. The system configuration and
control strategies are presented in the following sections.

PEMFC system based on ammonia decomposition (AD-PEMFC) is
shown in Fig. 2a, including ammonia decomposer, membrane separator
and PEMFC. An energy storage device is considered as an auxiliary
control. The ammonia decomposer has a hydrogen production capacity
of 250 Nm®/h [35]. Ammonia undergoes catalytic decomposition into
nitrogen and hydrogen at a maintained reaction temperature of 873K to
ensure complete decomposition [36]. Following the catalytic decom-
position, the resulting gas mixture proceeds into a palladium membrane
separator, facilitating the final stage of hydrogen separation and puri-
fication, ultimately achieving a purity level of 99.99%. The high-purity
hydrogen received by the buffer tank flows through the valve manifold
into the four fuel cell stacks with a maximum power of 100 kW each,
where it undergoes electrochemical reactions. As shown in Fig. 2b,
Strategy I (Hourly AD-PEMFC) adjust the ammonia feed hourly using a
PID controller to produce the required amount of hydrogen for the
power system. If the electrical demand exceeds the maximum power
output of the current fuel cell stack i (i = 1, 2, 3), the hydrogen valve of
the next fuel cell stack (i + 1) is gradually opened for additional elec-
tricity generation. If the electrical demand is between the maximum
power output of the previous fuel cell stack (i - 1) and the current fuel
cell stack (i), the opening of the hydrogen valves of the current fuel cell
stack (i) is adjusted in the range 0-1 so that it matches the electrical
demand. Following this, the output power is converted by a converter
before being sent to the user. Notably, the hydrogen is produced and
utilized immediately, with no energy storage implemented in this
system.

Fig. 3a shows the AD-PEMFC system with hydrogen storage device
(AD-PEMFC-HS). The system incorporates a high-pressure hydrogen
storage tank of 350 bar [37] as its energy storage device. Hydrogen from
the outlet of the membrane separator is stored in the tank, and the fuel
cell power output is modulated according to user requirements by
controlling the opening of the valve bank. Based on the hourly electrical
consumption curve of Fig. 1, electrical power can be divided into four
stages: 0:00-5:00, 5:00-17:00, 17:00-20:00, and 20:00-24:00.
Ammonia is decomposed into hydrogen to generate electricity in
PEMEFC, so four ammonia flow rates (0.85, 1.2, 1.5, and 2 mol/s) cor-
responding to the average electric power of four stages can be derived.
As shown in Fig. 3b, Strategy II (Stepped AD-PEMFC-HS) varies the
ammonia feed rate in four steps. If the amount of pure hydrogen pro-
duced exceeds the amount consumed for power generation, the excess is
stored in the hydrogen storage tank, conversely, if the amount of pure
hydrogen produced is less than the amount consumed, the shortfall is
supplied by the hydrogen storage tank. Strategy III (Constant
AD-PEMFC-HS) involves feeding ammonia at a constant flow rate of
1.2575 mol/s which is obtained by averaging the electric power con-
sumption, using a high-pressure hydrogen storage tank. The remaining
regulations are identical to those in Strategy II.

Fig. 4a shows the AD-PEMFC system with electrical storage device
(AD-PEMFC-ES) using a lithium-ion battery. In this system, the
hydrogen from the outlet of the membrane separator enters the buffer
tank before flowing into the fuel cell stack through the valve bank. The
power generation of the system is finely regulated to meet user needs
through coordination between the fuel cell and the lithium-ion battery.
As shown in Fig. 4b, Strategy IV (Stepped AD-PEMFC-ES) involves
stepwise changes in the ammonia feed and uses a lithium-ion battery as
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the energy storage device. The resulting pure hydrogen is fully fed into
the fuel cell stacks. By co-regulating the hydrogen line valve of the fuel
cell and the current of the battery, the power generation of the system is
regulated to match the electrical consumption. In Strategy V (Constant
AD-PEMFC-ES), ammonia is supplied at a constant flow rate of 1.2575
mol/s, along with a lithium-ion battery. The remaining regulations are
identical to those in Strategy IV.

3. Mathematical model

The model of an integrated fuel cell system based on ammonia cat-
alytic cracking is established including the ammonia decomposer,
membrane separator, PEMFC, lithium-ion battery for energy storage and
proportional valve to regulate the hydrogen flow rate. Different strate-
gies for controlling the system were then applied and an economic
evaluation model developed to assess the system of each strategy. In this
section, the modeling process was thoroughly elucidated. The models
were constructed using Simulink, incorporating various essential blocks
such as Signal Builder, MATLAB Function, and PID Controller. Addi-
tionally, basic arithmetic operation blocks (e.g., addition, subtraction,
multiplication, and division) were employed to facilitate the necessary
calculations. The simulation settings include a maximum step size of 1 s
to ensure accurate and stable results.

3.1. Ammonia decomposer (AD)

Ammonia cracking reaction formula of ammonia reforming for
hydrogen production is [38]:

NH;=1.5H, + 0.5N, (@)

Ammonia decomposition is a heat-absorbing process, with an
enthalpy of 11 kcal mol?! [39]. At temperature above 623 K, the equi-
librium conversion is close to 100%. The rate constant of ammonia
cracking reaction is in accordance with the law of Arrhenius and can be
expressed as follows [40] (see Table 1) :

—E,
ks =ko exp (RTAD> 2

where ks is the ammonia catalytic rate constant of reaction, ko is a
parameter, E, is the activation energy, Tsp is the decomposition
temperature.

Ammonia degradation rate depends on both the contact time be-
tween catalyst and feed gas and temperature. Ammonia degradation rate
can be calculated from literature [41]:

1 —Xnn, =exp( — k(W /F)) 3)

where Xyys is the ammonia dissociation rate, W/F is the contact time
between catalyst and feed gas, W is the weight of the catalyst, F is the
ammonia flow rate.

The hydrogen flux for catalytic cracking of ammonia can be obtained
from Equation (4):

Fy, ap = F, Xnm, (C))

3.2. Membrane separator (MS)

The hydrogen purity of 99.99% is required for PEMFC, thus the
separation and purification of the gas mixture from the ammonia cracker
is indispensable. Palladium membrane separators with the advantages
of high hydrogen purity, permeability and low temperature operation
[42] is commonly adopted. Hydrogen permeation across the palladium
membrane is achieved using a partial pressure difference, and the
hydrogen separation flux is calculated by the hydrogen permeation
equation [43]:
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Table 2
Key parameters of PEMFC stack.
Variables Symbol Values
Operating pressure Py2/Po2 3 atm/3 atm
Working temperature T 353K
Empirical parameter E1/E2/E3/84 -0.9514/0.00312/0.000074/-0.000187
Active area Ag 287 cm?
Membrane thickness l 0.051 mm
Membrane water content A 14
Stack coefficient B 0.016
Number of unit cell N 480
Ays E;
FH2_MSZ€7(1 exp| — (p;l 7p2) (5)
Oms RTys

where Fg, s is the hydrogen mass flow rate from MS, ¢ is the membrane
effective factor, Aps is the membrane area, a is the pre-exponential
factor, E; is the separation activation energy, Tys is the separator tem-
perature, p is the partial pressure of Hy (H and L represent the high-
pressure and low-pressure side, respectively), Sy is the membrane
thickness, and n is the partial pressure index(n = 0.5).

To increase the amount of pure hydrogen at the outlet of the palla-
dium membrane separator, a purge gas is used on the low-pressure side
of the membrane. The high-pressure inlet side and the low-pressure
outlet side of the gas are in a state of flat push flow, with the gas flow-
ing in the same direction on both sides. In this flow model, an infini-
tesimal palladium membrane capacity dx the hydrogen permeated can
be expressed as [44]:

F] Hp msdx

F F 0.5 059 -1

dF —C Hzap — THpumgdx o dx
Hasdx |: (Fimper + FHZ.AD - FHz.MstpH FPUT + FHz.MsdxpL

(6)

where dFy,,.qx is the hydrodynamic separation mass flow rate at infin-
itesimal points, Fymer is the gas flow rate without passing through
palladium membrane, F,,- is purge gas flow rate on the separation side,

C=c¢a exp< - R%WS).

3.3. PEMFC

The fuel cell stacks in this study are identically configured with a
maximum electrical power output of 100 kW with parameters in Table 2.
The voltage output of the fuel cell unit is lower than the theoretical
open-circuit voltage due to the activation voltage, the ohmic voltage and
the concentration voltage. The voltage and energy balance of the PEMFC
stacks are expressed as follows [45]:

Vzell :ENemst - Vact - Vohm - Vconc (7)

where V. is the cell voltage, Enermns is the open-circuit voltage, V., is the
activation voltage loss, Vopr, is the ohmic voltage loss, Vo is the con-
centration voltage loss.

The open-circuit voltage is [46]:

RT, ,
Saln(pn xpl)  ®

Enernst =1.229 — 8.5 x 1074(T,, — 298.15) +

where T is the PEMFC stack temperature, and Py, (Pp2) represents the
pressure of hydrogen (oxygen).
Activation voltage loss is:

Vact = 51 + ngst + 53 ln(cﬂz) + 64 TSI ln(I) (9)
Po2

Co, =
5.08 x 106 exp (#)

(10)
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where &; (i = 1-4) is an empirical parameter, I is the working current of
the stack.
Ohmic voltage loss is:

Vohm = IRohm (1 1)

303
Rotm = X A_
{/1 —0.634 — 3i x exp (4.18 (—Tsr;_j“))] o

where i is the current density, A is the membrane water content, [ is the
thickness of the proton exchange membrane, Ay is the active area of
PEMFC.

Concentration voltage loss is:

2
181.6 {1 +0.03i + 0.0062 ( n,) iz-S} 1
12)

Ve = —B1In (1 —,L) (13)

Imax

where B is the stack coefficient, iy, is the maximum current density.
With these voltages determined, the output power of the PEMFC can
be calculated:

Py =NVl 14)

where N is the number of fuel cells.
The hydrogen consumption during the electrochemical reaction can
be calculated as follow:

NI
Py ons = ﬁﬂst (15)

where ug is the hydrogen utilization rate of fuel cell.

3.4. Lithium-ion battery

State of charge (SOC) is a key indicator of how a battery operates and
represents the percentage of available battery power compared to its
maximum power. The current is integrated to obtain the state of charge
of a Li-ion battery [47]:

t
SOC(t) = SOC(t,) + Toat / Li(t)dt (16)
CUP to

where SOC(tp) is the initial value of the SOC, Cg, is the battery capacity,
nbat is the coulombic efficiency, and Ij; is the working current of the
lithium-ion battery. Negative and positive values of Ij; indicate that the
battery is in the charge and discharge states, respectively.

The operating voltage of the lithium battery is calculated from the
open circuit voltage and internal resistance:

Vbar = Voc — Rinl1i a7

where Vg is the lithium-ion battery operating voltage, Vo is the open
circuit voltage, Ri, is cell resistance, I;; is the operating current of
lithium-ion battery.

The open circuit voltage and internal resistance are related to the
SOC, and the specific parameters can be taken according to the test, and
the calculation formula is as follows [48]:

Voc = — 1.031e73559¢ 4 3,685 + 0.216550C — 0.1178S0C?

18
+0.320150¢C® 18

Rin =0.1562¢7243759C 1L 0.07446 19)

The output power of a lithium battery can be obtained from the
current voltage:

Pyor = ViarlLi (20)
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Table 3
Economic parameters used for the system.

Cost source Value

AD [51] 1.96$/Nm>h™*
MS [52] 746$/m*
PEMEFC [53] 600$/kW
Lithium-ion battery [53] 33$/kWh
Hydrogen storage tank [54] 500%/kg
Ammonia [17] 1$/kg
Hydrogen [55] 7.61%/kg
Electricity [53] 0.078%/kWh

Annual maintenance [56] 5% of the initial investment

3.5. Proportional valve

To control the pressure and flow of hydrogen into the fuel cell, a
proportional valve is required. The flow through the valve body can be
expressed as [49]:

Mpy out = HMpY max (2 1)

where mpy 4 is the hydrogen mass flow at valve outlet, y is the control
signal of valve opening with the range of 0-1, mpy max is the maximum
mass flow that the valve can flow through.

The valve body’s maximum flow rate is calculated based on its low
and high flow rate pressure drops when P,,;>0.528P;, [50]:

Mpyma = 1.27 x 107 x k, /pi"“‘(l;’”‘ ~Pu) 22)
inpN

where ky, is the flow coefficient of the valve body, pi; and p,y are the inlet
and outlet pressure of the valve body, respectively. Tj, is the temperature
of the inlet gas of the valve body, py is the standard density of the gas
flowing through the valve body.

3.6. Economic evaluation model

The economic evaluation of the system includes equipment invest-
ment costs, fuel costs, maintenance costs, and profitable revenues as
described in Table 3. The ammonia flow rate and the different equip-
ment states, which are reflected in the ammonia cracker, palladium
membrane separator and energy storage, are the main differences in the
economic evaluation of the different control strategies. In this study, the
profitable revenues include electricity revenue and hydrogen revenue
calculated using the grid price and pure hydrogen price. The index of
evaluating the economic performance of the system and can be calcu-
lated as follows:

(a) B Experimental data(P=0.3MPa)
2.8 | | ¢ Experimental dataP=0.4MP3)
- @ Experimental data(P=0.5MPa)
W Experimental data(P=0.6MPa)
= Simulational data(P=0.3MPa)
2 24} Simulational data(P=0.4MPa)
s - Simulational data(P=0.5MPa) []
g Sim ulational data(P=0.6MPa)
~
L]
= 20F
=
5
E 16
3
g
)
S 12F
=5
08|
1 1

650 700 750 800 850 9200 950
Temperature (K)

International Journal of Hydrogen Energy xxx (xxxx) xxx

Ce uipment Cmaint
C — quip;
e =365 x Ty | 365

+ CNHg - Cbeneﬁt (23)

where Ceyipmene is the initial investment of equipment cost, Ciqint is the
annual maintenance cost, Cyp3 is the fuel cost of ammonia, Cpenefic is
profitable revenues, including electrical revenues as well as sales from
electricity generated by stored battery or hydrogen. Typ is the lifespan of
the system.

3.7. Performance assessment

To evaluate the system performance, two methods of calculating
efficiency are proposed. The first one is the electrical efficiency of
PEMFC:

PPEMFC

— MFC__ 2
NpEmrc Fy, LHVy, (24)

The electrical efficiency of distributed power system is defined as
follows:

Puse
Nsystem = m (25)
where Fy, and Fyp, represent the molar flow of hydrogen for PEMFC
consumed and ammonia for system consumed, LHVy, and LHVyg, rep-
resents the lower heating value of hydrogen and ammonia, Ppgyrc and
Py represent PEMFC power generation and power supplied by the
system to the user, respectively.

4. Results and discussions
4.1. Model validation

The model of ammonia decomposer has been validated in previous
study [57]. The membrane separator model is validated in Fig. 5a by
comparing the predicted and measured hydrogen permeation capacity
of the membranes at four pressures. An average relative error of 5.47%
indicates the reliability of membrane separator model [58]. Fig. 5b
shows the validation results of the PEMFC model with an average
relative error of 2.61% [59]. Such deviations may result from is the
empirical parameter of the model and the measurement error in the
experimental test. Both comparisons are within the acceptable range,
which is an indication of a good fit of the construction model.

4.2. System performance in different control strategies

(1) Strategy I: Hourly AD-PEMFC

(b) ®  Experimental data
= Simulational data
1.0
s
~0.8
@
— -
§ \..\._ -
0.6 \i
0.4

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Current density (A/cm?)

Fig. 5. Model validation for (a) Pd membrane separator and (b) PEMFC.
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In Strategy I, the ammonia flow is adjusted hourly to match the
electrical demand. The performance of the ammonia decomposer is
shown in Fig. 6. Fig. 6a shows that the PID controller effectively regu-
lates the ammonia feed with a decomposition rate of over 98%. How-
ever, the maximum generated hydrogen by the ammonia decomposer is
not sufficient to meet the theoretical hydrogen consumption of the
PEMFC (3.36 mol/s or 270.95 Nm®>/h) at maximum power consumption
of 398 kW. As shown in Fig. 6b, the hydrogen flow at the outlet of the
ammonia decomposer is low, so that the separation efficiency is close to
100%. But during the night peak period when hydrogen production is
increasing, the hydrogen permeation of the separation unit is
decreasing, so that the hysteresis between the pure hydrogen outlet of
the palladium membrane and the mixed hydrogen outlet of the cracking
unit become evident.

The total electricity from the fuel cell stacks and the electricity de-
mand required by the users (Fig. 7a) indicates there is an energy gap due
to the limited hydrogen production capacity of the ammonia decom-
poser during the night peak from 17:00 to 20:00, which corresponds to
Fig. 6a. However, with the augmented production of hydrogen in the
ammonia cracker, the burden of purifying the hydrogen escalates,
consequently diminishing the efficiency of hydrogen separation. Despite
the higher volume of hydrogen produced, the gain in pure hydrogen
yield remains insignificant, leading to hydrogen wastage and an esca-
lation in operational costs, which is less economically viable to meet the
present electricity demand. The average system efficiency of such a
strategy is approximately 54%, which is the highest among all strategies
owing to the fact that all ammonia decomposed hydrogen was utilized

for electricity generation (Fig. 7b).

Fig. 8a displays the power contribution of the four fuel cell stacks.
Stack I maintains almost constant full power throughout the day, except
during the period from 4:00 to 5:00 when the total power demand is
lowest of about 93 kW. Stack II experiences the most frequent power
variation throughout the day, varying by about 5 kW during the period
from 0:00 to 6:00, due to the lowest user power consumption of about
105 kW. Stack II operates at full power during the first peak power
consumption period from 6:00 to 9:00 a.m. In the following periods, the
power of the stack fluctuates mainly in the range of 40-100 kW. Stack III
is only activated during the first and second peaks, while Stack IV is only
activated during the evening peak. Fig. 8b illustrates the efficiency
variation of each power stack. Stack I maintains a stable efficiency of
about 44%, while the efficiency of the other fuel cell stacks fluctuates
with the power. As the fuel cell power increases, the electrical efficiency
monotonically decreases, and the lowest electrical power is 44.25% at
full power operation. The average electrical efficiencies of the four
stacks are 44.33%,45.29%, 23.06%, and 14.03%, respectively (Fig. 8c).
Stack I operates at full power for a long period of time, while stack II
spends a longer period of time in the high efficiency zone, resulting in a
higher average efficiency. Stack III and IV are not in operation for most
time, resulting in the lowest average efficiency. The variation times of
hydrogen valve for each stack (Fig. 8d) demonstrates that stack I re-
quires the least times of valve switches, indicating a more stable oper-
ation. Whereas stack II experiences the most frequent valve switches due
to power fluctuations in the range of 100-200 kW. Stack III and IV are
mainly used during peak power consumption, resulting in a moderate
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and similar frequency of valve switches.
(2) Strategy II: Stepped AD-PEMFC-HS

The main issue with Strategy I is the frequent adjustments in the
operating state of the ammonia decomposer and the presence of poor
matching. To overcome these drawbacks, Strategy II introduces a step-
ped input of ammonia flow, utilizing a hydrogen storage tank for power
storage. The ammonia flow rate was consistently kept at four constant
rates (0.85, 1.2, 1.5, and 2 mol/s), which was derived according to the
four stages of hourly electrical consumption curves as mentioned in

Section 2.2. The resulting hydrogen was stored in high-pressure tanks
and adjusted in response to the power demand (Fig. 9a). The membrane
separator performs consistently over time (Fig. 9b) with hydrogen sep-
aration rates of 95.34%-99.6%. The discrepancy in hydrogen flow rate
between the palladium membrane outlet and the separator outlet is still
present but reduced compared with Strategy L.

It is also revealed that the states of fuel cell stacks I, II and III are
identical to Strategy I. Although ammonia is used for the gradual pro-
duction of hydrogen, pure hydrogen is stored in high-pressure tanks and
electricity is generated through a regulated valve bank. It is worth
noting that the electrical efficiency decreases monotonically with
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power, resulting in stack IV generating more power compared to Strat-
egy I with an average efficiency of 10.76% (Fig. 10a—c). In Strategy I,
hydrogen production remains constant during peak hours (16:00-20:00)
because the ammonia decomposer reaches its maximum production
limit. As a result, PEMFC-IV cannot meet the power demand by adjusting
the hydrogen valve. Therefore, compared to Strategy I, Strategy II re-
quires increased adjustment times of the hydrogen valve for Stack IV
(Fig. 10d).

In Strategy II, the power generated by the fuel cell stacks perfectly
matches the electrical demand (Fig. 11a). The hydrogen storage capacity
in tanks increases when hydrogen production exceeds hydrogen con-
sumption and decreases when hydrogen production is lower than con-
sumption (Fig. 11b). The hydrogen supply from the hydrogen storage
tanks is highest between 6:00-8:00 and 17:00-20:00, corresponding to
the highest power demand. During the all-day operation, 10.49 kg
hydrogen is stored. The system efficiency ranged from 34.65% to

10

77.92% (Fig. 11c). During hydrogen storage, the ammonia-derived
hydrogen did not fully convert into electricity, resulting in lower sys-
tem efficiency. However, when hydrogen was supplied from storage
tanks, the ammonia-derived hydrogen was fully utilized for electricity
generation, leading to higher system efficiency.

(3) Strategy III: Constant AD-PEMFC-HS

Unlike Strategies I and II, Strategy III employed a consistent
ammonia flow rate of 1.2575 mol/s into the decomposer, along with a
constant rate of hydrogen flow (Fig. 12a). This approach was chosen to
maintain system operation stability and prevent efficiency reduction
caused by frequent adjustments. The working conditions of the
ammonia decomposer remain constant with the conversion rate of
99.9%, and both the hydrogen purification and separation rate is
99.68%(Fig. 12b), due to the reduction of the feed ammonia flow rate
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and the higher W/F value. In constant flow operation, the front-end
hydrogen production process is more stable and more favorable for
decomposition and separation.

Strategy III uses the hydrogen storage tank as an energy storage
device and adjusts the hydrogen valve according to user demand. The
fuel cell stack states are identical to that of Strategy II (Fig. 13a—d). In the
constant flow strategy, the power generated by the PEMFC stacks
matches the electricity demand due to the co-regulation of the storage
tanks (Fig. 14a). Fig. 14b shows that the ammonia conversion rate and
hydrogen separation rate are higher due to the more stable front-end
reaction process with 15.81 kg hydrogen stored, which is 5.32 kg
greater than that of Strategy II. Due to the constant flow of ammonia,

11

which is either higher or lower than the flow required for power gen-

eration, resulting in a large fluctuation in system efficiency from 23.42%
to 99.32% (Fig. 14c).

(4) Strategy IV: Stepped AD-PEMFC-ES

Strategies I-III regulate front-end ammonia flow, while power gen-
eration matching is achieved by adjusting the hydrogen valve linked to
the PEMFC. Despite stepwise and constant flow rate strategies aiming to
minimize ammonia decomposer operation variation, the fuel cell stack’s
state still fluctuates frequently. Therefore, the strategy utilizing a
lithium battery as an energy storage device is proposed to stabilize the
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fuel cell state, completing power generation matching with the assis-
tance of the battery. Firstly, the Strategy IV under the step flow rate is
investigated. (Fig. 15).

The power output of the PEMFC stacks varies stepwise with the
ammonia feed, because all the hydrogen produced is allocated to the fuel
cell stacks. Fig. 16a shows that fuel cell stack I operates at full power,
stack II operates in the high-power range, stack Il and IV operate almost
exclusively at night, and stack IV has a maximum power of only 28 kW,
resulting in a low utilization rate. Fuel cell stacks have the same stepped
change in efficiency as power (Fig. 16b). Fig. 16¢ shows that the average
power output of stack I, II and III is 44.25%, 46.46% and 41.90%
respectively. The electrical efficiency of the three stacks fluctuates be-
tween 45% and 60%, which is relatively stable. Stack IV has a low uti-
lization ratio resulting in an average efficiency of 7.03%. The switching
times of hydrogen valve is significantly reduced compared to Strategy I,
I and III, favoring the lifetime of the fuel cell stacks (Fig. 16d).

Fig. 17a shows the four stages of change in the total power generated
by the fuel cell pack: 154 kW, 205 kW, 358 kW and 259 kW. When the
power generated by the PEMFC stacks exceeds the power demand, it first
meets the user’s demand and the remaining power is used to recharge
the lithium-ion batteries. Conversely, when the power generated is
lower than the power demand, the lithium batteries supplies the user in
conjunction with the fuel cell pack. During the all-day operation,
192.75 kWh power is stored (Fig. 17b). The system efficiency remains
identical to Strategy II, as the ammonia feed and end-user demand are
the same (Fig. 17c¢).

(5) Strategy V: Constant AD-PEMFC-ES

12

Strategy IV notably decreases the frequency of condition changes in
both the ammonia decomposer and the fuel cell stack. However, main-
taining a constant condition is generally preferred, so Strategy V pro-
poses a strategy to keep the main equipment in a constant state relying
on lithium battery regulation. The ammonia decomposer and palladium
membrane separator in Strategy V are consistent with those in Strategy
III (Fig. 18).

Fuel cell stack I, II, and III operated at constant power, while stack IV
remained inactive in Fig. 19a. As shown in Fig. 19b, the efficiency of
each fuel cell stack is in the high efficiency zone, and the average
electrical efficiencies of the three fuel cell stacks were 44.25%, 44.25%,
and 57.62% (Fig. 19c¢). The state of the fuel cell is constant and does not
need to be changed (Fig. 19d). Fuel cell stack IV can be removed to
reduce investment as it is not switched on. The fuel cell stacks’ total
generating power remains constant at 218 kW, generation requirement
is met mainly by regulating battery (Fig. 20a). Strategy V has a lithium
battery storage power of 211.60 kWh, which is 18.85 kWh greater than
Strategy IV (Fig. 20b). The system efficiency remains identical to
Strategy V, as the ammonia feed and end-user demand are the same
(Fig. 20¢).

4.3. Economic evaluation

The economics of the five strategies in terms of equipment invest-
ment costs, fuel costs, power supply revenues, and additional profitable
revenues using daily cost as the evaluation metric are provided in Ta-
bles 4 and 5.

The average daily costs for Strategy L, II, III, IV and V are 1551.208%,
1481.39%, 1440.78%, 1554.24 $and 1535.509%, respectively. Economic
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analysis of equipment investment, ammonia, power supply, and profit-
able revenues in Fig. 21 demonstrated that ammonia contributes most to
the daily cost, electricity contributes most to the daily revenue regard-
less of specific strategies. When the constant flow strategy is used, the
equipment and maintenance costs are minimized due to the small size of
the equipment. By comparing the strategies of the AD-PEMFC-HS and
AD-PEMFC-ES, it can be seen that the hydrogen tanks for energy storage
reduces the equipment costs by about 7% and increases the profitability
since the price of hydrogen is higher than the price of electricity.

4.4. Comprehensive evaluation

Considering the fluctuation frequency of ammonia decomposer and
fuel cell stacks state, the average system efficiency and the average daily

13

cost (Table 6), the five control strategies were comprehensively
assessed. The evaluation indicators included adjustment times, average
efficiency of the system, and daily cost. Based on these indicators,
Strategy V (Constant AD-PEMFC-ES) was deemed optimal for system
control. It was observed that the adjustment times of the ammonia
decomposer in Strategy I (Hourly AD-PEMFC) were the highest, being 5
and 20 times higher than those of the stepped and constant flow stra-
tegies, respectively. For the four PEMFCs, the highest adjustment times
were recorded under Strategy II (Stepped AD-PEMFC-HS) and Strategy
III (Constant AD-PEMFC-HS), while they reached a minimum under
Strategy IV (Stepped AD-PEMFC-ES) and Strategy V (Constant AD-
PEMFC-ES). This reduction was attributed to the configuration of the
battery, which decreased the adjustment times of the PEMFCs.
Strategy I demonstrated the highest average system efficiency at
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54.79%, which was 8.75% and 4.38% higher than those of the stepped
and constant flow strategies, respectively. This superiority was attrib-
uted to the exclusive utilization of hydrogen derived from the regulation
of ammonia for power generation, without incorporation of storage or
other applications. However, Strategy I comes at the expense of equip-
ment lifespan and overall system stability. This approach may not be
conducive to the long-term operation of the power system, as frequent
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adjustments and high operational demands can accelerate equipment
degradation and increase maintenance requirements.

In summary, maintaining constant operating conditions at a constant
flow rate is beneficial for equipment lifespan and overall system effi-
ciency. Combining the average daily cost, Strategy V (Constant AD-
PEMFC-ES) is deemed optimal, as it balances efficiency and cost-
effectiveness, making it the best choice for system control.
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Table 4

Capacity of the main components in the five strategies.

Cost Source

Hourly AD-PEMFC

Capacity

Stepped AD-PEMFC-HS

Constant AD-PEMFC-HS

Stepped AD-PEMFC-ES

Constant AD-PEMFC-ES

Capacity Capacity Capacity Capacity
AD 250Nm>/h 250Nm®/h 180Nm*/h 250Nm®/h 180Nm®/h
MS 12.75m* 12.75m* 9.18m? 12.75m* 9.18m”
PEMFC 4 stacks 4 stacks 4 stacks 4 stacks 3 stacks
Storage tank 15 kg 11 kg 16 kg / /
Battery / / / 760 kWh 1390 kWh
Ammonia 1722 kg 1847 kg 1847 kg 1847 kg 1847 kg
Hydrogen 15 kg 10.49 kg 15.81 kg / /
Electricity / / / 192.75 kWh 211.60 kWh

Table 5

Cost of the main components in the five strategies.

Cost Source

Hourly AD-PEMFC

Stepped AD-PEMFC-HS

Constant AD-PEMFC-HS

Stepped AD-PEMFC-ES

Constant AD-PEMFC-ES

Cost ($) Cost ($) Cost ($) Cost ($) Cost ($)
AD 490 490 352.80 490 352.80
MS 9511.5 9511.5 6848.28 9511.5 6848.28
PEMFC 240000 240000 240000 240000 180000
Storage tank 7500 5500 8000 / /
Battery / / / 25080 45870
Ammonia 1722 1847 1847 1847 1847
Hydrogen 114.15 79.83 120.31 / /
Electricity / / / 15.03 16.50
Annual maintenance 12875.08 12775.08 12760.05 13754.08 11653.55
Average daily cost 1551.20 1481.39 1440.78 1554.24 1535.50
Equipment cost [___| Ammonia cost : Maintenance cost i i ]Avgrage daily cost
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‘ ; L8139 144078 | L
1500 | : _ : B
' i £ 1200 | ' ‘
' ‘g ' '
21000 : P4 : :
H : 3 : :
° : % 800 F : :
S ) : : g : : :
‘ < : : :
= - - -i- = - i i i
0 - T - ! 400 | : :
500 ! ! !
L ‘ '} 1 'l : L 0 . .
Strategy I Strategy Il  Strategy III Strategy IV Strategy V Strategy I  Strategy II Strategy III Strategy IV Strategy V
(@) ®

Fig. 21. Economic evaluation of the system (a) Cost of the main components under five strategies, (b) The average daily cost of the five strategies.
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Table 6
Comparison of control strategies across various evaluation indicators.

Adjustment times
of ammonia
decomposer

Adjustment
times of
PEMFCs

Average
efficiency of
system

Average
daily cost

Strategy

Hourly AD-
PEMFC
Stepped 4

AD-
PEMFC-
HS
Constant 1
AD-
PEMFC-
HS
Stepped 4 8
AD-
PEMFC-
ES
Constant 1 3
AD-
PEMFC-
ES

21 30 54.79% 1551.20$

32 50.38% 1481.39%

32 52.49% 1440.78%

50.38%

1554.24$

52.49% 1535.50$

5. Conclusions and future work

In this study, a PEMFC power generation system based on ammonia
catalytic decomposition is proposed, which considers the main working
components such as ammonia decomposer, membrane separator and
PEMFC. With the 24 hours electricity demand of 285 households as the
control target, five control strategies are proposed, considering different
operation modes of hourly, stepped and constant hydrogen flow.
Different energy storage devices including hydrogen storage tanks and
lithium battery are used for peak power generation in support of PEMFC
power generation. This system not only meets user demands but also
ensures stable hydrogen production and power generation, achieving
high electrical efficiency and zero greenhouse gas emissions. The eval-
uation of five control strategies reveals that the hourly AD-PEMFC
control strategy can achieve an electrical efficiency of up to 54.79%
through controlled hydrogen production and coordinated regulation of
the fuel cell and energy storage devices. However, frequent fluctuations
in the ammonia decomposer can hinder system smoothness. The con-
stant AD-PEMFC-HS strategy achieves the lowest daily average cost of
$1440.78 but involves the highest number of fuel cell hydrogen valve
adjustments, which is detrimental to the stable operation of the PEMFCs.
Meanwhile, the constant AD-PEMFC-ES strategy, which requires one
adjustment for the ammonia valve and three adjustments for the
hydrogen valve, exhibits an efficiency of 52.49% and is deemed the
optimal strategy for extending equipment lifetime and enhancing
overall system efficiency.

It is important to acknowledge that the results of this study may
require further validation in practical settings, beyond the limitations
and assumptions of the simulation models. The performance and
computational results of different strategies may vary significantly
depending on the electricity load curves of different seasons or user
groups. The fuel cell power generation system based on ammonia
decomposition is influenced by many critical factors. The daily average
cost is composed of multiple factors, such as hydrogen price, hydrogen
storage tank price, and operation and maintenance costs. These factors
are subject to annual variations, which may lead to different economic
evaluation results. Future research will fully consider the aforemen-
tioned factors to provide a more comprehensive and accurate
assessment.
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