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Abstract: Considering the challenges related to hydrogen
storage and transportation which hinder its widespread
adoption, ammonia has emerged as a carbon-free carrier
for hydrogen due to several advantages such as simple
inexpensive storage. But, due to some limitations related
to net ammonia combustion, the suggestion is to store
hydrogen in the form of ammonia and convert it into
hydrogen-rich fuel before utilization in different applica-
tions like engines and turbines. Therefore, in this article, a
comprehensive thermodynamic analysis of hydrogen-rich
fuel production via ammonia decomposition is conducted
utilizing Aspen Plus V.12, to assess the impact of operating
parameters on Kkey criteria such as conversion rate (CR)
and enthalpy of reaction, to establish the maximum level
of efficiency of the process. The results show that at a
specific temperature, the CR of ammonia decreases as the
pressure rises so that the CR of more than 50% occurred at
temperatures of 427 and 513 K for pressures of 1 and 10 bar,
respectively. Moreover, the adiabatic flame temperature of
hydrogen-rich fuel is investigated so that increasing the
molar percentage of hydrogen from 0 to 50 leads to an
increase in the maximum adiabatic flame temperature
from 2,079 to 2,216 K.
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1 Introduction

CO, is the most effective greenhouse gas in terms of ele-
vating atmospheric temperature so that its concentration
currently stands at about 417 parts per million (ppm) by
volume and experienced a consistent annual increase of
over 2 ppm for the 11th consecutive year in 2022 [1]. To
reduce CO, emissions, effective utilization of alternate
carbon-free fuels has become significantly important [2].
Hydrogen (H,) is one of the most important carbon-free
fuels due to its high performance in multiple purposes so
its global demand from 2000 to 2021 increased from 50 to
94 Mt [3].

The problem of storage and transportation of hydrogen
is one of the most significant challenges for its feasible uti-
lization as a fuel. Hydrogen gas molecules are smaller than
those of any other gas, allowing it to permeate through
many materials typically regarded as airtight or imperme-
able to other gases. Although hydrogen has the highest
heating value by mass among all fuels (LHV = 119.6 MJ/kg),
it has a very low heating value by volume at standard con-
ditions, which is one-third of methane gas [4]. It is typically
stored in two main ways, one of which involves storing it as
a highly compressed gas, reaching pressures of up to 700 bar
at a temperature of 298 K. In addition, hydrogen can be
stored in its liquid form, which demands much lower tem-
peratures, specifically 20 K at 1bar. Achieving liquefaction
in this manner would necessitate a substantial energy input
of approximately 11.6 MJ/kg [5]. Such storage systems are
energy-demanding and extremely expensive, so the ways
and means to handle it economically and safely are a chal-
lenge that needs to be solved.

Ammonia (NHj3) has been recognized as a promising
carbon-free alternative for supplying hydrogen since it has
a high gravimetric hydrogen density of 17.8 wt%, suitable
LHV of 18.8 MJ/kg, and a volumetric energy of 11.3 MJ/L in
its liquid form [6]. In contrast to the challenges linked with
storing and transporting hydrogen, ammonia can be lique-
fied under mild conditions and stored in a simple, cost-effec-
tive pressure vessel since the vapour pressure of ammonia
at room temperature is 9.2bar [7]. Moreover, the existing
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infrastructure for ammonia production, storage, and trans-
portation is well-established and the global production capa-
city of ammonia is expected to expand from around 236
million tons in 2021 to nearly 290 million tons by 2030 [8].
Ammonia also benefits from a lower boil-off rate, approxi-
mately 0.025 vol%/day, in comparison with hydrogen which
can be up to 5 %vol/day [9]. Moreover, 1 mol of ammonia
contains 1.5 mol of hydrogen so that 108 kg of hydrogen is
embedded in 1 m® liquid ammonia at 293 K, which is four
times higher than the most advanced hydrogen storage sys-
tems, such as metal hydrides [10]. Ammonia is highly resis-
tant to auto-ignition which makes it safe to be transported so
that its auto-ignition temperature is 924 K compared to
hydrogen at 858 K [11].

Despite the numerous advantages provided by ammonia
usage, there are certain limitations especially related to net
ammonia combustion as a fuel. Ammonia has a low laminar
flame speed (Sp = 15cm/s at atmospheric conditions) com-
pared to other fuels such as diesel at about 87 cm/s [12], which
leads to low burning efficiency in engines. Its combustion
includes three specific emissions that relate to safety, health,
and climate: NH; unburned or slip, NO,, and N,0O [13]. There-
fore, one of the most practical ways to enhance the flame
speed of ammonia combustion and reduce NH; slip and
N,0 is to use combustion promoters.

Considering the advantages of ammonia as a hydrogen
carrier and due to the poor combustion performance of
ammonia fuel, it is proposed to carry hydrogen in the
ammonia-bound form and, immediately before use, to
decompose a part of the ammonia into H, as a promoter.
This Hy-rich fuel leads to a simpler fuel storage system and
reduces the need for additional modifications in different
applications such as engines [14,15]. Gill et al. [16] investi-
gated co-fuelling a diesel engine in three different modes
including only NH,, dissociated NH; (H,-rich fuel), and
pure H, as the second fuel. They showed that by substi-
tuting only 3% of the air intake with H,-rich gas, diesel
consumption, and CO, emissions decreased by 15%. Yang
et al. [17] studied the effect of varying H,/NHj3 ratios (10 to
90% energy fraction) on different parameters of a single-
cylinder diesel engine. The results demonstrated that when
the hydrogen blending ratio reached 30% compared to 0,
the unburned NH; was eliminated and N,O significantly
decreased by 97%.

Given the mentioned advantages of H,-rich gas as a
fuel, the usage of an ammonia decomposition system
becomes important since it can produce CO, and sulphur-
free stream of hydrogen, and unconverted ammonia can be
easily reduced to safe levels in one-step adsorption [18].
Thermal decomposition or catalytic cracking is the most
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common technique used for the generation of hydrogen
from ammonia [19]. To ensure the efficient use of raw mate-
rials and energy inputs for the ammonia decomposition
system, thermodynamic analysis enables to optimize reactor
designs, catalyst type, and operating conditions.

In this article, to assess how varying operational para-
meters can impact different key performance criteria of
the ammonia decomposition reaction, the technical ana-
lysis of hydrogen-rich gas production via ammonia decom-
position is performed using Aspen Plus V.12 considering
ideal-gas equation of state and idealized Gibbs reactor.
Using the thermodynamic principles allows us to provide
results for ultimate levels of conversion rate (CR) and
required energy. These limiting levels can serve as a basis
for the optimum design of different parts of ammonia
decomposition systems, evaluating related experimental
studies and developing more efficient systems of hydrogen
utilization in different applications including internal com-
bustion engines, gas turbines, and industrial furnaces.
Moreover, the adiabatic flame temperature (T,q) is inves-
tigated for different ammonia/hydrogen mixtures and var-
ious equivalence ratios so that such analysis is useful for
researchers and professionals concerned with safety and
the optimization of combustion efficiency for different
hydrogen-based fuel applications.

2 Methodology

The decomposition of ammonia is reverse to that of its
synthesis, as a typical single-step endothermic process
with an enthalpy change of 46.19 kJ/mol which is much
lower than electrolysis at 237.1kJ/mol [20,21]:

2NHjs(g) = Nyg) + 3Hyg). 0]

In this article, the thermodynamic analysis of hydrogen-
rich gas production through ammonia decomposition is per-
formed using Aspen Plus V.12 considering the ideal-gas
equation of state. Such thermodynamic analysis will be a
guideline for assessing the performance of actual catalytic
reactors due to the importance of evaluating the maximum
CR and energy consumption of the decomposition system at
different operating conditions. Therefore, ammonia decom-
position evaluation is conducted considering the idealized
Gibbs reactor. The reactor determines the decomposition
products by employing the Gibbs free energy minimization
method. Different criteria are considered, especially ammonia
CR [22] (equation (2)), hydrogen-rich gas energy ratio (ER) [23]
(equation (3)), and enthalpy variation.
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CR = MNHy, ~ mNHs,Um’ @

MNH; 5,

R = My, LHVy, + mNH3,outLHVNH3,ou1’ )
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where niyy,,, and riyg,,, are ammonia mass flow rate at
the inlet and outlet of the reactor, and LHV is the lower
heating value of the fuel.

In the Gibbs free energy minimization technique, the
system is thermodynamically favourable when its total
Gibbs free energy reaches its minimum value and its dif-
ferential equals zero for given temperature (7) and pres-
sure (P) [24]:

dG = 0. @

The Gibbs free energy (G) is a thermodynamic exten-
sive property which combines the enthalpy (H) and the
entropy (S) of a system and is defined by equation (5):

G=H-TS. (5

The differential change of the Gibbs function of a pure
substance is:

dG = VdP - SdT, (6)

where V is the volume. For a system consisting of different
species, the total Gibbs function is a function of two indepen-
dent intensive properties as well as the molar composition
which can be expressed as equation (7), and its differential is
based on equations (8) and (9) [25]:
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where n; is the number of moles of species present in the
system and y; is the chemical potential of species “;,” which is
the change in the Gibbs function of the mixture in a specified
phase when a unit amount of component (i) in the same phase is
added as pressure, temperature, and the amounts of all other
components are held constant. Equation (8) can be mathemati-
cally integrated into a process in which the size of the system is
increased by adding systems with the same intensive properties,
all intensive properties remain constant, and all extensive prop-
erties increase proportionally. Hence,dT = 0,dP=0,dy; = 0 in
such a process, showing that equation (9) can readily be inte-
grated from (G = 0, n; = 0) to (G, n) so that the total Gibbs free
energy of the ammonia decomposition process can be calculated
as a sum of the chemical potential of all components [26].

G= z,uini.

Therefore, equation (11) shows the Gibbs function dif-
ferential for the system at a given temperature and pres-
sure in chemical equilibrium.

dG = Y udn;.

(10)

11)

Moreover, the chemical potential of each of the species
of an ideal gaseous mixture is given by equation (12).
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Figure 1: NH5 and H, mass concentrations at different pressures and temperatures.
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P.
uT, P;) = u(T,P) + R,T In Fl 12)

3

where u,(T, P) is the chemical potential of the pure sub-
stance { when it exists alone at total mixture pressure and
temperature, which is equivalent to the Gibbs function
since the chemical potential and the Gibbs function are
identical for pure substances. So, the objective function
of minimization in Aspen Plus could be formulated as
follows:

. 13)

G(T,P,n;) = Y nju(T,P) + R,T In

Lt
P

3 Results and discussion

Figure 1 shows the equilibrium mass concentration of
ammonia and hydrogen product as a function of tempera-
ture ranging from 400 to 1,100K at different pressures
from 1 to 10 bar. This range of pressure is selected since
it covers the proper range in different applications such as
dual-fuel engines, fuel cells, and even hydrogen production
considering the utilization of a separation technique like
pressure swing adsorption. The results reveal that higher
temperatures at constant pressure, or lower pressures at
constant temperature lead to a higher percentage of the
produced hydrogen. Due to the importance of the partial
decomposition of ammonia in dual-fuel applications, it is
worth mentioning that the mass concentration of hydrogen
can reach a maximum of 17.8% at temperatures of 600 and
650 K when the pressure is 1 and 2 bar, respectively. Regarding
the effect of pressure, at a constant temperature of 600K,
ammonia mass concentration is 2.5% at P = 1bar, while this
amount for P = 10 bar increases to 19.5%.

The equilibrium constant, K.q, expresses the relation
between products and reactants of a reaction at equili-
brium with respect to a specific unit. The equilibrium con-
stant expression is derived from the law of mass action so
that it can be expressed by equation (14) in terms of equili-
brium composition for ammonia decomposition [26].

153705
- M P (14)
o N, (N

where P is the total pressure and N is the total number of
moles present in the reaction.

Figure 2 shows the variation of K.q based on tempera-
ture. The results obtained from Aspen Plus are validated by
comparing them with the equilibrium constant for ammonia
synthesis derived from Temkin and Pyzhev’s formula (equa-
tion (15)) [27]. The strong agreement between the two indicates
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Figure 2: Validation of equilibrium constant as a function of temperature
for ammonia decomposition.

the accuracy of Aspen Plus results, supported by the reciprocal
relationship between the equilibrium constants for decomposi-
tion and synthesis.
log,, Keq = 2.6899 + 2001.6 x T! + 1.848863 x 1077
x T2 - 2.69112210g,, T - 5.519265 x 107
x T.

(15)

Since the reaction is endothermic, the increase in tem-
perature provides the necessary energy to overcome the
activation energy barrier required for the reaction to
occur. Therefore, at higher temperatures, the decomposi-
tion of ammonia is favoured, leading to an increase in
the value of K.q. The larger the K.y value, the more the
ammonia decomposition reaction will tend toward the
right and thus to completion.

The thermodynamic equilibrium represents the max-
imum conversion that can be achieved, regardless of the
catalyst and reaction rates so it depends only on tempera-
ture, pressure, and inflow composition. According to equa-
tion (1), Figure 3 (left) shows the effect of pressure and
temperature on the ammonia CR. The results reveal that as
the temperature increases, particularly beyond 700K, the
influence of pressure on ammonia conversion diminishes
and it is more than 95%. Furthermore, at a specific tempera-
ture, the conversion of ammonia decreases as the pressure
rises. It is noticeable that CR of more than 50% occurred at
temperatures of about 427, 450, 484, and 513 K for pressures of
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Figure 3: Variation of NH; CR (left) and ER by temperature and pressure (right).

1, 2,5, and 10 bar respectively. Moreover, Considering the LHV
of ammonia and hydrogen as per equation (2), Figure 3 (right)
indicates the ER of the H,rich gas to ammonia inlet at dif-
ferent temperatures and pressures. The results reveal that the
maximum achievable ER is 1.13, which can occur at tempera-
tures higher than 700 K regardless of pressure. Regarding the
effect of temperature, at P = 1bar, an ER of 1.08 and 1.12 are
achievable for temperatures of 450 and 550 K.

The equilibrium constant for the reaction can also be
related to the standard Gibbs free energy change, AG°
which is related to the standard pressure, of the reaction
at a given temperature as equation (16) [28].

-AG°

InK = ,
R,T

(16)

where R, is the gas constant at 8.314 J/mol K. Moreover, AH®
and AS° determine the magnitude of AG®:

AG® = AH® - TAS®. 17

Figure 4 demonstrates the variation of AG’, AH®, and
TAS® as a function of temperature for the ammonia decom-
position so that considering the standard temperature,
the validity of the simulation can be proved since standard
Gibbs free energy for ammonia decomposition should
be +16.5k]J/mol [29]. The reaction is thermodynamically
favourable at temperatures more than 453 K in the forward
direction by reaching negative standard Gibbs free energy.
Figure 4 also shows that as the temperature increases, the
entropy change becomes more significant, which results in

a wider range of TAS® values. The AS is positive because
one molecule of NH; decomposes into more molecules of
gas (N, and Hy), increasing the disorder of the system. The
enthalpy changes from 44.85 to 55.60 kJ/mol which is gen-
erally less sensitive to temperature variations, and its
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Figure 4: Variation of AG®, AH°, and TAS® as a function of temperature for
ammonia decomposition.
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profile agrees with endothermic reactions. At lower tem-
peratures, the positive AH® term dominates, making AG
positive and the reaction non-spontaneous. At higher tem-
peratures, the positive TAS” term becomes more signifi-
cant, and the reaction becomes spontaneous.

The enthalpy change of the reaction (AH,) is the differ-
ence between the enthalpy of the products at a specified
state (Hp) and the enthalpy of the reactants at the same
state (Hy) considering equations (18)—(20) [30].

AH; = Hp - Hg, (18)
Hp = ZNP(}'_IfO + E - EO)P; (19)
Hg = ZNR(EfO + R - RO, (20)

where iy, i, and R are the enthalpy of formation, the
sensible enthalpy at the specified state and the sensible
enthalpy at the standard reference state respectively.
Figure 5 illustrates the effect of pressure and temperature
on the enthalpy of the ammonia decomposition reaction so
that as temperature rises, the reaction enthalpy also rises at
a specified pressure, while the pressure increasing leads to a
decrease in the reaction enthalpy due to Le Chatelier’s Prin-
ciple and the endothermic nature of the reaction. The effect
of temperature on the enthalpy change is more pronounced
for the temperature lower than 700 K compared to higher
temperatures so that AH is between 3,000 and 3,254 kJ/kg for
temperatures higher than 700K and it remains relatively
constant after 950 K.
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Figure 5: Enthalpy of ammonia decomposition as a function of tem-
perature and pressure.
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Considering the definition of ER and CR, and based on
the results related to Figure 3, it can be concluded that for
any pressure and temperature, there is a linear relation-
ship between ER and CR (equation (21)), which is shown by
the blue line in Figure 6.

ER =1+ 0.13CR. (VAY)

Moreover, the LHV of the reactor outlet mixture by
considering N, as the dilution component is calculated
using equation (22), and the results are shown in Figure 6
in comparison with the LHV of a conventional fuel such as
diesel, which is significant for dual-fuel engines in different
applications such as maritime and vehicular transporta-
tion. The LHV of the gas mixture (LHVy;,) is calculated
for all different pressures, and the results reveal that it
can be only considered as a function of CR. According to
Figure 6, the LHV of the H,rich gas rises as the CR
increases. At CR = 63%, LHV,;x reaches equivalence with
diesel fuel so that based on Figure 2, for pressures of 1, 2, 5,
and 10 bar, temperatures of about 450, 470, 512, and 544 K
are required, respectively, for such a conversion.

1y, LHVy, + 1inmg o, LHVNHS 6

LHVyix = (22)

mHz + mNHS,out
Combustion is the most important step in all kinds of
applications of H,-rich gas including gas turbines, internal
combustion engines, and furnaces. Therefore, the study of
adiabatic flame temperature, as the maximum tempera-
ture of the combustion gas that can be reached by the
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Figure 6: Variation of ER and lower heating value of the H2-rich gas
by CR.
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combustion reaction under no heat loss to the surround-
ings in the adiabatic condition (equation (23) [26]), is of
vital importance since the higher flame temperature may
be preferable for practical applications of H,rich gas
combustion.
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percentage of hydrogen (xy,) is determined using equation
(25), so that Figure 7 illustrates that by increasing the
hydrogen percentage in Hy-rich gas, stoichiometric air to
fuel ratio rises from 6.1 to 34.1 kgai,/Kgryer- This ratio for
conventional fuels like diesel and methane is about 14.5
and 17.2 kg;/kgryer, TESPectively [4]. Moreover, theoretical
air volume shows that less air volume is required for com-
bustion as the hydrogen content of the mixture increases,
thus reducing the volume of the combustion products.

m My
0= ( fuel/ alr)actual’ (24)
(Meyer/Mair)st

X
4

3
(1 - x)NH; + xH, + [ J(Oz + 3.76N,)
25
2

3-x
- 3.76

H,0.

According to the above-mentioned points, Figure 8
(left) shows the adiabatic flame temperature based on con-
sidering different exhaust species including H,, NH;, Oz, Ny,
H,0, N,0, NO, and NO,. It can be concluded that increasing
the molar percentage of hydrogen from 0 to 50% and 100%
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Figure 8: Adiabatic flame temperature (T=298 K, P = 1 bar, left) and effect of pressure and initial temperature on the adiabatic flame temperature of

H,-rich gas (right).
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in the fuel mixture leads to the increase of maximum adia-
batic flame temperature from 2,079 to 2,216 K and 2,438 K. It
is worth mentioning that the maximum adiabatic flame
temperature for diesel is 2,573K [31]. When the equiva-
lence ratio falls below one (lean mixture), there is an
excess of air extracting heat from the reaction. On the
other hand, when the equivalence ratio is greater than
one (rich mixture), there is a higher concentration of
unburnt fuel that consumes energy, but this is less than
the heat taken away by air during lean combustion. More-
over, by increasing the hydrogen content to more than
80%, the maximum values of the adiabatic flame tempera-
ture of mixtures occur slightly on the rich side of the fuel
equivalence ratio (off-stoichiometric peaking of adiabatic
flame temperature [32]). This is because the products
of rich mixtures have higher concentrations of diatomic
molecules such as H, compared to the products of lean
combustion, which have higher concentrations of triatomic
molecules such as H,0. Since the specific heats of diatomic
molecules are smaller than those of triatomic molecules, the
adiabatic flame temperatures of richer mixtures should
have higher values.

As the combustion process in different applications
such as diesel or gas turbine cycles can be considered at
different pressures, the effect of pressure and initial tem-
perature on the maximum adiabatic flame temperature is
also investigated and shown in Figure 8 (right). The results
demonstrate that the adiabatic flame temperature of dif-
ferent blends of H,/NHj3 is weakly affected by pressure so
that for a mixture of 50% hydrogen, T,q just increases from
2,224 to 2,242 K as a result of a 20 bar increase in pressure.
On the other hand, the effect of initial temperature on the
adiabatic flame temperature is more than that of pressure.

4 Conclusions

In this study, thermodynamic analysis of thermal ammonia
decomposition to produce hydrogen-rich fuel is performed
using Aspen Plus V.12 considering the Gibbs-free energy
method. It is found that the performance of the ammonia
decomposition reactor is highly affected by temperature
and pressure so higher temperatures and lower pressures
lead to a higher percentage of the produced hydrogen. The
CR of more than 50% occurred at temperatures 427 and
513K for pressures of 1 and 10 bar respectively. Moreover,
the results reveal that the effect of temperature on the
enthalpy of the reaction is more pronounced for tempera-
tures lower than 700K and this endothermic reaction is
thermodynamically favourable at temperatures more than
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453K in the forward direction by reaching negative stan-
dard Gibbs free energy. Moreover, adiabatic flame tempera-
ture analysis shows that increasing the molar percentage of
hydrogen from 0 to 50% leads to the increase of maximum
adiabatic flame temperature from 2,079 to 2,216 K. The infor-
mation and results presented in this thermodynamic inves-
tigation can serve as a foundation for the optimum design of
different parts of ammonia decomposition systems, evalu-
ating the related experimental research, and developing
more efficient systems of hydrogen production in different
applications such as dual-fuel vehicular engines, maritime,
power plants, and industrial furnaces.
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