‘.‘ﬂ% reactions

Article

Analytical and Numerical Thermodynamic Equilibrium
Simulations of Steam Methane Reforming: A Comparison Study

Bruno Varandas 1, Miguel Oliveira 1"

check for
updates

Citation: Varandas, B.; Oliveira, M.;
Borges, A. Analytical and Numerical
Thermodynamic Equilibrium
Simulations of Steam Methane
Reforming: A Comparison Study.
Reactions 2024, 5, 246-259. https://
doi.org/10.3390/reactions5010011

Academic Editor: Dmitry Yu. Murzin

Received: 17 January 2024
Revised: 4 March 2024
Accepted: 5 March 2024
Published: 8 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2 1,2,3,%

and Amadeu Borges

Laboratory of Thermal Sciences and Sustainability, University of Tras-os-Montes and Alto Douro,

5001-801 Vila Real, Portugal

2 CQ-VR, Chemistry Research Centre, University of Tras-os-Montes and Alto Douro,

5001-801 Vila Real, Portugal

Department of Engineering, School of Sciences and Technology, University of Tras-os-Montes and Alto Douro,
5000-801 Vila Real, Portugal

*  Correspondence: amadeub@utad.pt

Abstract: Computer simulation is a crucial element in the design of chemical processes. Although
numerous commercial software options are widely recognized, the expense associated with acquiring
and sustaining valid software licenses can be prohibitive. In contrast, open-source software, being
freely available, provides an opportunity for individuals to study, review, and modify simulation
models. This accessibility fosters technology transfer and facilitates knowledge dissemination, bene-
fiting both academic and industrial domains. In this study, a thermodynamic equilibrium steady-state
analysis of steam methane reforming using a natural-gas-like intake fuel was conducted. An analyti-
cal method was developed on the Microsoft Excel platform, utilizing the material balance equations
system. The obtained results were compared to numerical methods employing the free-of-charge
chemical process simulation software COCO and DWSIM. The investigation explored the influence
of temperature, pressure, and steam-to-carbon ratio to determine optimal operating conditions. The
findings suggest that higher temperatures and lower pressures are highly favorable for this process,
considering that the choice of steam-to-carbon ratio depends on the desired conversion, with a
potential disadvantage of coke formation at lower values. Consistent results were obtained through
both analytical and numerical methods. Notably, simulations performed using DWSIM showed
a deviation of 6.42% on average compared to COCO values. However, it was observed that the
analytical method tended to overestimate the results by an average of 3.01% when compared to the
simulated results from COCO, highlighting the limitations of this analytical approach.

Keywords: steam methane reforming; thermodynamics; numerical analysis; hydrogen

1. Introduction

One of the biggest issues facing the world now is the energy transition, which will
necessitate the creation of numerous new technologies that will enable the affordable
production of low-carbon energy vectors [1].

Hydrogen (Hy) is seen as an attractive carrier and alternative to fossil fuels due to its
combustion without emitting environmental pollutants and its high energy potential [1,2].
Numerous researchers suggest hydrogen as the future’s primary energy carrier, offering a
sustainable solution to replace fossil fuels [1-4]. However, hydrogen is not naturally avail-
able in nature, necessitating the use of other materials and fuels for its production [5]. One
of the predominant methods for hydrogen production is steam methane reforming (SMR).
In total, 80 to 85% of hydrogen production is derived from this technique and uses natural
gas as a source of methane [6-8]. This process involves the reaction of methane (CH,) with
steam, facilitated by a high-temperature catalyst, resulting in synthesis gas with elevated
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hydrogen concentrations. The endothermic nature of this reaction (1) requires a heat source,
commonly provided by the combustion of excess methane within the reactor [2].

CH4 + H,O + CO + 3H,
ARH® = 206 k] mol ! M
The SMR reaction typically occurs at elevated temperatures (900-1200 K) and pressures
(5-25 bar) [6,9], with a preference for high temperatures and low pressures. Due to the
production of high concentrations of carbon monoxide (CO) in the reaction products, the
SMR process is inherently coupled with the water—-gas shift reaction (WGS) (2). This process
promotes the conversion of CO to carbon dioxide (CO;) through a catalytic reaction with
steam, minimizing CO concentrations and increasing H, output [10].

CO + HyO < CO, + Hy %)
ARH® = —41 KJ mol !
While the WGS reaction is exothermic and favored by low temperatures, the combina-
tion of both reactions (1) and (2) provides an endothermic global reaction (3).

CH4 4+ 2H,0 + CO, +4H, 3
ARH® = 164.9 k] mol ! ®)
However, steam methane reforming is a complex process troubled by several draw-
backs. The necessity for high temperatures introduces challenges related to heat transfer
and diffusion, along with issues such as coke formation, poisoning, sintering, and oxidation,
ultimately resulting in catalyst deactivation [11]. Additionally, other undesired reactions
may also occur during the process [12].

Steam reforming extends beyond methane and can involve other alkanes such as
propane [13-15], butane [16,17], methanol [18,19], and ethanol [20], among others. The
choice of catalyst plays a crucial role in determining the efficiency of the steam reforming
reaction. Generally, Ni-based reforming catalysts with Al,O3 supports are widely favored
in the industry due to their affordability and high activity. However, it is important to note
that these catalysts are susceptible to carbon deposition, known as the Boudouard reaction,
leading to catalyst deactivation [21-23].

In the present study, a comparative approach was employed to simulate the steady-
state steam methane reforming process through equilibrium reactions, concurrently ex-
ploring the thermodynamics to identify optimal theoretical conditions for this process.
Numerical methods were employed to assess the capabilities of the current free chemical
process simulation software available on the market. These numerical results were com-
pared against an analytical method developed on the Microsoft Excel (Microsoft 365 MSO,
version 2401 Build 16. 0. 17231. 20236) platform for a comprehensive comparison.

Currently, advanced software simulation codes are available, enabling the prediction
of products outputs, energy consumption, and various parameters associated with the SMR
(steam methane reforming) process. These software codes are highly valuable for both the
design and optimization of chemical processes [24]. While some software in this category
is commercially popular, the acquisition and maintenance of valid software licenses can
often be prohibitively expensive. In contrast, open-source software is accessible to all,
allowing individuals with an interest in studying, reviewing, or modifying simulation
models created using open-source tools to do so freely [25].

COCO stands as a compilation of CAPE-OPEN software elements designed for steady-
state process simulation and interoperability testing within the CAPE-OPEN framework.
This simulation environment exclusively relies on CAPE-OPEN, enabling developers
and industries to comprehensively assess and harness the capabilities of CAPE-OPEN
technology [25]. In this research, the flowsheet environment within COCO, known as
COFE, was employed in conjunction with COCO’s thermodynamics library, TEA. DWSIM,
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based on sequential modular solution techniques, is better suited for analysis problems
due to its strong thermodynamic engine and standalone thermodynamic library (DTL).
However, it is difficult to perform dynamic simulations due to iterations and parameter
values in output streams or equipment [26].

2. Materials and Methods

In the present study, three distinct approaches were employed to simulate the steam
methane reforming process, involving one analytical and two numerical methods. The
analytical method was initially executed using Microsoft Excel software. When utilizing
thermodynamic equilibrium models, the chemical composition of the constituents can be as-
sessed either through the minimization of Gibbs energy (non-stoichiometric) [27] or by solv-
ing the system of equilibrium constants and material balance equations (stoichiometric) [28].
While the former is widely employed in thermodynamic equilibrium evaluation, this study
utilized the latter method, detailed below.

Considering the following reaction,

aA +bB < cC+dD (4)
The equilibrium constant for partial pressures is defined as

(5)" x ()’

=——5 (5)

) G

P; = X; x Pr (6)

By using Dalton’s law,

Replacing the values of partial pressures in (5) leads to

xpPr\4  (XcPr)©
Py Py

4 (X%.(I:T)b x (x?).;%)a @

_ X%XCC 9 E d+c—b—a
T xbxa T\ Po

(8)

with Pr being the total pressure, P; the partial pressure of each constituent, Py the reference
pressure (1 bar), and X; the molar fraction value. Another way of expressing the equilibrium
constant of a reaction is through the variation in Gibbs energy, where

AG
Keq = exp (— RTO) )

with
AGo = AHg — TAS, (10)
The equations resulting from the material balance analysis can be solved with the

introduction of the equilibrium constants that were calculated for each reaction involved in
the process.

e  Reform reaction:

(11)

XCO'X?P,IZ ( Pt ) 2
eq = v v X

~ Xcu, - X1,0 Py
e  WGS reaction:
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. XCO2 .XH2

Ko —
17 Xco Xm0

(12)

As for heat balance, it is also important to study how values can be influenced by
external factors. From the first law of thermodynamics, we have

AH + AE, + AE, =Q—W (13)

Considering AE; = AEP = W = 0, the resulting equation is
AH = Q = Hout — Hip = () _ni x Hi)out — (Ui x Hy), (14)
By considering the standard enthalpy of formation and assuming the ideal gas state,

A T A
1, = AHD + /T CpdT (15)
ref

Numerical analysis was performed using the CAPE-OPEN Flowsheet Environment
(COFE) included in the COCO software. The COCO simulator is a free-to-charge process
modeling environment allowing chemical process simulations while providing an intuitive

graphical user interface. A single equilibrium reactor was used to simulate both reactions
necessary. The system created and used for this software is shown in Figure 1.

Natural Gas _—
Compressed
Mixture /<~ Mixture @ Reactor In Final Product
7
" Compressor Heater
Steam Mixer

Equilibrium Reactor

Figure 1. Chemical process simulation diagram using COCO software.

For another round of numerical analysis on SMR, the DWSIM software was employed.
This chemical process simulator holds distinct advantages over the COCO software, being
open-source and capable of accommodating both steady-state and dynamic-state simula-
tions. First attempts were made to simulate both chemical processes in a single equilibrium
reactor, like the one performed in the COCO software, but convergence errors were ob-
tained. As a result, two distinct reactors were implemented, the reforming reactor (reform
reactor) followed by the water—gas shift reactor (WGS reactor), as shown in Figure 2. It is
important to note that the stream called “liquid product 1” has only the purpose of complet-
ing the connections to the reform reactor. No water is removed from the reforming reactor,
allowing the WGS reaction to take place in the next reactor. In this manner, the successful
convergence of the system was achieved, and we proceeded with the simulations.

WGS Reactor

Mixed Product Compressed  eater
Natural Gas Mixture

Energy 4 Liquid Product 2

-186.54 kW

Energy 1 Compressor Energy 2 Energy 3 e
1 875.06 KW 38323kW  1816.16 KW Liquid Product 1

Figure 2. Chemical process simulation diagram using DWSIM.



Reactions 2024, 5

250

Both numerical software used the Peng—-Robinson thermodynamic package, and all
methods assume the ideal gas law. Also, no unwanted reactions such as coke forma-
tion were considered for each chemical process due to the limitations of the analytical
method. For the steam methane reforming simulation, a mixture of methane and ethane
was used to simulate natural gas steam reforming at an intake flow rate of 5.16 kmol/min
(0.57 kmol/min of natural gas and 4.59 kmol/min of steam). Natural gas is represented
by the following mole percentages: 90% methane, 6% ethane, 2% carbon dioxide, and 2%
nitrogen. The mole fractions at the reactor inlet are as follows: 17.44% methane, 1.16%
ethane, 0.39% carbon dioxide, 0.39% nitrogen, and 80.62% water. The stoichiometric steam-
to-carbon (S/C) ratio being 1 mole of carbon to 4 moles of steam was initially considered.
The effect of temperature, pressure, steam-to-carbon (S/C) ratio, and heat balance was
studied to evaluate the optimal operational conditions for each process. For the SMR
process, a temperature range of 600 °C to 900 °C was considered, while pressure ranged
from 1 bar to 25 bar.

3. Results and Discussion
3.1. Hydrogen Production

With a fixed steam-to-carbon ratio (S/C = 4), the production of hydrogen in mole
number demonstrates an increase with rising temperature, as illustrated in Figure 3. This
outcome aligns with our expectations, considering the endothermic nature of the reforming
reaction, where the equilibrium constant is favorable at higher temperatures. Conversely,
the mole number of hydrogen decreases with increasing pressure, affirming that the SMR
process is more advantageous at lower pressures. The observed trend indicates that the
increase in temperature maximizes hydrogen production up to a certain temperature
threshold, dependent on the pressure applied during the reaction. Beyond this reference
point, higher temperatures exhibit a detrimental effect, leading to a decline in hydrogen
production (Table 1). Because of this, the maximum values of Xy, can be attained at 700 °C
and 1 bar of pressure according to all three simulation methods.

Excel
COCO
DWSIM

0.5 o

0.4 ~

0.3

0.2 ¥

0.1 4

800

25 800

15
10 T00

600
Pressure [bar] b Temperature [*C]

Figure 3. X, resulting from the SMR simulation process with S/C = 4.

While the results from the Microsoft Excel and COCO software (version 3.7.0.0) are
very similar at lower temperatures, the results from DWSIM have shown lower values of
hydrogen production. At 25 bar of pressure and 600 °C, the DWSIM simulation indicates
that the hydrogen molar fraction would be equal to 0.157 compared to the values of 0.207
from Microsoft Excel and 0.205 from COCO. As temperatures increases, on the other hand,
simulations provided by COCO and DWSIM provided up-to-par results, while results from
the Microsoft Excel simulations are 6.16% higher in general.
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Table 1. X}, resulting from the SMR simulation process with S/C = 4.

Temperature Software 1 Bar
Excel 0.461

600 °C COCO 0.441
DWSIM 0.430

Excel 0.489

700 °C COCO 0.459
DWSIM 0.459

Excel 0.481

800 °C COCO 0.451
DWSIM 0.451

Excel 0.472

900 °C COCO 0.443
DWSIM 0.443

In the study conducted by Di Nardo et al. (2024), they reported Xy, values of 0.225 at
600 °C, 0.311 at 700 °C, 0.321 at 800 °C, and 0.319 at 900 °C, all under a pressure of 1 bar
and an S/C ratio of 4 and at an intake flow rate of 8 kmol/h [29].

As for the CHy4 conversion efficiency, Figure 4 indicates that increasing pressures in the
reaction result in reduced efficiency, necessitating higher temperatures to achieve equivalent
conversion values attainable at lower pressures. As the simulations in Microsoft Excel
accounted for the total conversion of ethane, considering both reforming and water—gas
shift (WGS) reactions, this enabled the solution of the equation system to be derived from
material balance. In contrast, when utilizing numerical analysis, this stringent condition
is not required, leading to a slight expected difference in the molar fraction of CH,. The
decision to consider the total conversion of ethane aimed at simplifying the calculation
process, driven by constraints within the Excel approach. The introduction of the ethane
conversion reaction would have led to an overwhelming number of equations and variables,
making the manual calculation of numerous equilibrium constants highly challenging
within the Excel framework. In COCO and DWSIM, where complete conversion was
not achieved, the results showed similar conversion values in both approaches: 66% for
5/C=25,74% for S/C = 4, and 83% for S/C = 8. For the same reason, the CHy dry
reforming reaction in the material balances was not included, which possibly lead to an
even greater difference in the molar fraction of CH4. Remarkably, consistent results were
achieved through simulations conducted in both Microsoft Excel and DWSIM, covering
the entire range of temperatures and pressures. However, values obtained from COCO
simulations were consistently higher than those from the other software, although this
discrepancy diminishes when temperatures reach 800 °C.

CH4 conversion efficiency [%a)]

900

25 800

15 0 700

600
Pressure [bar] 1 Temperature [°C)

Figure 4. CH, conversion efficiency study with S/C = 4.
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3.2. Production of Carbonaceous Products

Evaluating the impact factor of the production of carbonaceous products resulting
from the studied reactions is important given their potential to significantly influence the
performance of these processes. As mentioned previously, the formation of coke due to
solid particles of carbon during the reaction was not considered. However, carbon oxides
were investigated, as depicted in Figure 5.

EEM}BI
COoco
DWSIM

0.1

0.08 4

0.06 ~

XCO

0.04 4

0.02 +

900

10 700

600
Pressure [bar] 1 Temperature [°C]

Figure 5. Xo obtained from the SMR simulation process with S/C = 4.

The formation of carbon monoxide increases with temperature while decreasing with
pressure. The results from both numerical models converge to 0.074 at 900 °C and 1 bar
of pressure, representing the conditions where the maximum values of CO formation are
observed. However, simulations conducted through the analytical method have produced
higher values, with a progressively increasing deviation as temperatures rise, when com-
pared to the results obtained from the numerical models. Under conditions of maximum
CO formation, the results from the Microsoft Excel simulations are 16.19% higher than the
values obtained from both COCO and DWSIM.

Carbon dioxide formation exhibits distinct behavior compared to carbon monoxide.
The results presented in Figure 6 show that X, decreases with rising temperatures when
a pressure of 1 bar is used. On the other hand, when higher pressures are applied, Xco,
will initially increase until a certain value of temperature is reached. This temperature
will be dependent on the pressure used. The simulations performed have shown that this
reference temperature is 650 °C at P = 5 bar, 700 °C for P = 10 bar and P = 15 bar, and
750 °C for P = 20 bar and P = 25 bar. From these reference points, higher temperatures will
eventually lead to a decrease in Xcp, due to the exothermic nature of the WGS reaction,
which favors CO formation at high temperatures while maintaining the highest CO, levels
at low temperatures; these results were expected. Maximum values of X, are observed
when temperature and pressure are the lowest at 600 °C and 1 bar with an average value
of 0.088. When pressure is increased, simulations run using the DWSIM software (v8.6.8)
typically produce results that are 15.12% below those obtained using Microsoft Excel and
COCO. On the other hand, all three models produced results that were essentially identical
at 1 bar of pressure.

3.3. Heat Balance

Figure 7 illustrates the molar enthalpy balance values between the output and input
mixture of the reforming reactor. Employing the fuel described in Section 2, the considered
fuel intake was 5.16 kmol/min.
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DWSIM
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Figure 6. X0, fraction obtained from the SMR simulation process with S/C = 4.

Excel
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DWSIM
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Figure 7. Molar enthalpy balance obtained from the SMR simulation process.

The heat balance exhibits a similar behavior to hydrogen production in that it increases
with higher temperatures and decreases with higher pressures. Lower reaction temper-
atures notably affect the required energy, especially when higher pressures are applied.
However, at 900 °C, the pressure choice has a minimal influence on the calculated heat
balance. The results further indicate that the energy required for the reaction tends to a
maximum value with higher temperatures. It was observed that this maximum value is
achieved at higher temperatures as pressure increases. The maximum enthalpy balance
obtained is 78,871 kJ /kmol at 700 °C, according to simulations from the Microsoft Excel
software. According to the numerical models, the results are practically identical at 700 °C,
with a heat balance of 73,424 k] /kmol and beyond this temperature. Only below this tem-
perature do the results from COCO and DWSIM diverge from one another, with the COCO
simulation results approaching the Microsoft Excel results at the lowest temperature.

3.4. Steam-to-Carbon Ratio Study (S/C)

The influence of the steam-to-carbon ratio (S/C) can provide different results and
is very important regarding catalyst deactivation [30]. The effect of the steam-to-carbon
ratio was studied on the reaction indices (CHy conversion, product outputs, and enthalpy
balance) with values of 2.5, 4, and 8. Firstly, the hydrogen production study has shown
evidence that lower values of S/C tend to increase the hydrogen molar fraction, as shown
in Figure 8.
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Figure 8. X, results comparison for different S/C ratios.

Atlower temperatures, S/C of 2.5 exhibits a slightly higher hydrogen output compared
to both the stoichiometric ratio of 4 and 8. The minimum Xp;, output of 0.136 obtained from
DWSIM is attained at S/C =8, T = 600 °C, and P = 25 bar, while the maximum value of
0.577 given by the simulation in Microsoft Excel is achievable at S/C = 2.5, T = 900 °C, and
P =1 bar. In contrast to the simulations from DWSIM, the results from the Microsoft Excel
and COCO simulations are very comparable across all the tests run, especially at higher
pressures. The results obtained from the analytical model are typically 3.85% and 9.21%
higher than the numerical solutions offered by COCO and DWSIM, respectively. At higher
temperatures, the hydrogen output rises, but this benefit might not be worth it compared
to the additional drawbacks that come with lower S/C ratios. The comparison between our
study and the results reported by Carapellucci, R. and Giordano, L. (2020) [31] highlights a
slight variation in the Xy, values under similar conditions. While they obtained a result of
0.56 foran S/C =2 and P = 10 bar at 800 °C, our study yielded an Xy, value of 0.52 for an
S/C=2.5and P = 10 bar at the same temperature in the analytical approach and 0.51 in
COCO and DWSIM.

Despite having a higher hydrogen output, the S/C ratio of 2.5 has a less efficient
reaction conversion than higher ratios, as demonstrated in Figure 9.

1 bar J Excel 5bar p Excel

= =coco Im=jcoco
i DWSIM i DWSIM

100 ~

CH4 conversion efficiency [%)]
CH4 conversion efficiency [%]

" 900 " 900

800 800

4
700 700

SIC ratio 25 600 Temperature [°C] SIC ratio 25 600 Temperature [°C]

Figure 9. Cont.
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DWSIM

100 ~

CH4 conversion efficiency [%]
CH4 conversion efficiency [%)]

" 900

4 800
700

S/C ratio 25 600 Temperature [°C] S/C ratio 25 800 Temperature [°C]

800

700

Figure 9. CH, conversion efficiency results comparison for different S/C ratios.

When using the reaction conditions of T = 600 °C and P = 5 bar, the CH, conversion
efficiency can vary from 37.0% using S/C = 2.5 to 76.0% with S/C = 8, according to
simulations performed in Microsoft Excel. Another conclusion to be made is that as the
S/C ratio increases, as does the conversion efficiency of the reaction, which can also be
attained at lower temperatures. As previously mentioned, higher pressures tend to harm
the reaction, and as higher-pressure scenarios are simulated, the differences between
each model’s results become greater. This time, the COCO simulation results revealed a
conversion efficiency that is, on average, 6.14% higher than that of the DWSIM simulation
and 8.97% higher than that of the Microsoft Excel model. In general, DWSIM simulations
were also 2.40% higher than the analytical model results.

While lower S/C ratios maximize hydrogen production, the carbonaceous products are
also more significant and can be accompanied by catalyst problems and worse performance.
This is proven by the graph in Figure 10, which translates to the higher values of carbon
monoxide that can appear at lower S/C ratios.

f Excel b Excel
— 5 bar —
=coco F—lcoco
) DWSIM b DWSIM

1 bar

0.15

N 800 4 800
700 700

S/C ratio 25 600 Temperature [°C] S/C ratio 25 600 Temperature [°C]

f Excel 0 Excel
gl E=coco e =coco
b J

DWSIM

DWSIM

4 800 4 800
700 700

S/C ratio 25 600 Temperature [°C] S/C ratio 25 800 Temperature [°C]

Figure 10. X0 results comparison for different S/C ratios.

The simulations performed have shown that CO formation can severely increase by
using lower values of the S/C ratio. Under the given conditions of T =900 °C and P =1 bar,
the mole fraction of CO increases by 119.72% when the steam-to-carbon ratio (5/C) is
reduced from 8 to 4. Furthermore, an additional 66.10% increase in Xq is observed when
S/C is further decreased to 2.5 from 4. Both numerical simulation models have provided



Reactions 2024, 5

256

up-to-par results throughout every reaction condition. The Microsoft Excel model, on the
other hand, predicts higher values, in which the difference becomes more significant as
higher temperatures are applied.

As for Xcp,, the lower S/C ratio of 2.5 can attain the maximum output of carbon
dioxide when temperatures below 700 °C are used (Figure 11). At 700 °C, the values of
Xco, are very similar to the S/C ratio of 2.5 and 4.

Excel Excel

1 bar

b b
=coco 5 bar =caco
J DWSIM b

DWSIM

®o

" 900 " 900
4 800 4 800
700 700

SIC ratio 25 600 Temperature [°C] S/C ratio 25 600 Temperature [°C]

e el i Excel
— 25 bal =
Imcoco i —coco
! ) DWSIM

15 bar
DWSIM

a 800 4 800
700 700

S/C ratio 25 600 Temperature [*C] S/C ratio 25 600 Temperature [°C]

Figure 11. X0, results comparison for different S/C ratios.

An S/C ratio of four has been shown to hold the highest output of carbon dioxide
when temperatures are equal to or higher than 750 °C across all pressure ranges. It is
observable that all three simulation models can provide similar X0, values at low pressure,
although a significant difference starts to appear when higher pressures are applied. COCO
simulations have shown to differ by 4.01%, on average, compared to the analytical model,
while DWSIM results differed by 8.71%. Only a difference of 3.66% is verified when both
numerical simulations are compared.

Heat balance is also very influenced by the S/C factor because as the enthalpy of the
reactants is much higher and increases slightly, the enthalpy of products increases severely,
which leads to a lower heat balance as the S/C ratio goes up, as shown in Figure 12.

0 Excel
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) DWSIM

Excel
COCO
DWSIM
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=
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S 3
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Molar enthalpy balance [kJ/kmol]
Molar enthalpy balance [kJ/kmu\]><
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" o00 "800
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700 700
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Figure 12. Cont.
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Figure 12. Molar heat balance results comparison for different S/C ratios (Fuel intake = 5.16 kmol/min).

However, the analytical model has shown that the enthalpy balance is higher when
using an S/C of 4 at a temperature of 600 °C when pressure is 5 bar or above. The same
conclusion is drawn when temperatures are at 650 °C with pressure equal to 10 bar and
above and when T = 700 °C with P > 20 bar. It was determined that at a fixed temperature,
the pressure rise will gradually narrow the gap between values obtained for each S/C
ratio and that the maximum heat balance simulated would shift the S/C ratio from 2.5 to
4. Using a fuel intake of 5.16 kmol/min, the resulting heat balance is maximized out at
T =900°C, P =1 bar, and S/C = 2.5, with an average value of 90,969 k] /kmol. The results
of the COCO simulation differed by —3.71% in terms of heat balance when compared to
the analytical model, while the DWSIM results differed by —9.37%. DWSIM simulations
on heat balance have demonstrated that there is an average difference of 5.29% between
the two numerical solutions when compared to the outcomes from the COCO simulation.

4. Conclusions

The thermodynamic analysis conducted in this study underscores the importance of
considering various reaction conditions when idealizing a steam methane reforming pro-
cess. Hydrogen production exhibited a direct correlation with rising temperatures, peaking
at 700 °C, and a converse relationship with increasing pressure. Lower steam-to-carbon
(S/C) ratios, particularly at 2.5, maximized hydrogen output but at the expense of reduced
CHy conversion efficiency. The formation of CO increased with temperature but decreased
with pressure, showcasing a trade-off with hydrogen production. Notably, Microsoft Excel
simulations displayed significantly higher CO values than COCO and DWSIM, particularly
at elevated temperatures. Additionally, CO; formation demonstrated complex behavior,
peaking at lower temperatures and pressures, with DWSIM consistently showing lower val-
ues than Microsoft Excel and COCO. The heat balance increased with higher temperatures
but decreased with higher pressures, reaching a maximum at 700 °C. Lower S/C ratios,
especially at 2.5, maximized heat balance at specific temperature and pressure conditions,
emphasizing the impact of enthalpy differences. While higher temperatures and lower
pressures generally favored hydrogen production and efficiency, the choice of S/C ratio
needs careful consideration to balance enhanced hydrogen concentration with potential
challenges related to carbonaceous products and catalyst performance.

The comparative analysis with the literature underscored the variations in Xy, values,
highlighting the influence of methodological differences and specific conditions on the
outcomes. The software comparison among Microsoft Excel, COCO, and DWSIM revealed
consistent trends, with differences attributed to model complexities and solver methods.
COCO tended to provide higher values in hydrogen production, CO, and CO, compared
to DWSIM, while Microsoft Excel often showed higher CO values. The DWSIM results, on
average, are 6.42% lower than those from COCO. The COCO simulations differ by 3.01%
from the Microsoft Excel method, while the DWSIM results exhibit a larger difference of
10.42%. This disparity can be attributed to the analytical method’s limitations, where the
possible dry reforming reaction of methane (due to the small CO, content) was not included.
Nonetheless, analytical models using Microsoft Excel have proven to be highly effective,



Reactions 2024, 5 258

providing results comparable to numerical software, although the efficacy depends on the
intake fuel considered and the constraints of solving the material balance equation system.
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