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This study proposed and evaluated the new hydrogen production design of the
Gas Turbine - Steam Methane Reforming (GT-SMR) hybrid process. The
superheated byproduct gas from the GT system is utilized as a combustion
agent for the boiler of the SMR system, minimizing the required heat energy
input for hydrogen production. The overall energy consumption and energy
generation are calculated and simulated to determine the system's operational
performance. Under no efficiency losses, the design is tested to understand how
the significant input parameters such as temperature, pressure, and
steam/methane ratio (S/C) affect the system's overall performance. From the
data generated, the system's efficiency was directly proportional to the
pressure and temperature while inversely proportional to the S/C values.
However, in actual applications, the menthane conversion rate often fluctuated
depending on the adjustments of these factors, regardless of their
thermodynamic relationship with the SMR efficiency. With the addition of other
energy waste information, a complete simulation showed the reversed effect of
pressure. Although the temperature and S/C ratio improved the overall
performance, the hybrid system efficiency reached its limits beyond certain

values.

1. Introduction

Hydrogen gas has become more popular as a discussion
topicinrecent decades as it holds a vital position in sustaining
the current oil and agricultural industry as well as
determining the future's energy path. Hydrogen has the
lowest molecule weight and a high energy-to-weight ratio
compared to traditional fuel. This makes hydrogen an
attractive alternative to power transportation to reduce the
CO2 emission from combustion engines. Other than fuel cells
and the potential replacement of fossil fuels, hydrogen has
been widely utilized in major industrial applications. Nearly
70% of produced hydrogen in the United States is used in the
petroleum refining industry [1]. Another 20% is utilized in
producing fertilizer for agricultural usage. Despite its critical
role in industry, hydrogen production is not a simple task due
to constraints in production and exploitation methods. To
generate hydrogen gas, reactions are usually required to be
endothermic, leading to more energy input to sustain the
conversion than the possible extracted energy of hydrogen.
This limits hydrogen production to a few industries with
abundant or pre-existing heat sources to provide the
necessary reaction energy. Currently, only a few hydrogen-
generating methods are widely used. Proton Exchange
Membrane Electrolysis Cell (PEMEC) uses electricity to ionize

the water particles and separate them into pure hydrogen and
oxygen gas. It uses solid polysulfonated membranes as both a
separator and a gateway for ions without needing
electrolytes. Due to its electricity dependence, PEM efficiency
can vary between 50% and 70%, while a study has shown a
possibility of 94% is achievable [2]. Despite its high efficiency,
the PEMEC structure requires the usage of noble metals like
Platinum, Iridium, and Ruthenium. Currently, Platinum
material is considered the state-of-the-art electrocatalyst for
the PEM cathode [3]. As these materials are rare and precious
metals, the cost of the PEM electrolyzer is unattractive for
mass-scale hydrogen production. Its lifespan is also a major
concern, with durability at around 30,000h to 40,000h [4].
Another method that can harness the pre-existing heat
sources is Solid Oxide Steam Electrolysis (SOSE). Although
SOSE still essentially relies on electricity, it uses higher
temperatures (600-900°C) to convert water to hydrogen gas.
This high-temperature input usually comes from thermal
energy utilization from power plants or boilers. Its efficiency
can be higher through optimization than other conventional
room-temperature hydrogen production methods [5].
Despite its benefits, the SOSE investment cost is relatively
high due to its usage of heat-resistant ceramic electrolytes
and other materials [6].
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Nomenclature

E molar exergy

Echem chemical exergy
Emix mixture exergy
Ephys physical exergy

Eq heat transfer exergy
Ew physical exergy

€ efficiency

h enthalpy

m mass

n molar number

Q heat transfer energy
R universal gas constant
S entropy

T temperature

w work energy

Xj mole fraction

While its efficiency is competitive, extreme temperatures
accelerate the degradation rate of its electrolyte, reducing its
overall lifespan [7]. The SOSE technology is also immature
and less commercially proven than other high-temperature
hydrogen production methods. Today, most hydrogen is
extracted from natural gas through Steam Methane
Reforming (SMR). The process involves mixing natural gas
with hot steam, including the catalyst in the reformer, to
create an endothermic chemical reaction. The reaction
generates a mixture of hydrogen, carbon monoxide, and CO>
[8]. After that, the carbon monoxide is transferred through a
water-gas shift (WGS) system to react with steam and
generate additional hydrogen and CO2 gas. However, this
hydrogen is impure and unusable since it contains other
gases. Therefore, the mixture goes through pressure swing
absorption (PSA) to remove impurities and separate pure
hydrogen [9]. All the COz can then be captured and loaded into
storage or trapped underground to reduce the emission to the
atmosphere. SMR is currently the most common production
method, accounting for 98% of all hydrogen production [10].
For SMR to operate correctly, it demands a very high heat
energy source. During running, the temperature of the
reformer in the SMR can reach anywhere from 700°C to
1000°C [11-13]. A large amount of input fuel is compulsory to
elevate the steam and methane temperature to this optimal
condition. On average, up to 35% of the energy input is
wasted during the SMR operation [14]. This waste contributes
to excess COz emissions that cannot be utilized and is deemed
counterproductive in reducing greenhouse gases.

Acknowledging this limitation, multiple SMR designs
have been incorporated into other energy systems to utilize
the already available heat source. One such design is a
proposal to exploit the steelmaking waste heat in steel
production to bring the temperature of SMR's fuels to the
optimal point [15]. In this model, the exergy loss was
evaluated at 65.8%, most of which was at the heating furnace
(59.5%). Multiple factors can contribute to the common low
exergy efficiency of the SMR system. Besides the temperature
problem, in real-life operation, the process is also affected by
the system pressure, the efficiency of the system's
components, the reaction rate, the undesired chemical
presence, etc. All these contributors make the hydrogen
production method relatively unpredictable. Difference
testing conditions under different research with different
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calculation methods produce different outcomes with
exergetic efficiency varying from 59% to 95% [16-18].

2. System design and modeling

For this paper, the SMR system is proposed to be
incorporated into a gas turbine system (GT-SMR). The exiting
superheated air from the gas turbines can react with methane
gas in the flameless boiler to generate the necessary heat to
sustain the SMR process. This paper analyzed the exergetic
feasibility of the SMR system based on various conditions. It
generated the simulating model to test the effect of multiple
factors on the model based on the data provided by other
academic sources. The SMR thermodynamic process is
illustrated in Figure 1. The full process is divided into two
separate processes: the gas turbine and the SMR process. Air
is compressed and heated in the combustion chamber in the
gas turbine process. The superheated air flows into the gas
turbine to supply the desired energy to generate electrical
power. This flow replicates the ordinary gas turbine system.
At this point, the post-turbine air temperature is around 400-
600°C [19]. The hot air is then fed into a flameless combustion
boiler in the SMR system, which is auto-ignited when mixed
with methane gas. The amount of available oxygen is low at
the step as it has been utilized in the gas turbine’s combustion
chamber. However, the required oxygen to sustain the
flameless combustion mode can be as low as 3%
concentration [20]. This allows the SMR flameless boiler to
operate efficiently without additional air supply. Methane
automatically combusts with the gas turbine exhaust gases
when the temperature reaches 540°C [21]. The flameless
combustion boiler is used to heat water and make steam for
the SMR system. The gas turbine capacity for this individual
system is estimated to range between 8MW and 17 MW,
depending on the ratio of steam and methane (S/C) and
output temperature. For the SMR system to operate, water is
supplied through the pipeline with normal pressure at step 7,
while methane is directed under high pressure at step 5.
Methane gas is transported in the industrial pipeline under a
high pressure of 10 MPa; therefore, no pumps are required
before running the combustion chamber in the SMR system
[22]. In contrast, water pressure is generally lower and
requires a pump to increase the pressure to the same as the
pressure with methane (step 8). Both methane and water run
through the combustion chamber to heat up to the minimum
temperature of 700 °C at steps 6 and 9. The hot methane gas
and steam enter the SMR system where steam methane
reaction occurs. The SMR and WGS are combined into one
reformer step between steps 6,9 and 10. The products after
the reformer are hydrogen gas and carbon dioxide.

2.1 Exergy and related performance analysis
The steam methane chemical reaction in the reformer is
as follows:

CH, + 2H,0 - CO, + 4H, (1)

To evaluate the efficiency of the SMR system, exergy
values are determined for both reactant and product. All
potential energy used during a thermodynamic process is
quantified under exergy. Exergy values present both the
maximum obtained work in a system and the loss of potential
work due to irreversibility. In a typical thermodynamic
system, total exergy Ey includes all heat transfer exergy Eq,
work exergy Eyw, physical exergy E chemical exergy
Echem, and mixture exergy Eix [23].

phys»
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Figure 1. Combined gas turbine and SMR system thermodynamic process

Ey = EQ +Ey + Ephys+Echem + Enmix (2)

The general heat transfer exergy is given by:
T,
Ee=0(1-7) )

where T is the reference temperature, T is the temperature
at which the heat transfer occurs, and Q is the heat transfer
[24].

For this design, work exergy is the output work performed by
pumps, turbines, or engines in a fully controlled volume.
General work exergy is extracted from the change in total
enthalpy between the inlet and outlet [24].

Ey = W = m(h; — hy) (4)

Where m is the mass of the material flowing through the
apparatus, h; is the inlet enthalpy of the material flow, and h,,
is the outlet enthalpy of the material flow.

During the process, the physical exergy of both products and
reactants is present as both the temperature and pressure
change regarding the environment [23]. During movement
across the system, substances’ states change depending on
the pressure and temperature difference between their initial
and final states. This generates work, which is termed
physical exergy. This exergy represents all potential energy
generated besides the actual utilized work from turbines and
engines.

Ephys =m[ (h— hy) — To(s — s0)] (5)

For the chemical reaction in the reformer, the chemical exergy
is determined as:

Echem = mZ‘{L n;e; (6)

where e; is the molar exergy of that substance at the reference
temperature, n; is the mole number of the substance in the
reaction [25, 26].

Unlike physical exergy, which can only account for the
physical change, chemical exergy utilizes the Gibbs formation
energy to account for the released or absorbed energy during
chemical reactions. As the product gas H, and CO, from the
reformer is discharged as a mixture, entropy increases, and
irreversibility is introduced into the system. Mixture exergy
accounts for this irreversibility at the outlet of the reformer
[27]. The mixture exergy depends directly on the mole
proportion of each chemical in the mixture.

Epmix = ToR X nix;In (x;) (7)

where T, is the reference temperature, R is the universal gas
constant, n;is the mole number of component i, and x; is the
mole fraction of component i in the mixture.

The exergy efficiency of the system is extracted as the ratio of
total output exergy Ey proquct Over total input exergy

EE, reactant [2 3]-

_ Es, product __

n, product
Zi E;

E:l reactant E; (8)

E):', reactant

where E; includes Eg, Ew, Epnys Echem, and Epx
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For the SMR system, hydrogen production exergy efficiency
can also be calculated based on only the output exergy of
hydrogen alone to have more accurate results and exclude the
effects of other byproduct gases.

n, hydrogen
Zi vareq E; 9
Zn,reactantE_ ( )

i i

Es, hydrogen
= yarogen _

EE, reactant

€ value ranges from 0 to 1 as the total output exergy cannot
surpass the total input energy.

For Ex product > Ex, reactant, the system requires more input
energy than the current designed model.

2.2 Simulation of the SMR system under perfect
condition
A simulation of the SMR system was performed to

determine the feasibility of the process and analyze the
optimal conditions for the system. For the methane at step 5
and the water at step 7, their temperature was chosen to be
25°C while the water's pressure was set at 0.277 MPa. A
simulation of different conditions was performed to observe
how all factors affect the overall SMR system performance
under various conditions. A predicted model was also created
to show how well the data (in case of variance) fits within the
model. For the perfect condition, the exergy efficiency was
based on the total output of all products of the SMR system to
understand the system's capability. The simulation steps
were completed as follows:

e The combustion chamber temperature provided the
minimum temperature of the SMR process of 700 °C and
the pressure was maintained at 0.5MPa (the same pressure
as the provided methane in the pipeline). The total exergy
of reactants and products was calculated to extract the
overall exergy efficiency of the system under the perfection
ratio and the reaction of steam and methane.

o The ratio of steam and methane (S/C) was increased from
2:1 to 3.5:1 to reduce the risk of carbon deposition on the
catalyst surface [28]. In this circumstance, the overall
exergy efficiency of the system was tested.

e The flameless combustion chamber temperature was
raised to 1,100°C. This exceeded the limit of the
temperature of conventional SMR of 1000°C to determine
the effect of temperature on the total exergy of reactants
and products and their efficiency [13].

o The system pressure was raised to 2.5 MPa to observe the
impact of the pressure on the system’s efficiency.

o Different temperatures and pressures were tested and
analyzed to determine the system's most important key
factor and the best dual values.

2.3 Simulation with efficiency waste and unreacted

materials

Several uncontrollable factors directly affect the
system's exergy efficiency during actual operations. These
factors increase the exergy waste during operation, causing
less energy to convert reactants to hydrogen gas. These
factors can be related to heat loss, pressure loss, unreacted
materials, factorial effects of input conditions, etc. One of the
major contributors to exergy waste is boiler efficiency.
Different furnace and burner designs affect the overall
efficiency of the boilers. Their performance also depends on
the quality of the combustion and the type of fuel used. For
example, if the combustion reaction is incomplete, carbon
monoxide is produced, and its presence reduces the boilers’
performance [29]. Unused or unwanted heat transfer due to
inadequate insulation can also lower the efficiency values. For
alarge-scale gas-fired steam boiler, the efficiency of the boiler
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Nbpoiter 1S considered 83.0% [30]. Pump efficiency is another
contributor to exergy waste. The pump controls
water pressure and flow rate in the SMR system. When the
fluid moves through pipes and values, the friction between
the fluid and the pump’s component is generated, causing a
reduction in pump efficiency. As the rate of flow increases,
the overall pump efficiency increases. However, when the
flow rate reaches a certain limit, the flow transforms from
laminar flow to turbulence flow, leading to degradation in
overall efficiency [31]. Overall, the water pump efficiency can
be 82-87% [32]. Gas compressor performance is also vital in
exergy efficiency simulation since the methane gas needs to
have a pressure equilibrium with the steam in the SMR
chamber. Similarly, the efficiency of methane compressors
can be found to be at almost the same value range [33].

To achieve maximum hydrogen production, the whole
methane gas must react with hot steam in the SMR chamber.
Although the S/C ratio is usually considered above 2, a
fraction of methane remains untouched, which can be traced
back to catalyst degradation over time, for which the methane
conversion ability is directly affected. Other conditions, such
as high pressure, also have been observed to negatively affect
the methane conversion of catalyst [34]. Park et al. [33]
tested and measured the methane conversion rate under
different temperatures, pressures, and S/C ratios in the SMR
system [35]. Their collected data was reconstructed and
modeled, as shown in Figure 2. The conditions were tested
during the experiment with co-affecting factors set at fixed
points. For the effect of temperature on the methane
conversion, the pressure was set at 1MPa and an S/C ratio of
3 (Figure 2a). The temperature was then adjusted to be at
830°C with pressure at 1MPa to generate the methane
conversion data with respect to the S/C ratio change (Figure
2b). Figure 2c shows the methane conversion efficiency
according to the pressure variation with the temperature at
830°C, and S/C ratio of 3. A general empirical equation for
methane conversion was generated:

NeH, cony = —0.1048 + 0.00128T} i1y — 5.91 *
1076(Tyoier — 822.11)2 + 0.04396R — 0.02428(R —
2.97)% — 1.56 % 10™*P,ny — 8.917 * 1078(Pyymyp —

1052.78)° (10)

Where R is the S/C ratio, Tyizer IS the output temperature of
the methane and steam boiler, and By, is the output
pressure of the water pump. Using the model, the estimation
of unreacted methane amount can be determined for
application.

The final simulation fully incorporated the efficiency
coefficients of boiler, pumps, and compressors as well as the
actual data of methane conversion in the SMR chamber to
generate the most suitable model for SMR exergy calculation.
The model was then tested with the results of different papers
to compare the efficiency deviation. For this simulation, the
exergy efficiency was based on the output exergy of only
hydrogen of the SMR system for more accurate values.

3. Results and discussion
3.1 Perfect condition with no loss

For the preset condition, the total input exergy Ey, reactant
was 64.64MW, and the total output exergy Es product Was
63.08MW for 1 kg of methane. Exergy loss was calculated at
1.56MW, and the system's efficiency was considered to be
97.57%. All the exergy data has been shown in Table 1. Table
1 also shows how each exergy type contributes to the total
exergy, with chemical exergy having the highest percentage.

4
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Figure 2. (a) Methane consumption efficiency according to temperature; (b) Methane consumption efficiency according to S/C ratio; (c)
Methane consumption efficiency according to pressure

Table 1. Exergy type and their contribution to the overall input and output of the system

Exergy Step Value (MW) % of Input/ output
Heat transfer exergy at the combustion chamber 6,9 7.55 11.68
Work exergy at water pump 8 —503 % 107* 0.08
Physical exergy of reactant 6.9 4.5 6.96
Chemical exergy of reactant 6.9 52.6 81.37
Physical exergy of product 10 4.58 7.26 (of output)
Chemical exergy of product (including mixture exergy) 10 58.49 92.74 (of output)
Total input exergy 64.64 100
Total output exergy 63.09 97.57
This can be traced back to the high chemical exergy of output thermal-dependent exergy only contained the
methane due to its energy content (824,350 k] /kmol) and the physical exergy of the product. When the temperature
potential to undergo a reforming reaction. In addition, the surpassed the lower limit, the exergy difference between the
product gas of H, also has considerable chemical exergy product and reactant increased from 7MW to 11.44MW (a
(235,250 kJ/kmol) since it is an energy-dense fuel. Almost 53.4% increase) at 1100°C in Figure 5b. It can be stated that,
90% of initial exergy is retained in the chemical bonds of the based on the data, the temperature is inversely proportional
products, particularly H,. Figure 3 shows the potential to the efficiency of the system.
amount of hydrogen produced by the gas turbine capacity.
This is based on the simple gas turbine efficiency of 35% [36]. 5 : ‘ : : -
As the gas turbine capacity increases, the potential amount of _/
the produced hydrogen increases. As the S/C increases from /

2 to 3.5, the efficiency of the overall SMR system decreases
from 97.57% to 90.71%, as demonstrated in Figure 4. The
hike in steam ensured there was no unreacted methane in the al 7
output of the SMR system and reduced the risk of carbon
deposition. However, this also means the system requires
more heat transfer exergy in the combustion chamber and
work exergy in the water pump to produce the same amount

my [kg/s]
\

of hydrogen. It also introduced the presence of excess steam //

in the output mixture, causing a decrease in overall efficiency. ' /' ]

For the temperature effect, the overall efficiency decreased as .

temperature increased from 700°C. When the temperature 0 ‘ ‘ . i

reached 1100°C, the overall efficiency was reduced to 92.28% 0 10 20 30 40 50 60 70
Gas Turbine Capacity MW

(Figure 5a). Based on the exergy equations, only the heat
transfer exergy and physical exergy were affected during the
temperature change. The input thermal-dependent exergy
included both heat transfer exergy at the combustion
chamber and the physical exergy of the reactant, while the

hydrogen gas

Figure 3. Gas turbine capacity vs. potential production mass of
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The lower temperature limit was found to be 550°C. On
the other hand, pressure had a positive impact on the exergy
efficiency of the system. When the pressure increased from
0.5MPa to 2.5MPa, efficiency increased from 97.57% to 98.4%
as shown in Figure 6a. Pressure change affects both the
physical exergy of chemicals and the work exergy at the water
pump. As the contribution of the work exergy at the water
pump (and hypothetical methane pump) is neglectable, the
physical exergy of the reactants and products were compared
to each other in Figure 6b. Since more pressure was added to
the system, the physical exergy of the product expanded
faster than the reactant, leading to an efficiency increase. Due
to hydrogen's low molecular weight and higher specific
energy content, it tends to expand more under high pressure,
which is why its physical exergy grows faster. This results in
the higher physical exergy of the product. To overcome the
high physical exergy of the product, a large amount of heat
transfer exergy is needed.

All data fit well, with 99.92% of the variance in the
response variable explained by the model. When cross-
testing, the data showed the performance of the system was
significantly affected by the ratio S/C. The temperature also
has a big impact on the system, while the pressure has the
least effect. The maximum efficiency was achieved at 98.5%
under the ratio S/C=2, the combustion temperature at 700°C,
and the pressure of 2.5MPa.
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Figure 7 illustrates the testing of the different conditions,
with the shade representing >90% efficiency zone (total
output of all products). Based on the results, some key points
can be gathered and shown in Figure 7:

o Atthe ratio S/C=2, the exergy efficiency was maintained at
> 90% under all combustion temperatures and pressure
levels (Figure 7a).

e Attheratio S/C=3, for € = 90%, the maximum temperature
was 960°C at the maximum pressure of 2.5MPa (Figure 7c).

e At the minimum pressure of 0.5MPa (the least work for
pump), the maximum S/C ratio was 2.7 at 1000°C (See
Figure 8d). At the maximum pressure of 2.5MPa (the most
work for pump), the maximum S/C ratio was 2.8 (Figure
7f).

e Under all S/C values and pressure levels, the exergy
efficiency was also maintained at >90% at the
temperature of 700°C to 850°C (Figure 7g and 7h).

3.2 Simulation with waste and unreacted materials
After accounting for all the waste and unreacted

materials, the model generated results, as shown in Figure 8.

The shaded area represented >70% exergy efficiency of the

system (only hydrogen) after applying for the loss. Some

observations can be made:

e The S/C change has small positive effects on the
combination of temperature and pressure for >70%
exergy efficiency. As the S/C ratio passed over 2.5, its effect
is negligible, as shown in Figure 8c. Referring back to Figure
b, the efficiency positive slope decreases gradually as the
S/C ratio keeps increasing. However, increasing excess
steam causes an increase in exergy waste, hence leading to
the reverse efficiency trend.

e Pressure had a negative effect overall on the system. As
pressure increased from 0.5 MPa to 1.5 MPa, the >70%
exergy efficiency was confounded within the minimum and
maximum temperature range between 840 °C and 990 °C
for the S/C ratio between 2.5 and 2.8 in Figure 8e. As
pressure increased to 2.5MPa, no plausible scenarios
achieved =70% exergy. Previously, the pressure had a
small positive effect on the overall system. However, when
there is both the presence of excess methane and steam, the
increase in pressure might inhibit the endothermic
reaction in the SMR system while increasing the input
exergy of the system.
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Figure 8. (a-c) 70% exergy efficiency area on the pressure and temperature graph under different S/C ratio, (d-f) 70% exergy efficiency
area on S/C and temperature graph under different pressures, (g-h) 70% exergy efficiency area on S/C and pressure graph under different

temperatures

Table 2. Exergy efficiency comparison with different sources under various conditions

T(°C) | P(MPa)  S/C | Npoiter| Npump | Referred Exergy | Calculated Exergy Note Reference
Efficiency Efficiency
700 1 3.2 0.9 0.85 62.7% 59.4% Only hydrogen in the output exergy [38]
value
850 3.5 2.5 NA NA 88.7% 82.9% Total output exergy value [16]
700 1 3 NA NA 94.6% 93.7% Total output exergy value, [17]
excluding HX and PEMFC
400 1 NA | NA NA 94.3% 90.8% Total output exergy value, exclude [37]
heat exchanger, cooling system
900 3.5 NA | NA NA 78.5% 83.8% Total output exergy value [39]
925 2.5 3.26 | NA NA 79.9% 88% Total output exergy value [40]

* The exergy efficiency at the lowest temperature value of 550°C
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e In general, increasing temperature has a positive effect on
exergy efficiency. Figure 8g showed that the exergy waste
was too high and reduced the overall exergy efficiency
below the 70% exergy efficiency rate at the temperature of
700 °C. As the temperature was raised to 850 °CThe
efficiency limit can be achieved and surpassed for pressure
below 1.6 MPa, as shown in Figure 8h. As the temperature
passes 990 °C, the overall exergy efficiency decreased.

e The model showed a maximum efficiency of 86.4% at the
condition of S/C ratio at 2.6, pressure at 0.5 MPa, and
temperature of 900°C.

The model was then compared with six different studies
to see how well it correlated with actual data. Table 2 shows
the different conditions in temperatures, pressures, and S/C
ratio as well as the calculated exergy efficiency and the
referred values. Overall, the model correlated well with the
difference within the 10% variation. The only exemption was
the value from the exergy analysis paper of Hajjaji et al. [37],
where the temperature was 400°C. The model’s lowest
temperature limit was 550°C. When applying this limit to the
model, the calculated exergy efficiency is comparable to the
referred value.

4. Conclusion
This work proposed an SMR system incorporated with a
gas turbine system and generated a simulation model for the

SMR system that can be utilized to calculate performance

efficiency. Some conclusions can be made as follows:

e Based on the output superheated gas from the gas turbine
system, a flameless boiler can be designed to produce heat
energy for the SMR system with an absolute exergy
efficiency of 97.57% with no loss, and at perfect condition
of S/C ratio of 2, temperature of 700°C, and pressure of 0.5
MPa.

e For absolute boiler and pump efficiency and no variation in
methane conversion in the SMR chamber, the S/C ratio and
temperature have a negative effect on the exergy efficiency,
while pressure has a positive impact on the exergy
efficiency.

e As methane conversion efficiency in the SMR chamber is
directly affected by pressure, S/C ratio, and temperature,
the pressure increase reduces the exergy efficiency while
the S/C ratio and temperature increase promote exergy
efficiency.

o For the simulation model, the best condition was proposed
when the S/C ratio at 2.6, pressure at 0.5 MPa, and
temperature of 900°C to produce a hydrogen exergy
efficiency of 86.4%.
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