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A B S T R A C T   

In this study, the Aspen Plus simulator was used to develop a circulating fluidized bed (CFB) gasifier/steam 
turbine/proton-exchange membrane (PEM) fuel cell integrated system. Since integrated systems comprise many 
thermochemical, biochemical, and physical processes, equipment, chemicals, etc., determining output parame
ters is challenging and important. In this context, twenty torrefied biomass samples were parametrically analyzed 
for syngas properties and H2 production rates. So, using solid fuel characteristics and gasifier operating pa
rameters, a data set including PEM fuel cell module outputs was created. Thereafter, the created data set was 
utilized to train the artificial neural network (ANN) model. This paper, as far as we know, examines the impacts 
of different torrefied biomass samples on PEM fuel cell outputs for a sophisticated integrated system dependent 
on gasification conditions, and provides a more generalized and rapid prediction model for the integrated system 
with complicated equations. Additionally, parametric studies assist in determining the proposed new integrated 
system’s minimal operating condition, which is highly dependent on the fuel characteristic. 

High steam/fuel ratio, high carbonization degree, and low pressure lowered PEM efficiency while increasing 
power and voltage outputs. The ANN model also accurately forecasts PEM fuel cell output parameters (R2 greater 
than 0.99 and MAPE less than 1%) based on torrefied biomass proximate analysis data and gasification process 
operating parameters. As a consequence, a CFB gasifier/steam turbine/PEM fuel cell system, which contains 
diverse modules and thermochemical processes, can be examined using ANN models trained on a large and high- 
quality dataset.   

1. Introduction 

Renewable energy sources including solar, wind, hydropower, and 
biomass are particularly appealing for developing sustainable and low 
carbon energy systems. Among them, biomass is the world’s oldest 
known energy source and the only carbon-based source that is not fossil. 
Biomass-based renewable energy is clean, safe, and beneficial for pro
tecting the environment, the economy, and energy security [1]. Biomass 
has several advantages, including CO2 neutrality and its worldwide 
occurrence. And unlike wind and solar energy, it does not suffer from the 
problem of intermittent availability. Despite these benefits, raw biomass 
has a number of inherent flaws that restrict its widespread usage and 
directly impact its cost [2]. Due to biomass’ low energy density, 
cogeneration, thermochemical, and biochemical conversion facilities 
need huge volumes of biomass, causing storage, transportation, and 

handling issues. The high moisture content leads to uncertainties in the 
physical, chemical, and microbiological properties of the biomass. When 
feeding a gasification or co-incineration plant, irregularities in the shape 
of the biomass are another problem. To overcome these challenges to the 
raw biomass and make it suitable for energy applications, the biomass 
must undergo pretreatment processes [3]. 

Torrefaction is a thermal pretreatment technique that involves 
moderate pyrolysis of biomass in an inert, oxygen-free environment 
around 200–300 ◦C [4,5]. Torrefaction enhances biomass calorific value 
and energy density. Biomass can also be converted less hygroscopic and 
more hydrophobic, improving its storage stability. The decomposition 
processes that occur at the temperature of torrefaction increase the 
grindability of biomass by thoroughly drying it out and removing its 
unruly and fibrous structure [5,6]. Moreover, depending on the torre
faction circumstances, torrefied biomass turns brown to dark brown and 
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has qualities similar to coal [6]. All these changes allow better perfor
mance of biomass by improving its physical, chemical and biochemical 
composition, making it a very attractive option for gasification 
applications. 

Gasification is the thermochemical conversion of organic matter into 
combustible gases with reduction of oxygen below the stoichiometric 
amount required for complete combustion [7]. Since this process con
verts a difficult-to-handle solid into a gaseous product that is simple and 
affordable to handle, and can be readily refined into a feedstock for the 
synthesis of other chemicals or clean fuels, it can be labelled refining [8]. 
Furthermore, a syngas with the appropriate composition can be fed into 
an additional cycle at high temperatures, resulting in a more efficient 
gasification process [9] that generates more power and provides a cost- 
effective method in integrated plants. In this context, gas turbine tech
nology has advanced significantly in recent years, due to the imple
mentation of solid fuel gasifiers [10]. Various studies for the 
investigation of the effect of torrefaction of biomass on the gasification 
parameters and performance are available in the literature [11–13]. 
Pinto et al. [11] studied the effects of torrefaction, densification, and 
densification after torrefaction on eucalyptus stump gasification per
formance, quality, and yield. Pretreated samples were gasified into 
syngas in a fluidized bed reactor and compared to raw stumps. Torrefied 
biomass enhances syngas output and cold gas efficiency while 
decreasing tar production. Chen et al. [13], numerically gasified high 
volatile bituminous coal, and raw and torrefied bamboo and compared 
them. Torrefied bamboo outperforms raw bamboo in gasification and is 
equivalent to coal gasification. However, multiple studies have previ
ously been published on steam gasification of torrefied biomass [14–18]. 
Steam gasification provides much better gas quality than gasification 
with air, especially in small and medium scale. The method is especially 
favorable for turning biomass into second-generation fuels like Fischer- 
Tropsch diesel, methanol, dimethyl ether (DME), or substitute natural 
gas (SNG) [19]. 

Fundamental design features of novel gasifiers that utilize solid 
carbonaceous fuel (particles) must be carefully assessed. Because 
chemical and physical processes in gasifiers are complicated, experi
mental research cannot usually define all relevant phenomena [20,21]. 
Simulation of the gasification process saves resources and time by 
forecasting behavior and analyzing parameters. Aspen Plus, a product of 
AspenTech, is the most widely used program in the literature for gasi
fication process simulation studies [22,23]. The program forecasts dy
namic responsiveness, performance, and economic feasibility based on 
thermodynamic features of any process. Aspen Plus has been used in 
several research studies to model and simulate the gasification of tor
refied biomass [24–26]. On the other hand, CFB gasification studies of 
torrefied biomass used in Aspen Plus are limited [27]. ANN models, in 
addition to process simulators, are well-established techniques for esti
mating or optimizing parameters in gasification processes [28,29], fuel 
cells [30,31], and other integrated systems [32,33]. Pashchenko [34] 
researched two different approaches for a thermochemical waste-heat 
recovery system based on coal gasification: steam gasification and 
steam-flue gas mix gasification. The author used the Aspen HYSYS 
simulator to assess the efficiency of coal gasification thermochemical 
recovery systems. The findings show that heat recovery is greatest at 
720 ◦C for a steam/carbon ratio of 1.0, 810 ◦C for a steam/carbon ratio 
of 0.5, and 930 ◦C for a steam/carbon ratio of 0.25. Shahavi et al. [35] 
used a newly proposed combined cycle based on waste gasification in
tegrated with low-temperature air separation, gas turbine, and CO2 
power generation cycle by comparing seven agricultural wastes for 
renewable heat and power generation. Using the Aspen Plus process 
simulator, the researchers performed thermodynamic analysis to esti
mate different plant parameters such as cold gas efficiency, carbon 
conversion efficiency, renewable power capacity, and so on. Moreover, 
Behzadi et al. [36] presented a biomass-fired PEM fuel cell with an 
organic Rankine cycle and thermoelectric generator that uses several 
gasification agents for power and heat generation as well as hot water 

production. The authors conducted a parametric analysis to assess the 
impact of important potential determinants on CO2 emission index, 
energy and exergy efficiencies, output power, and total cost rate, and 
then used the genetic algorithm approach in MATLAB software to 
further optimize parameters. Various software programs are used to 
determine and optimize the parameters of solid-fuel-based combined 
cycles in the literature. However, no thermodynamic analysis for a CFB 
gasifier/steam turbine/PEM fuel cell system based on torrefied biomass 
characteristic and gasification condition has been completed to date, 
and no study has published on estimating PEM output variables using 
simulation data. 

When a mathematical equation or model is absent, or when the 
model is too sophisticated for practical applications, ANN is an effective 
instrument. ANN is a particularly effective tool because of its capacity to 
learn from simulation or experimental data. As a result, it is used in a 
wide variety of engineering applications [37–40]. In addition, it is 
known that ANNs are powerful models that provide better results when 
the dataset is large [41], and considering that the integrated system 
presented in this study includes complex equations (Sections 2.2 and 
2.3), it seems appropriate to prefer the ANN model. 

One of the most promising of the numerous combined process 
methods for producing electricity from syngas is fuel cell-based inte
grated combine systems. Solid fuel processing could benefit from 
combining the fuel cell and gasification processes to provide high effi
ciency small-scale power [42]. Fuel cells are electrochemical devices 
that transform chemical energy directly into electrical energy, produc
ing water as a by-product [43]. Due to their low pollution, simple system 
designs, and absence of moving parts, fuel cells are widely acknowl
edged as a leading candidate for power generation [44]. The PEM fuel 
cell has a number of advantages over conventional energy conversion 
technologies, including low operating temperature (high temperature 
PEM fuel cells operate at 120–200 ◦C and low temperature PEM fuel 
cells operate at 60–80 ◦C), low or zero noise, low emissions, light weight, 
rapid commissioning time (less than 30 s), quick response to load 
changes, and high efficiency and power density [44,45]. There have 
already been previous studies in which the experimental analysis of the 
integration of the PEM fuel cell with the biomass-fed gasification process 
[46], and the models for the integrated system are simulated in Aspen 
Plus [47–50], but, there are no publications in the literature that 
examine the integration of torrefied biomass gasification combined with 
a PEM fuel cell in Aspen Plus. 

In this study, for the first time, a CFB gasifier, a steam turbine, and a 
PEM fuel cell were integrated for the gasification of torrefied biomass 
with varying fuel characteristics using Aspen Plus software. The per
formance of this simulated system was examined depending on the 
operation conditions of the gasification process, and both energy and 
exergy analysis were performed. Another novelty of this study is the 
investigation of the effects of CFB gasifier operating conditions and 
torrefied biomass fuel properties on PEM fuel cell power, voltage, and 
performance using an ANN model, which is an artificial intelligence 
approach. Thus, using an ANN model trained with simulation data 
generated by an integrated model based on thermodynamic equilibrium, 
output parameters for a complex plant can be determined quickly and 
accurately. 

2. Methodology 

2.1. Feedstock Characterization 

The torrefied biomass samples used in this study’s thermodynamic 
equilibrium calculations were collected by literature review. The feed
stock materials were torrefied at various temperatures (240 ◦C, 250 ◦C, 
270 ◦C, 275 ◦C, 300 ◦C, etc.) for various durations (15 min, 30 min, 60 
min, etc.) in an inert environment. The ultimate and proximate analysis 
findings of the samples are listed in Table 1. 

When the proximate analysis findings of the torrefied materials are 
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evaluated, the most notable results are an increase in fixed carbon 
content and a reduction in volatile matter content. Nevertheless, the 
volatile matter and fixed carbon content vary depending on the char
acteristics of the raw biomass and the operational conditions of the 
torrefaction procedure. It is possible to observe a torrefied biomass 
sample with a volatile matter composition of more than 70%. Similar to 
the biomass, torrefied materials normally have a low ash concentration, 
although bamboo forest residues and poultry litter samples had ash 
content of more than 20%. Despite the fact that the torrefaction process 
is known to increase ash concentration in solid materials, the increase 
was not in significant level owing to the low ash percentage of the raw 
material. The impact of thermal pretreatment on the elemental structure 
of solid materials, on the other hand, can be observed more clearly. The 
Van Krevelen diagram [65] is a technique for recognizing solid fuels 
and, in particular, determining their carbonization degree. The H/C and 
O/C ratios can be used to determine if a solid fuel belongs to a given 
class, and data on its quality can be acquired. Fig. 1 depicts the Van 
Krevelen diagram for the torrefied biomass samples used in this paper. 

The high O/C and H/C values in biomass samples imply that they are 

solid fuels with low calorific value [66]. As indicated in Fig. 1, the O/C 
ratio for biomass is between 0.4 and 0.9, whereas the H/C ratio is be
tween 1.2 and 1.6. Torrefaction is a thermochemical process that de
creases the O/C and H/C ratios and by enriching the solid fuel’s C 
content and lowering the H and O content. The majority of the torrefied 
biomass samples in this research were also identified in the peat zone, 
which stands between biomass and lignite. In other words, in terms of 
carbonization degree, the majority of torrefied samples are higher- 
quality fuels than biomass. Furthermore, materials with a higher de
gree of carbonization, such as melina, olive kernel, pine wood chips, and 
bamboo forest residues, are observed in the lignite region, while torre
fied materials with high H/C and O/C ratios, such as empty fruit bunch 
and poultry litter, are found outside of the biomass zone. Therefore, the 
raw material’s physicochemical properties have a substantial impact on 
the carbonization degree of the torrefied material. 

2.2. Thermodynamic equilibrium modeling 

Through planning, operation, design, and troubleshooting, a better 

Table 1 
Proximate and ultimate analysis results (wt.%) of the torrefied biomass samples.  

Sample Proximate Analysis Ultimate Analysis 

Moisture Fixed Carbon Volatile Matter Ash C H O N S 

Olive kernel [51]  4.00  37.80  54.30  3.90  63.40  5.20  26.50  1.00  0.10 
Hardwood [52]  3.80  28.00  72.00  1.60  58.40  5.70  35.80  0.00  0.00 
Willow [52]  3.80  27.60  72.40  0.70  56.90  5.90  37.30  0.00  0.00 
Eucalyptus [52]  4.30  28.80  71.20  2.00  61.90  5.80  32.30  0.00  0.00 
Teak [53]  2.74  41.28  54.20  1.78  60.40  5.67  31.56  0.35  0.21 
Melina [53]  2.68  41.06  54.09  2.17  66.05  5.18  26.02  0.36  0.22 
Wheat straw [54]  0.30  26.40  65.20  8.40  51.90  5.90  33.20  0.80  0.00 
Reed canary grass [54]  1.30  16.10  76.60  7.30  52.20  6.00  37.30  0.10  0.00 
Empty fruit bunch [55]  7.68  30.15  54.50  7.67  47.65  6.63  39.60  5.62  0.53 
Loblolly pine chips [56]  6.32  20.80  78.60  0.60  55.00  5.94  38.30  0.11  0.00 
Palm kernel shells [57]  4.67  37.27  54.72  8.01  53.91  5.37  31.82  0.89  0.00 
Norwegian Spruce [58]  3.79  23.41  72.34  0.46  52.72  5.88  40.86  0.06  0.03 
Norwegian forest residues [58]  4.17  31.47  61.63  2.73  56.84  5.51  34.29  0.61  0.06 
Switchgrass [59]  2.05  27.50  67.52  4.98  59.16  4.67  34.53  0.44  1.20 
Juniper [60]  5.69  18.63  74.60  1.08  53.60  5.42  34.10  0.19  0.01 
Mesquite [60]  4.84  23.27  69.50  2.39  53.40  5.33  33.20  0.81  0.05 
Bamboo forest residues [61]  5.07  24.52  48.39  22.02  48.63  4.76  16.73  1.65  0.14 
Poultry litter [62]  5.22  22.61  48.56  23.61  38.78  5.15  51.49  4.01  0.57 
Pigeon pea stalk [63]  2.09  44.87  49.59  3.45  53.82  6.62  38.85  0.71  0.00 
Pine wood chips [64]  1.90  40.93  55.67  1.50  65.29  5.94  28.46  0.28  0.03  

Fig. 1. Characterization of torrefied biomass samples by Van Krevelen diagram.  
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knowledge of the whole process may assist to decrease impediments 
and, as a consequence, boost the plant’s economic competitiveness [67]. 
Mathematical models are statements that are dependent on rates or 
equilibria, and they frequently include calculations for mass and energy 
balances. The most basic technique is thermodynamic equilibrium, 
which posits that substances continuously react with one another 
indefinitely until an equilibrium is reached. The validity of the suggested 
model and the correctness of the essential thermochemical parameters 
define the thermodynamic modeling’s performance [68]. There are two 
methods for computing thermochemical equilibrium from a thermody
namic approach. One method is to use the equilibrium constant meth
odology, which requires both understanding of the relevant chemical 
process and calculation of the equilibrium constant. Second, the Gibbs 
energy minimization technique which does not need knowledge of the 
fundamental chemical processes for estimating the thermochemical 
equilibrium [69]. According to the second rule of thermodynamics, the 
Gibbs energy of the system reaches its minimum value at a given tem
perature and pressure when the system reaches equilibrium, and the 
components of feedstock material are equilibrium compositions that 
follow the law of matter conservation [70]. The total Gibbs energy of the 
system is given by, 

Gt
T,P = g(n1, n2, n3,⋯, ni) (1)  

where the overall Gibbs energy of the system is denoted by Gt
T,P whereas 

each species is denoted by ni. The objective is to identify a configuration 
of ni that minimizes the system’s overall Gibbs energy. To do this, a 
series of approaches can be used. The first step is to determine how 
much material is in each of the system’s components, 
∑

i
niaik = Ak(k = 1, 2,⋯,w) (2)  

where Ak is the total number of atomic masses of the kth element in the 
system, aik is the number of atoms of the kth element in each molecule of 
the chemical species i, and w is the total number of atoms in the system. 
The next process is to sum over the range of k in Eq. (2) to add Lagrange 
multipliers (λk). 

∑

k
λk

(
∑

i
niaik − Ak

)

= 0 (3) 

Combining Eqs. (1) and (3), a new equation can be expressed as, 

F = Gt
T,P +

∑

k
λk

(
∑

i
niaik − Ak

)

(4) 

The above equation is identical to Eq. (1) if the second component on 
the right side is equal to zero. F achieves its minimum value when the 
partial derivative with respect to each specie approaches zero at a given 
temperature and pressure, 

∂F
∂ni

=
∂GT

∂ni
+
∑

k
λkaik = 0, (i = 1, 2,⋯, n) (5) 

Since the chemical potential µi is the first term on the right hand side 
of the equation, Eq. (5) can be written as, 

μi +
∑

k
λkaik = 0 (6) 

The chemical potential can be expressed as follows: 

μi = G0
i +RTln

(
fi
f 0
i

)

(7)  

where G0
i = ΔG0

fi is the Gibbs energy of formation in the standard state, R 
is the universal gas constant, T is the temperature, and f is the species’ 
fugacity. The fugacity ratio could be substituted with the species’ mole 
faction if all gases are considered to be ideal gases at standard pressure, 

μi = ΔG0
fi +RTln(

ni

ntotal
) (8) 

When the above equation is inserted into Eq. (5), 

ΔG0
fi +RTln

(
ni

ntotal

)

+
∑

k
λkaik = 0, (i = 1, 2,⋯, n) (9) 

According to the aforementioned equation, the n equilibrium equa
tion relates to each species in the system. Hence, for each species present 
in the system, one equation is selected from Eq. (9) and the remaining 
equations for the Langrange multiplier are obtained from the mass 
constraint equations. 

2.3. PEM fuel cell modeling 

Aspen Custom Modeler (ACM) already has a model for the PEM 
procedure. Fuel cell calculations are included in the custom model, 
which are accessible in the literature by Yi and Nguyen [71], as well as 
steady-state mass and energy balance formulae. A two-dimensional PEM 
fuel cell steady-state energy and mass model was created by the authors. 
The flow distributors, solid phases, cathode/anode flow channels, and 
membrane/electrode system are among the model components. A 
number of channels on both sides of the flow fields are accounted for, as 
is mass transfer of water and gas species inside the cell and heat transfer 
for gas/solid phases along flow channels. The mass and energy balances 
in the anode are as follows: 

∂MaH2 (x)
∂x = −

hI(x)
2F

(10)  

∂MaL
H2O(x)
∂x =

{
kchd

R[T(x) + 273.15]

}{
MaV

H2O(x)
MaV

H2O(x) +MaH2 (x)
(
PpaH2O(x)

− Pasat(x)
)
}

(11)  

∂MaV
H2O(x)
∂x = −

∂MaL
H2O(x)
∂x −

ha(x)
F

I(x) (12)  

(
MaH2 (x)+MaV

H2O(x)+Mainert(x)
)
Cp

∂T(x)
∂x = Ua(Ts(x) − Ta(x) ) (13)  

where subscripts a, inert and sat represent anode, inert gas and satura
tion, respectively, while superscripts L and V represent liquid and vapor 
phases, respectively. Mi is molar flow rate (mol/s) of species i, x is di
rection along the channel length (cm), h is channel width (cm), I(x) is 
local current density (A/cm2), F is Faraday constant, kc is condensation 
rate constant (s− 1), h is channel width (cm), d is channel height (cm), Ppi 
is the partial pressure of species i (atm), Cp is the heat capacity of the 
heat exchanger fluid (J/mol.◦C), a(x) is the heat-transfer length per unit 
area between the channel and the solid layer (cm), U is overall heat- 
transfer coefficient between channel and solid layer (J/(s.cm2.◦C)), 
and T(x) is temperature of a stream (◦C). The mass and energy balances 
in the cathode are also stated as: 

∂McO2 (x)
∂x = −

hI(x)
4F

(14)   
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∂McV
H2O(x)
∂x = −

∂McL
H2O(x)
∂x +

h(1 + 2a(x))I(x)
2F

(16)  

(
McO2 (x)+McV

H2O(x)+Mcinert(x)
)
Cp

∂T(x)
∂x = Ua(Ts(x) − Tc(x) ) (17)  

where subscript c represents cathode side of the fuel cell. The energy 
balance in the solid layer is as follows: 

Asolks
∂2T(x)
∂x2 − nc

(
MaL

H2O(x)+McL
H2O(x)

)
CpH2O

∂T(x)
∂x = − ncUa(Ta(x)

+Tc(x) − 2Ts(x) ) − AbUb
(
Thef (x) − Ts(x)

)
− nc

{
HV

H2O,a

− HL
H2O,a

}
(x)

∂MaL
H2O(x)
∂x − nc

{
HV

H2O,c − HL
H2O,c

}
(x)

∂MaL
H2O(x)
∂x

+ nch
{{

ΔSH2

2F
+

ΔSO2

4F

}

{Ts(x) + 273 } − η(x)
}

I(x)

(18)  

where the conductive heat-transfer area (cm2) of a solid layer per unit 
area is written as Asol, nc is number of channel for each side of mem
brane, the length (cm) of heat flux from the solid layer to the bulk per 
unit area is Ab (cm), Ub overall heat-transfer coefficient between solid 
layer and bulk or solid body and heat exchanger fluid (J/(s.cm2.◦C)), Hi 
is enthalpy (J/mol) of species i, ΔSi change of entropy (J/(mol.K)) for 
the i species reaction on platinum, and η(x) overpotential (V) for the 
oxygen reaction. Finally, the following are the current density and 
power values: 

Iavg =
1
L
∑ ∂I(x)

∂x (19)  

I(x) =
condm(x)

tm
(Voc(x) − Vcell(x) − η(x) ) (20)  

Vstack = VcellNcell (21)  

Power = IavgVstackNchL (22)  

where Iavg is average current density (A/cm2), L is cell channel length 
(cm), Voc(x) is cell open-circuit potential (V), Vcell(x) is cell potential (V), 
condm(x) is membrane conductivity (S/cm), and tm is membrane 
thickness (cm). The following formulas are used to compute membrane 
conductivity and net water flux per proton flux: 

condm(x) = (0.005139*wca(x) − 0.00326 )e

(

1268

(

1
303−

1
273.15+Ts(x)

))

(23)  

a(x)I(x) = nd(x)I(x) − FDw(x)
(wcc(x) − wca(x) )

1E5tm

−
(wcc(x) + wca(x) )

2
kp

(0.001ViscW)
F
(
PpcH2O(x) − PpaH2O(x)

)
1E5

100tm
(24)  

where Dw is effective diffusion coefficient (cm2/s) of water in the 
membrane, wc is concentration of water (mol/cm3) in the membrane, 
nd(x) is electro-osmotic drag coefficient, kp is hydraulic permeability of 
water in membrane (cm2), and ViscW is water viscosity (g/(cm.s)). 

2.4. Aspen Plus model description 

Aspen Plus offers a comprehensive database of physical properties 
that may be used in simulation computations. Mass and energy flows are 
elements of process streams in the Aspen Plus. Aspen Plus divides ma
terial streams into three categories: mixed, conventional solids, and non- 
conventional solids (for heterogeneous solid materials). The Aspen Plus 
libraries are used to specify the thermodynamic properties of chemical 
components. Non-conventional components are identified using the 
solid component’s proximate, ultimate, and sulfur analyses. The Soave- 
Redlich-Kwong equation of state is used, and the density and enthalpy of 
the torrefied biomass sample are determined using the DCOALIGT and 
HCOALGEN methods, respectively. In the modeling of the CFB gasifier 
model, several assumptions are taken into account: (i) H2, CO2, CO, CH4, 
N2, H2O, NH3, H2S, HCl, NOx, and SOx molecules are produced during 
gasification; (ii) ash is considered inert; (iii) all activities in the gasifi
cation procedure achieve a state of equilibrium; (iv) complete char 
conversion occurs during gasification; (v) the gasifier model is in a 
steady state, with no changes in any of the parameters over time; (vi) in 
the unit blocks, there is no pressure drop. The Aspen Plus flowsheet 
diagram of the integrated system proposed in this work is shown in 
Fig. 2. 

A non-conventional flow was assigned to the TBS feedstock material. 
The torrefied biomass sample’s proximate and ultimate analyses were 
input as component properties of the stream TBS. The TBS stream is 
directed to the R0 block (RYield reactor), which transforms non- 
conventional substance into conventional compounds such as C, H2, 
O2, N2, S, H2O, and ash. This method was carried out by specifying the 
yield distribution using an external Fortran formulation applied to the 
R0 reactor block in the CALCULATOR module. The yield distribution 
shows how much of each component was produced throughout the non- 
conventional to conventional conversion process. Three different Gibbs 
reactors (RGibbs) were used to minimize Gibbs free energy and achieve 
thermodynamic equilibrium: R1, R2, and R3. Several reactors operating 
at different temperatures must be employed to produce an appropriate 
volume and composition of syngas. A single Gibbs reactor working at 
high temperatures, for example, accelerates endothermic processes, 
allowing CO2 and CH4 to be produced at far lower concentrations than in 
experimental tests. Therefore, at high temperatures, components pro
duced at different temperatures should be avoided to some extent and 
instead incorporated directly in the producer gas (F8). The material flow 
between the Gibbs reactors was controlled using the CS1, CS2 and CS3 
component splitter unit blocks. Component splitter blocks divide spec
ified components into separate streams based on ratios. The producer 
gas was created by mixing the streams from the Gibbs reactors and 
component splitters in the MIX mixer block. The SPL2 unit block also 
transfers a part of the produced gas back to the R3 reactor, allowing 
gaseous products to be burned. The R3 reactor is a high-temperature 
Gibbs reactor that is fed a large quantity of oxygen. The CS3 block di
rects the oxygen to the F12 stream in order to avoid affecting the syngas 
composition due to the large quantity of oxygen provided. Additionally, 
the CS2 unit block also completes the conversion by feeding ash and any 
remaining unconverted carbon to R3. The solid particles (SOLIDPRT) in 
the produced gas are also separated using CYCLONE. The CS4 compo
nent splitter block eliminated even more undesirable elements from the 
F8, and also allowing the SYNGAS to be examined according to the 
standards (dry basis, dry-nitrogen free, etc.). The gasifying agent stream 
STEAM was separated into two streams (ST1 and ST2) and given to the 
Gibbs reactors at different percentages in the splitter block STMSPL. 

∂McL
H2O(x)
∂x =

{
kchd

R[T(x) + 273.15]

}{
McV

H2O(x)
McV

H2O(x) + ML
O2 (x) + Mcinert(x)

}

(Pc(x) − Pcsat(x) ) (15)   
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Thus, the amount of gasifying agent in each Gibbs reactor is regulated, 
and as is the reaction equilibrium. The descriptions of the unit blocks in 
the combined system are summarized in Table 2. 

Further, the produced SYNGAS is then employed as a thermal source 
of energy for the steam turbine system. The cold water stream (WATER) 
is first pressurized in the PUMP block before being supplied into the heat 
exchanger (HEX). The steam generated (W2) by the heat transfer is fed 
into the TURBINE, which generated power. The SYNGAS flow is cooled 

as a consequence of this process, and more power is obtained. Lastly, the 
CS5 component splitter block separates H2 from other gas components 
before delivering H2DRY to the PEM fuel cell. Before being supplied to 
the PEM from the anode side (AIN), the H2 is humidified in the B1 block. 
Compressed air is humidified and used as a feed to the cathode side 
(CIN) of the PEM in the B2 block. Excess H2 was recirculated (H2REC) 
and mixed with the main feed in B8, while exhaust air COUT was cooled 
in B5 to recover demineralized water. The stream attributes for the 

Fig. 2. Aspen Plus flowsheet diagram of the combined CFB gasifier/steam turbine/PEM fuel cell system.  
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proposed integrated system are listed in Table 3. 

2.5. Artificial neural network modeling 

Warren McCulloch and Walter Pitts invented a computer framework 
in 1943, laying the groundwork for neural networks, a future computing 
system [72]. ANN is a form of soft computing technology based on the 
human nervous system’s functioning. ANN is comprised of artificial 
neurons, which are loads of single cells coupled to coefficients (or 
weight). The input layer of an ANN is an axon from a neuron, the hidden 
layer is dependent on model accuracy, and the output layer (output 
axon) provides the model’s output result [73]. The input layer, which is 
the first layer, examines a signal as it enters the system. Following that, 
there are multiple hidden layers of neurons that cross the signal from the 
input level through the network with weighted linkages until it is 
outputted through the output level. The previous level provides input to 
every hidden neuron in the form of weighted signals [74]. The formula 
for an artificial neuron is as follows: 

yi = f
∑L

i=0
(xiwi+b) (25)  

where wi is the weight for input xi, and b denotes the bias. L defines the 
number of neurons, while yi stands for the output of the model. Excep
tion of input nodes, a nonlinear activation function (transfer function), 
represented as f, is used to describe a node’s output. In this paper, the 
tangent sigmoid function was used as an activation function for hidden 
layers. It is defined as follows: 

f (x) =
ex − e− x

ex + e− x (26)  

3. Results 

3.1. Model validation 

Validation of the CFB gasifier and PEM fuel cell models must be 
performed before conducting the parametric analysis. Because an un
reliable model cannot be evaluated, and correct conclusions cannot be 
considered. A comparison was done between the predicted gas compo
sition produced during gasification from the proposed simulation model 
and the experimental results provided by Berrueco et al. [58] to validate 
the current model. The gasification process was modelled using inputs 
such as gasifier temperature, feedstock material characteristics, solid 
fuel and gasification agent flow rates, etc. in experimental study. As 
torrefied feedstock material, the researchers used Norwegian forest 
residues. They conducted a steam/air gasification procedure at 850 ◦C of 
gasifier temperature, 1 bar of gasifier pressure, 1.6 of steam to fuel ratio, 

Table 2 
Descriptions of the Aspen Plus unit blocks.  

Block Name Aspen Plus Unit 
Block Name 

Description 

R0 RYield Converts non-conventional solid materials into 
conventional components. 

R1 (400 ◦C) 
R2  
(800 ◦C) 
R3  
(1000 ◦C) 

RGibbs 
RGibbs 
RGibbs 

To simulate reactions between reactants and 
find probable products, the Gibbs energy 
minimization approach is utilized. 

CS1 Sep Canalizes the H2O (100%), CO (100%) and CH4 

(55%) into the F4 stream. 
CS2 Sep Canalizes the C (100%) and ash (100%) into the 

F13 stream. 
CS3 Sep Canalizes the excess oxygen into the F12 

stream. 
CS4 Sep Removes the undesired components (SOx, H2S, 

water, nitrogen, etc.). 
CS5 Sep Separates H2 from COLDSYN for feeding into 

PEM fuel cell. 
MIX 

B8 
Mixer Merges the inlet streams into a single output 

stream. 
SPL1 FSplit Splits the gasification agent in different ratios 

(20% ST1). 
SPL2 FSplit Splits the F7 for combustion process (17% F9). 
CYCLONE SSplit Removes the solid particles from the gaseous 

stream. 
HEX HeatX Uses the energy contrasts between cold and hot 

streams to transfer heat. 
PUMP 

B4 
Pump Increases pressure of the fluid in the liquid 

phase to higher pressures. 
TURBINE Compr Decreases pressure of the fluid in the vapor 

phase to lower pressures. 
SEP Flash2 At a given temperature and pressure, separates 

the liquid and vapor phases in equilibrium. 
B1 

B2 
RadFrac Models absorbers, strippers, etc. for 2 or 3- 

phase fractionation in single columns. 
PEM Custom Model Unit block for PEM fuel cell calculations. 
B5 Heater Thermal and phase state changer to model 

heaters, coolers, condensers, etc. 
SPLIT SSplit Divides feed based on splits specified for each 

substream.  

Table 3 
Stream properties for the proposed CFB gasifier/steam turbine/PEM fuel cell 
plant.  

Stream ID Temperature 
(◦C) 

Pressure 
(bar) 

Mass Flow Rate 
(kg/hr) 

Heat Flow 
(kW) 

COLDSYN  61.591  1.01325  1634.225  − 2860.200 
F1  25.000  1.01325  1000.000  − 175.341 
F2  400.000  1.01325  1200.000  − 1781.450 
F3  400.000  1.01325  816.676  − 623.830 
F4  400.000  1.01325  383.324  − 1157.640 
F5  800.000  1.01325  1616.676  − 1511.150 
F6  724.117  1.01325  2143.177  − 2683.320 
F7  724.117  1.01325  1969.973  − 2677.390 
F8  724.117  1.01325  1635.077  –2222.230 
F9  724.117  1.01325  334.895  − 455.156 
F10  1050.000  1.01325  3908.100  − 671.968 
F11  1050.000  1.01325  807.434  − 1591.790 
F12  1050.000  1.01325  3100.700  919.874 
F13  724.117  1.01325  173.203  − 5.931 
F14  1000.000  1.01325  143.176  − 14.525 
F15  724.117  1.01325  0.852  0.047 
F16  61.591  1.01325  1551.446  − 2985.480 
H2DRY  61.591  1.01325  82.778  12.066 
TBS  25.000  1.01325  1000.000  − 406.443 
OXYGEN  25.000  1.01325  3400.000  − 0.246 
SOLIDPRT  1000.000  1.01325  664.258  − 1596.170 
ST1  200.000  1.01325  200.000  − 727.432 
ST2  200.000  1.01325  800.000  − 2909.730 
STEAM  200.000  1.01325  1000.000  − 3637.160 
SYNGAS  724.117  1.01325  1634.225  –2222.280 
W1  25.461  10.00000  800.000  − 3562.460 
W2  179.946  10.00000  800.000  − 2924.540 
W3  102.440  1.01325  800.000  − 3006.760 
WATER  25.000  1.01325  800.000  − 3563.170 
33  58.042  1.02000  57361.170  − 252111.000 
88  48.523  5.00000  57919.520  − 255250.000 
AIN  60.008  1.02000  381.033  − 902.032 
AIRFEED  63.000  5.00000  17824.440  185.137 
AOUT  72.921  1.02000  125.343  − 186.145 
CIN  49.998  5.00000  18075.150  − 815.060 
COUT  78.714  5.00000  18330.830  − 3430.420 
GASOUT  63.000  1.01325  37.246  − 56.239 
H2FEED  62.150  1.01325  170.868  − 120.956 
H2O-1  60.000  1.50000  57571.330  − 252892.000 
H2O-2  50.000  5.00000  58170.230  − 256250.000 
H2OOUT- 

1  
–  1.01325  –  – 

H2OOUT- 
2  

48.607  3.01325  642.466  − 2831.330 

H2REC  63.000  1.01325  88.096  − 133.018 
S33  25.000  1.01325  642.466  − 2831.460 
S7  63.000  1.01325  125.343  − 189.257 
S10  25.000  1.01325  17688.360  − 1317.700  
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and 0.23 of equivalency ratio. As shown in Fig. 3, the syngas composi
tion of CFB gasifier model is compared to the experimental result. 

The current model demonstrates quite similar characteristics as the 
experimental results. Lower concentrations of gaseous products were 
predicted by the model than were seen in the experiments, except H2. In 
thermodynamic equilibrium modeling, the conversion of hydrocarbons 
and methane makes estimating the methane gas concentration more 
challenging. The syngas composition also differs from experimental 
values owing to the CFB model’s independence from design factors, 
disregard for reaction kinetics and fluid mechanics, and the reactor’s 
infinite residence time. The syngas composition produced by the CFB 
gasifier model, on the other hand, did not significantly differ from the 
experimental data. Because the CFB gasifier model’s auxiliary unit 
blocks (component splitters and stream splitters) were located between 
the reactors, providing to achieve an appropriate syngas composition. 
Therefore, the findings effectively approximate experimental studies 
when the CFB gasifier model is run with identical operating parameters 
and input variables. Parametric analyses can be carried out using the 
CFB gasifier model. 

Validation of the PEM fuel cell model is also necessary in addition to 
the verification of the CFB gasifier model. The model was verified using 
data from a 70 kW PEM stack installation at AkzoNobel’s chlor-alkali 
facility [75], where Nedstack PEM stacks of the identical type utilized 
in the proposed facility are being tested; and an industrial 1 MW PEM 
plant in Belgium from 2010 to 2015, developed by Nedstack and MTSA 
with a layout similar to the design of DEMCOPEM-2 MW plant [76]. 
Data from specific groups of stacks in the plant is compared to stack 
performance, resulting in power values within a 1% margin of error. 

Since field data is available for comparison, coolant flow and air hu
midification temperature are considered to be indicators of modeling 
thermal balancing precision. They have errors of less than 1.5% and 
0.5%, which are similar to measurement uncertainties. The global mass 
balance is validated since the hydrogen inflow flow and air overflow are 
within the predicted nominal values. Table 4 lists the simulated 1 MW 
plant’s stream data and overall performance. 

The stacks are fed with humidified H2 and air in quantities greater 
than the stoichiometric ratio (2.0 and 2.4 respectively). About 500 kW of 
heat is recovered from the fuel cells and supplied to the chlor-alkali 
plant. Fuel cells have a gross efficiency of approximately 60%. Auxil
iary utilization is about 67 kW, with air and H2 blowers taking up the 
majority of the capacity, followed by inverter systems and coolant 
pumps. 

3.2. Parametric analysis 

The effect of independent factors was assessed, and the dependent 
variables were investigated using the Aspen Plus process simulator’s 
sensitivity analysis module. Gasifier temperature and pressure, and 
steam/fuel ratio were selected as independent factors that had a sig
nificant effect on the results. The rest of the parameters were maintained 
constant while one of them was changed in these parametric experi
ments. The temperature of the gasifier was adjusted between 600 and 
1000 ◦C, the gasifier pressure was adjusted between 1 and 10 bar, and 
the steam/fuel ratio was varied between 0.5 and 1.5. Since operational 
variables have similar impacts on torrefied biomass samples, figures are 
only presented for the olive kernel sample to avoid bringing complexity 
to the plots. Changes depending on the sample’s properties will be dis
cussed in the following sections. 

3.2.1. Effect of gasification temperature 
The gasification process includes a significant number of compli

cated, homogeneous, and heterogeneous processes because it repre
sents the thermal decomposition (partial oxidation) of solid fuels. 
Therefore, the temperature of the gasifier influences the direction of 
numerous endothermic and exothermic processes, resulting in changes 
in the concentrations of the produced components. According to Le 
Chatelier’s principle, increasing the temperature favors endothermic 
reactions while changing the chemical equilibrium in exothermic re
actions to the side of the reactants. High temperatures in the gasifier 
increase the concentrations of H2 and CO while decrease the 
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Fig. 3. Comparison of syngas composition between experimental result and CFB gasifier model result.  

Table 4 
Modeling findings and simulated stream conditions for the reference plant 
considered for model validation.   

Temperature (◦C) Flow rate (Nm3/hr) 

H2 feed supplied to PEM (H2DRY) 50 1200 
Recirculated H2 stream (H2REC) 65 600 
Air feed supplied to PEM (AIRFEED) 63 3450 
Coolant stream (PEM inlet/outlet) 60/65 165 
Water loop (Humidifiers inlet) 50 60  

Unit Value 
Gross DC electric power kW 1040 
Gross DC efficiency (H2 LHV basis) % 57.7 
Recovered heat kW 522 
Consumption of auxiliaries kW 67  
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concentrations of CO2 and H2O. Possible explanations for the change in 
gaseous component percentages can be explained by the Boudouard 
reaction and the water–gas reaction. Moreover, when the temperature 
increases, the amount of CH4 in the syngas decreases dramatically. The 
forward process of steam-methane reforming at high temperatures 
causes the degradation of CH4. The effect of gasification temperature on 
syngas composition is shown in Fig. 4. 

The graph demonstrates that while H2 and CO concentrations in the 
syngas increase at high temperatures, CH4, H2O, and CO2 concentrations 

reduce. The H2 concentration increased from 30.06% to 39.62%, and the 
CO concentration increased from 10.08% to 34.02%. In addition, the 
CO2 concentration decreased from 15.37% to 3.00%, the H2O concen
tration decreased from 34.42% to 19.40%, and the CH4 concentration 
decreased from 9.70% to 3.65%. The other torrefied biomass samples 
showed similar trends in shifting gas component concentrations. The 
rise in H2 concentration at high temperatures can be explained by the 
increased rate of steam-methane reforming reaction and the accelerating 
forward reaction of the water–gas, which is an endothermic reaction in 

Fig. 4. Effect of gasification temperature on syngas composition.  
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Fig. 5. Effect of gasification temperature on syngas LHV and exergy.  
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the solid–gas phase. Moreover, the molar concentration of H2 rises at 
first, then begins to decrease. The highest fraction of the H2 component 
was reported at 840 ◦C. Other researchers have also reported on fluc
tuating behavior of H2 [77,78]. Higher temperatures suppress metha
nation and water–gas shift processes, both of which are exothermic and 
result in the production of syngas with lower H2 concentrations. The 
variation in H2 could be due to the combined effects of processes in the 
gasifier [79]. The fluctuation in H2 concentration, according to Vikram 
et al. [80], is caused by the major processes, which are the water–gas 
shift and char reforming reactions. Exothermic water–gas shift reactions 
shift backward at high temperatures, following Le Chatelier’s principle, 
resulting in the formation of the reactants CO and H2O. A negative 
correlation was also found between CO and CO2 components as the 
gasifier temperature is raised. At elevated temperatures, the Boudouard 
reaction, which is an endothermic process, is shifted forward, which 
could explain the change. Furthermore, up to 740 ◦C, the olive kernel 
sample revealed a dramatic rise in CO fraction and reduction in CO2 
fraction, although the change is slower at higher temperatures. As 
aforementioned, the temperature value varies depending on the torre
fied biomass feature, but the behavior is consistent. Additionally, the 
concentration of CH4 reduces as the temperature rises. The forward 
process of steam-methane reforming accelerates at high temperatures, 
leading in CH4 degradation. The composition of the syngas, which 
changes with temperature, has an impact on its heating value. Fig. 5 
shows the effect of gasifier temperature on syngas LHV and exergy. 

A continual increase was observed in syngas LHV between 600 and 
1000 ◦C. For the olive kernel sample, syngas LHV increased from 
9920.60 kJ/kg to 13995.99 kJ/kg. Since the H2 and CO concentrations 
increased with temperature, the LHV was enhanced despite the decrease 
in CH4 concentration. The reduction in H2O and CO2 concentrations due 
to the increase in gasification temperature enhanced the syngas LHV as 
well. In addition, syngas LHV increase is strong up to a certain gasifi
cation temperature, but it slows down as the temperature rises. Above 
750 ◦C, the LHV growth has slowed. This can be explained by the fact 
that the syngas composition has not varied considerably above 750 ◦C. 
Since the CO fraction curve and the LHV curve are so equivalent, it can 
be concluded that syngas CO content has a major impact on LHV. When 

operated at high temperatures, the gasifier produces hot gas products 
with a considerable work capacity, resulting in an increase in physical 
exergy. Also, when the temperature increases, the composition of the 
syngas changes, having an influence on the chemical exergy. A steady 
increase in syngas exergy was observed between 600 and 1000 ◦C, 
similar to the syngas LHV. The syngas exergy for the olive kernel sample 
increased from 10710.57 kJ/kg to 14739.51 kJ/kg. The increment in 
exergy slows beyond a certain temperature (approximately 750 ◦C), 
identical to the syngas LHV profile. This is because the change in syngas 
composition is less at higher temperatures than at lower temperatures. 
Unlike the rise in LHV, however, the increase in exergy does not slow 
down much since syngas work capacity improves with increasing tem
perature despite the less changing composition. 

3.2.2. Effect of gasification pressure 
Gasifier pressure, likewise gasifier temperature, is a vital operational 

variable that has a significant influence on the performance of the 
gasification process. The gasifier pressure has a considerable impact on 
the gasification processes’ equilibrium states. According to Le Chate
lier’s principle, a change in pressure shifts an equilibrium state to the 
reaction side, where there are less moles of gas. Due to the steam- 
methane reforming and hydrogasification processes, raising the 
gasifier pressure had a favorable effect on the CH4 concentration since 
the equilibrium states shifted to the side of lower moles of gas. At higher 
pressures, the hydrogasification, reverse water–gas, and reverse steam- 
methane reforming processes also lower the H2 concentration. Pres
sure changes have no influence on the water–gas shift reaction, which 
has no effect on the H2 fraction change. Furthermore, the Boudouard 
reaction raised the mole fraction of CO2 while decreasing the mole 
fraction of CO when the gasifier pressure was increased. Moreover, the 
reduction in CO content due by greater gasifier pressure can be 
explained by reverse steam-methane reforming, partial combustion, and 
water–gas reactions. Fig. 6 demonstrates the effect of gasification pres
sure on syngas composition. 

Higher gasification pressures enhanced H2O, CH4, and CO2 concen
trations while decreasing CO and H2 concentrations, as seen in the Fig. 6. 
For the gasification of torrefied olive kernel sample, the H2 

Fig. 6. Effect of gasifier pressure on syngas composition.  
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concentration decreased from 40.05% to 30.72% and CO concentration 
decreased from 32.63% to 22.13%. Further, CH4 concentration 
increased from 4.06% to 9.23%, H2O concentration increased from 
18.66% to 28.04% and CO2 concentration increased from 4.29% to 
9.53%. Although an increase in gasification pressure results in a 
continual reduction in the favorable gas concentration, the quality of the 
syngas can be considered to decline more rapidly at higher pressures, 
particularly over 3 bar. Briefly, increasing gasification pressure only 
increased the proportion of CH4 among the favorable gases. The effect of 
gasification pressure on syngas LHV and exergy is depicted in Fig. 7. 

As seen in Fig. 7, gasification at high pressures reduced the thermal 
value of the syngas obtained. For torrefied olive kernel sample, syngas 
LHV decreased from 13914.52 kJ/kg to 11961.49 kJ/kg. The syngas 
LHV decline was more substantial in gasification operations above 3 bar 
pressure, just as it was with the change in syngas composition (Fig. 6). 
Syngas exergy exhibited a very similar behavior to syngas LHV change 
when the relationship between syngas exergy and gasifier pressure was 
examined. For torrefied olive kernel sample, syngas exergy decreased 
from 14429.02 kJ/kg to 12776.99 kJ/kg. Beyond 3 bar pressure, syngas 
exergy diminishes more dramatically in gasification operations. Further, 
the syngas exergy is solely impacted by the syngas composition since the 
gasifier temperature remains constant during the parametric run. 
However, unlike syngas LHV, syngas exergy includes the exergy value of 
non-combustible components in the calculation, resulting in a larger 
syngas exergy value than syngas LHV under the same operating 
conditions. 

3.2.3. Effect of steam/fuel ratio 
The ratio of steam entering the reactor to the fuel supplied to it is 

described as the steam/fuel ratio. Determining the proper steam/fuel 
ratio depending on the operating conditions is critical in real-world 
applications. The partial pressure increases as the amount of steam in 
the reactor increases, boosting various homogeneous and heterogeneous 
reactions. Nonetheless, the temperature of the gasifier drops, and the 
cost of steam production is not negligible. The concentration of H2 in the 
syngas improves as the steam/fuel ratio increases due to heterogeneous 
char-steam gasification processes, and this has been observed for a 
number of solid fuels [81,82]. Moreover, when H2O levels are high, the 
water–gas shift reaction shifts to the products side, resulting in a higher 
proportion of H2 and CO2. The steam-methane reforming forward pro
cess enhances CH4 degradation even further with continuous H2O 
feeding. Fig. 8 demonstrates the effect of steam/fuel ratio on syngas 
composition. 

The H2 concentration increased until steam/fuel ratio was 1.02 from 
37.46% to 40.04%, and then decreased to 37.97% beyond that steam/ 
fuel ratio. Likewise, the CO concentration reached its maximum 
(36.20%) at the steam/fuel ratio of 0.88, and its concentration decreased 
beyond this steam/fuel ratio. The H2O and CO2 concentrations increased 
dramatically beyond the steam/fuel ratio of 0.88. It should be noted that 
the H2O supply was excessive beyond this steam/fuel ratio. Similar 
behavior in the change of gas component concentrations can be seen for 
the other torrefied biomass samples, on the other hand, optimum steam/ 
fuel ratio can change depending on the properties of the solid material. 
The composition of the syngas, which changes with the steam/fuel ratio, 
has an impact on its calorific value. Fig. 9 illustrates the effect of the 
steam/fuel ratio on syngas LHV and exergy. 

The continuous supply of steam to the gasifier caused a decline in 
syngas LHV owing to excessive H2O concentrations and an increase in 
CO2 concentration, as illustrated in Fig. 9. Syngas LHV decreased from 
14562.94 kJ/kg to 10941.32 kJ/kg for the torrefied olive kernel sample. 
However, the syngas LHV increased until the steam/fuel ratio reached 
0.88 (from 14562.94 kJ/kg to 14765.65 kJ/kg), after which the syngas 
calorific value started to decline. According to the other researchers 
[38,83], when the concentration of combustible gas components in the 
syngas diminished with increasing H2O concentration, the heating value 
of the syngas decreases. Changes in syngas composition and thermal 
value also had an effect on the exergy value. Since the syngas exergy 
value was primarily influenced by the chemical composition, while the 
gasifier temperature remained constant, the syngas exergy change was 
approximately equal to the syngas LHV change. Syngas exergy increased 
from 15108.66 kJ/kg to 15230.31 kJ/kg in the torrefied olive kernel 

Fig. 7. Effect of gasifier pressure on syngas LHV and exergy.  

Fig. 8. Effect of steam/fuel ratio on syngas composition.  
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gasification process up to a steam/fuel ratio of 0.88, then declined to 
11683.66 kJ/kg. LHV represents the available thermal energy that can 
be obtained when syngas is burned. As a consequence, the CO2 and H2O 
components of the syngas cannot be regarded to contribute to the LHV. 
On the other hand, each component of syngas contributes to the total 
exergy value. Therefore, the syngas exergy value was determined to be 
greater than the syngas LHV under identical conditions. 

3.2.4. Effect of operating parameters on H2 production 
The influence of gasification operation variables on syngas proper

ties has been studied in previous parametric research. The operating 
conditions necessary for syngas production with the appropriate 
composition and heating value were discovered in these investigations, 
which were discussed on the olive kernel sample. Also, PEM integration 
is an essential application in the model provided in this paper, and 
hydrogen is the source of fuel cells. Therefore, determining the quantity 
of H2 produced as well as the concentration of H2 in the syngas is crucial. 
Each fuel cell is constructed to provide a certain range of power, and 

design factors/constraints mandate specific operating conditions 
(operating temperature and pressure, H2 supply etc.). The minimum 
amount of H2 to be fed was determined to be approximately 30.5 kmol/ 
hr in the sensitivity analysis conducted for the PEM fuel cell model, the 
details of which were discussed in Section 2.3. Hence, sensitivity anal
ysis was performed for each fuel in this part to identify the minimal 
operating parameters particular to each torrefied biomass sample, and 
indirectly preliminary research was conducted to produce an accurate 
data set for neural network training. Fig. 10 illustrates the effect of 
operational conditions on H2 production. 

Operational circumstances must satisfy certain necessary criteria 
regardless of fuel in order to operate a PEM fuel cell combined with a 
CFB gasifier. These minimal requirements, however, largely depend on 
the fuel’s qualities. A dashed line parallel to the x-axis was drawn from 
the point of 30.5 kmol/hr H2 production to make identifying these 
conditions easier. When the temperature of the gasifier was examined, it 
was observed that an operating temperature of less than 650 ◦C, on 
average, could not provide the requisite minimum H2 production. This 
can be explained by the fact that endothermic reactions like water–gas 
and steam-methane reforming, which are essential for H2 production, 
necessitate high temperatures. Another endothermic process, the Bou
douard, enhances CO production at high temperatures. Despite being 
exothermic, the water–gas shift process can have enhanced H2 produc
tion owing to the the amounts of CO produced. Furthermore, at any 
gasifier temperature, the torrefied poultry litter sample cannot be 
used for PEM integration. The torrefied empty fruit bunch sample can be 
used only at temperatures of 675 ◦C − 825 ◦C. When compared to other 
torrefied samples, the torrefied poultry litter sample had the greatest ash 
value and the lowest C concentration. In addition, the O/C and H/C 
values of poultry litter and empty fruit bunch samples are higher than 
those of other samples. These features, which are indicative of poor solid 
fuel quality, make using torrefied poultry litter and torrefied empty fruit 
bunch samples as fuel in a PEM integrated CFB gasifier system impos
sible or problematic. Pine wood chips and melina samples, on the other 
hand, were found to be the torrefied biomass samples that yielded the 
most H2 at the identical gasification temperature. In comparison to other 
samples, both torrefied samples contain low ash and high C content, as 
well as low O/C and H/C ratios. 

Gasification at high pressures decreases H2 synthesis, as stated in 
Section 3.2.2. Gasification pressures more than 6.5 bar on average are 
not viable for the PEM integrated CFB gasifier model (Fig. 10b), ac
cording to this finding. At any operating pressure, a sample of torrefied 
poultry litter does not produce the minimum essential H2. Torrefied 
empty fruit bunch sample can also provide the required H2 only in a 
narrow gasifier pressure range (<2 bar), similar to what was observed at 
gasifier temperature. Solid fuels with high O/C and H/C ratios necessi
tate operating the PEM integrated CFB gasifier at low pressures. In 
comparison to other biomasses, torrefied melina and torrefied pine 
wood chips samples produced larger quantities of H2 at the same oper
ating pressure. As a result, it’s important to note that in PEM integrated 
gasifier systems, high-quality solid fuels can tolerate operating at rela
tively high pressures. 

As previously indicated, increasing the quantity of steam given to the 
reactor accelerates the forward shift of reactions including steam- 
methane reforming, water–gas, and water–gas shift, resulting in more 
H2 production. However, as demonstrated in Fig. 10c, gasification pro
cesses with steam/fuel ratios less than 0.65 averagely were unable to 
provide the essential H2. While any quantity of steam feed is not enough 
for the torrefied poultry litter sample, at least 1.0 steam/fuel ratio is 
necessary for the torrefied empty fruit bunch sample. Torrefied melina 
and torrefied pine wood chips samples offer larger quantities of H2 at the 
same steam/fuel ratio, as seen in other operational conditions. The 
common factor within all three graphs was that solid fuels with high H/C 
and O/C ratios are less impacted by operational variable change. 
Especially, the gasifier pressure and the steam/fuel ratio had a little 
impact on the torrefied poultry litter sample. This is because fuels with Fig. 10. Effect of operating parameters on H2 production.  
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less reactive structures yield less amount of gaseous components. 

3.3. Creation and analysis of the dataset 

The influence of the gasifier’s operating parameters on the syngas 
characteristic was addressed in the parametric analysis section (Section 
3.2). As this research comprised the integrated PEM fuel cell system, the 
impact of the same operating parameters on H2 production was inves
tigated next. As a consequence, it was decided which sections of the 
overall data generated as a result of parametric analysis must be dis
carded. For 20 different torrefied biomass samples, parametric analysis 
included a temperature increase of 10 ◦C, a pressure increase of 0.5 bar, 
and a steam/fuel ratio increase of 0.01. Thus, a dataset with a total of 
172,220 rows was constructed. A set of 77,609 lines was obtained after 
operating conditions that would not be suitable for the PEM fuel cell 
were eliminated (operational parameters with less than 30.5 kmol/hr H2 
production). Fig. 11 shows the boxplot diagram of the parameters 
preferred as input and output variables in this study. 

Using proximate analysis data (db.%) of torrefied biomass sample 
and gasification operational conditions, PEM power, voltage, and effi
ciency (LHV based) are estimated in this research. The y-axis on the left 
is used to follow variables in black color, while the y-axis on the right is 
used to follow variables in grey color. When the variables of the gasifier 
operational conditions were evaluated, high gasification temperatures 
and steam/fuel ratios were found to be the most common. In the dataset, 
the average gasifier temperature was determined to be 866.70 ◦C, and 
the average steam/fuel ratio was calculated to be 1.16. Despite the fact 
that parametric studies have depicted that low gasification temperatures 
limit H2 production, gasification temperature of 600 ◦C have been taking 
place in the dataset. This demonstrates that CFB gasification process can 
supply the needed quantity of H2 at high steam/fuel and low gasifier 
pressures at lower temperatures. However, the dataset’s lowest steam/ 
fuel ratio was determined to be 0.6. This demonstrates that under any 
operating environment, none of the torrefied biomass materials utilized 
in this research can deliver the needed H2 at a steam/fuel ratio of less 
than 0.6. When the gasifier pressure was analyzed, it was determined 
that the dataset had a minimum of 1 bar and a maximum of 10 bar, with 

an average pressure of 4.82 bar. However, 75% of the pressure data in 
the dataset was up to 7 bar, which is consistent with the observation that 
most torrefied materials do not produce enough H2 at pressures more 
than 6.5 bar (Fig. 10b). When the attributes of the torrefied samples 
were investigated, the moisture data showed that the lowest and highest 
values were 0.30 and 7.68, respectively. The average moisture value was 
found to be 3.61. Moreover, the mean values for fixed carbon and vol
atile matter were observed to be 30.65 and 64.96, respectively. The 
minimum and maximum values of the variables moisture, fixed carbon, 
and volatile matter reveal that the dataset includes the outcomes of all 
torrefied materials. However, the dataset’s highest ash value (23.20) 
indicates that the outputs of the poultry litter sample are not included. 
This conclusion is in line with Section 3.2.4′s findings. In addition, the 
average ash value in the dataset is 4.38. The PEM power was estimated 
to be between 795.26 kW and 891.86 kW when the distribution of 
output variables was examined. With a standard deviation of 19.77 kW, 
the average power was 831.74 kW. Also, the average voltage was 
1232.21 V with the maximum and the minimum values of 1178.17 V 
and 1321.27 V, respectively. LHV-based PEM efficiency, the last output 
variable, was found to be between 26.82% and 39.58%. PEM efficiency 
was determined to be 34.22% on average, with a standard deviation of 
2.64%. The PEM fuel cell is designed to function at greater capacities 
and efficiency in practice. However, variables such as power, voltage, 
and efficiency were discovered in this range when considering aspects 
such as the proposed CFB gasifier model’s capacity, H2 productivity, the 
operating conditions evaluated, and the physicochemical attributes of 
the torrefied solid fuels used. Fig. 12 shows the impact of the charac
teristics of torrefied biomass samples used for this work on output 
metrics such as PEM power, voltage, and efficiency. 

The x-axis is fixed carbon (FC), y-axis is volatile matter (VM), z-axis 
is ash, and height axis is output variables for the plots (Fig. 12a, b and c) 
covering proximate analysis results. On the other hand, the x-axis is 
carbon (C), y-axis is hydrogen (H), z-axis is oxygen (O), and height axis 
is output variables for the plots (Fig. 12d, e and f) containing ultimate 
analysis results. Power and voltage variables are similarly impacted by 
input parameters when the effects of both ultimate and proximate 
analysis findings on output variables are investigated. This can be 

Fig. 11. The boxplot diagram of input and output variables.  
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explained by the fact that the power and voltage parameters are directly 
proportional. However, the results of proximate analysis do not have a 
linear relationship with the power and voltage. Pine wood chips, melina, 
and olive kernel are the torrefied samples with the highest power and 
voltage output, with fixed carbon values of 41.72%, 42.19%, and 
39.37%, respectively. These values are greater than the dataset’s 

average fixed carbon value of 30.65%, but the empty fruit bunch sample, 
which produces the minimum power and voltage, also has a fixed carbon 
ratio of 32.65%. Additionally, fixed carbon ratios of 37.27% and 45.82% 
are found in palm kernel shells and pigeon pea stalk samples respec
tively, and these torrefied materials provide the lowest fourth and 
sixth power and voltage, respectively. When considering the impact of 
volatile matter percentage on power and voltage outputs, it’s important 
to note that large concentrations reduce power and voltage output. It 
should be also noted that the three samples that provide the greatest 
power and voltage output had an average volatile matter content of 
approximately 56%, which is lower than the dataset’s average 
(64.96%). However, since the empty fruit bunch, the sample with the 
lowest power and voltage output, had a volatile matter concentration of 
59.03%, it’s difficult to establish concrete conclusions. The ash content 
in the torrefied material, like the fixed carbon and volatile matter re
sults, does not have a linear effect on the power and voltage output. 
Since torrefied materials often contain low amounts of ash, their influ
ence on output could be minor. Further, when the impact of the ultimate 
analysis findings on power and voltage outputs is investigated, a more 
distinct pattern is observed. Increased power and voltage outputs are 
highly dependent on high carbon content and low oxygen concentration. 
Pine wood chips, melina, and olive kernel samples, which are the tor
refied samples that produce the maximum power and voltage output, 
have an elemental carbon component of above 60%. Furthermore, the 
proportion of elemental oxygen in the same three samples is less than 
27%. These fraction values are beyond and below at the average values. 
However, since the distribution changes depending on the type of tor
refied material, it’s difficult to mention about a strong relation between 
elemental carbon and oxygen concentration with power and voltage. 
Similarly, since the elemental hydrogen concentration does not change 
considerably depending on the type of torrefied material, the hydrogen 
concentration cannot be considered to have a linear relationship with 
the power and voltage output. On the contrary, the power and voltage 
variations stated so far, which are dependent on the fuel characteristic, 
have a detrimental effect on PEM efficiency. PEM efficiency is improved 
by low elemental carbon and high elemental oxygen concentration, as 
well as low fixed carbon and high volatile matter. However, identifying 
a consistent pattern is challenging. Rather of focusing on the influence of 
elemental carbon, hydrogen, and oxygen concentrations in the solid 
material on the output variables, examining the effect of the H/C and O/ 
C ratios on the output variables, as in the Van Krevelen diagram, can be 
more informative. Fig. 13 visualizes the effect of H/C and O/C ratios of 
torrefied materials on output variables. 

The influence of elemental carbon, oxygen, and hydrogen ratios on 
PEM outputs behaved more systematically, as predicted. Despite the fact 
that there are fluctuations, a generalized pattern can be seen. In addi
tion, variations in the H/C and O/C ratios had a comparable effect on 
power and voltage outputs, as anticipated, whereas efficiency was 
influenced in the opposite manner. Torrefied materials with lower H/C 
and O/C ratios improve power and voltage output, as shown in plots. 
The fact that the solid fuel is positioned in the Van Krevelen diagram’s 
peat and lignite zones, i.e., as the carbonization degree increases, im
proves the power and voltage. Solid fuels having a high H/C and O/C 
ratio, such as torrefied materials in the biomass zone of the Van Krevelen 
diagram, on the contrary, improved PEM efficiency. To conclude, as the 
degree of carbonization of the solid material grows, the power and 
voltage increase, but the efficiency diminishes. To summarize the impact 
of fuel properties on PEM outputs, ultimate analysis parameters were 
more reliable indicators than proximate analysis parameters. Further
more, H/C and O/C ratios, rather than elemental carbon, hydrogen, and 
oxygen concentrations, were more useful metrics for PEM outputs. 
Nonetheless, one of the input factors used to predict PEM outputs in this 
paper is the proximate analysis results of the torrefied biomass sample. 
This is for several reasons: first, it makes the problem more challenging. 
Second, the torrefied materials’ proximate analysis results are not in the 
extreme range, i.e., they are consistent with the overall biomass/ 

Fig. 12. The effect of proximate and ultimate analysis results of torrefied 
biomass samples on PEM power, voltage and efficiency (temperature: 800 ◦C, 
steam/fuel ratio:1.0, and pressure:1 bar). 
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torrefied biomass physicochemical characteristic. Finally and most 
importantly, proximate analysis findings can be obtained using basic 
procedures and ordinary equipment, but ultimate analysis requires 
difficult methods and specific instruments [84]. In addition to the fuel 
characteristic, the effect of CFB gasifier operational conditions on PEM 
power, voltage and efficiency is illustrated in Fig. 14 for the olive kernel 

sample. 
For the torrefied olive kernel sample, the gasifier temperature is 

between 660 ◦C and 1000 ◦C (an interval of 10 ◦C), the gasifier pressure 
is between 1 bar and 6 bar (an interval of 1 bar), and the steam/fuel ratio 
is between 0.7 and 1.5. (an interval of 0.05). In fact, conclusions iden
tical to those stated for Fig. 10 can be inferred from the behaviors in 
Fig. 14. High gasification temperatures and steam/fuel ratios resulted in 

Fig. 13. The effect of H/C and O/C ratios of torrefied materials on PEM power, 
voltage and efficiency (temperature: 800 ◦C, steam/fuel ratio:1.0, and pres
sure:1 bar). 

Fig. 14. The effect of gasifier operating conditions on PEM power, voltage 
and efficiency. 
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higher power and voltage outputs while decreasing efficiency. Higher 
gasification pressures, on the other hand, lowered power and voltage 
outputs while increasing efficiency. This is a straightforward deduction 
from the relationship between operational conditions and H2 produc
tion. High gasification temperatures and steam/fuel ratios enhanced H2 
synthesis, but high gasification pressure reduced production. When a 
result, as the amount of H2 delivered to the PEM fuel cell model rises, the 
power and voltage outputs increase but the efficiency decreases. 
Increasing the temperature of the gasifier and the steam/fuel ratio does 
not result in the same rise or reduction in output variables. H2 synthesis 
slows and even begins to decline at higher temperatures and steam/fuel 
ratios. On the other hand, since the gasifier’s continually increasing 
pressure significantly limits H2 production, it has a comparable impact 
on PEM outputs. 

The correlations between output variables (power, voltage, and ef
ficiency), input variables (moisture, fixed carbon, volatile matter, ash, 
gasifier temperature, gasifier pressure, and steam/fuel ratio), and other 
fuel properties (carbon, oxygen, and hydrogen) can be identified and the 
scientific rationale for them can be discussed. Fig. 15 depicts the cor
relations between the factors stated above, using the correlation matrix 
as a tool. 

Colors show whether there is a positive or negative relationship 
between the parameters in the correlation matrix, and the intensity of 
the color and the size of the circle indicate the strength of the rela
tionship. At first inspection, the correlation matrix’s weak negative or 
weak positive coefficients stand out. However, a variety of other cor
relation coefficients are also observed. Except for output variables, the 
correlation coefficient between operating parameters and other 

Fig. 15. The correlation map for selected parameters.  

Fig. 16. The structure of the ANN developed in this study.  
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variables is close to zero. This is the outcome of all torrefied materials in 
this research being gasified under all operational conditions. To put it 
another way, any torrefied material is not excluded from a certain 
operating condition. When the relationships between operating pa
rameters and output variables are examined, the steam/fuel ratio is 
found to be the most influential variable. Temperature and the steam/ 
fuel ratio, not unexpectedly, are positively correlated with power and 
voltage, but pressure is negatively correlated. These operational pa
rameters have the reverse relationship when it comes to efficiency. 
Furthermore, there is a negative relationship between the steam/fuel 
ratio and temperature. The large quantity of steam provided to the 
reactor can compensate for the lower H2 production at lower gasifica
tion temperatures, or the decreased H2 production at low steam/fuel 
ratios can be enhanced by increasing the gasifier temperature. Pressure 
and other gasifier operating settings have a positive relationship. 
Because high gasifier temperatures and high steam/fuel ratios can 
compensate for lower H2 production at high pressures. The correlations 
of the output variables with each other were strong. This is not an un
usual finding because, as was frequently discussed in the previous sec
tions, the voltage output increased under the operational condition 
where the power output increased. Efficiency, on the other hand, 
decreased under operational conditions with increased power and 
voltage outputs. Additionally, when the correlation between the ulti
mate analysis results of the torrefied biomass sample and the output 
variables is investigated, it is determined that carbon is the most 
dominating variable, followed by oxygen, and hydrogen is the least 
influential variable. This can be explained by the fact that the hydrogen 
concentration of solid fuels is relatively uniform (about 5%-6%), 
implying that there are no substantial variances within fuel types. The 
correlation map demonstrates that when solid fuel carbon concentration 
increases, PEM power and voltage outputs improve but efficiency de
clines. The greater the hydrogen and oxygen concentration of the fuel, 
on the other hand, provides a better efficiency and the lower the PEM 
power and voltage outputs. This is a result that is highly compatible with 
the conclusions reached from Fig. 16 and thereafter. When the rela
tionship between proximate analysis results, which is one of the study’s 
specified input variables, and ultimate analysis results is evaluated, 
appropriate findings can be obtained. Naturally, the fixed carbon con
tent and the elemental carbon content have a positive relationship. 
Further, short and long-chain hydrocarbons, aromatic hydrocarbons, 
carbon monoxide, chlorine and sulfur are common components of vol
atile matter [85,86]. Thus, a higher volatile matter percentage indicates 
that the fuel is more oxygen and hydrogen-rich. In contrast, ash has a 
negative relationship with all three of its elemental carbon, hydrogen, 
and oxygen. The fixed carbon and volatile matter concentrations 
decrease as the ash content of the fuel rises, and therefore the carbon, 
hydrogen, and oxygen concentrations decrease. A similar reasoning can 
be used to explain the negative correlation between fixed carbon and 
volatile matter. On a dry basis, the total of volatile matter, ash, and fixed 
carbon concentrations should be one hundred. When one of these vari
ables grows, it causes the other to decline. Ash content is at relatively 
low concentrations and is not distributed over a wide range. Therefore, 
it has a low correlation coefficient with fixed carbon and volatile matter. 
Changes in volatile matter and fixed carbon content, which make up a 
substantial percentage of torrefied material, on the other hand, have a 
considerable impact on each other. There was no substantial relation
ship between the moisture variable and any of the other variables. 
However, the moisture variable, as well as the dry basis proximate 
analysis results, must be chosen as input parameters. Because proximate 
analysis results for solid materials on a dry basis can be quite similar. 
Moisture content, on the other hand, may be an important factor in 
identifying these solid materials from one another. To conclude, 
although the findings of the proximate analysis do not directly and 
strongly offer information on the elemental composition, they do pro
vide essential parameters in relation to fuel properties. Proximate 
analysis findings and operational conditions can be assigned as input 

variables, and PEM outputs can be predicted, taking into account the 
technical and statistical reasons given in the section where Fig. 13 is 
discussed, as well as the information provided by the correlation map. 

3.4. Development and assessment of the ANN model 

The sensitivity analysis results generated from Aspen Plus simula
tions were used to create a dataset, and as mentioned before the dataset 
was adjusted via the data elimination procedure. Ultimately, a dataset 
including 77,609 of input and output variables was obtained. The Neural 
Network Toolbox was used to develop, train, test, and validate the ANN 
model, which was conducted in MATLAB R2021a. The MLP structure 
was preferred to develop the ANN architecture, which consisted ofi n
put, output, and hidden layers. One of the most crucial aspects of 
building an effective model is splitting data sets so that they should be 
appropriate for training, testing, and validation. The dataset was 
randomly divided into three parts: 60% training, 30% testing, and 10% 
validation. In the training phase, the tangent sigmoid was chosen as the 
activation function and the Levenberg-Marquardt algorithm as the 
optimizer. Fig. 16 demonstrates the structure of the ANN developed in 
this paper. 

The input layer has 7 neurons, the first hidden layer has 18 neurons, 
the second hidden layer has 9 neurons, and the output layer has 3 
neurons. Moisture, fixed carbon (db.%), volatile matter (db.%), ash (db. 
%), gasifier temperature (◦C), gasifier pressure (bar), and steam/fuel 
ratio are all input neurons. Further, power (kW), voltage (V), and effi
ciency (%) are the output neurons of ANN model. Table 5 summarizes 
the specifications that belong to the ANN model. 

The hyperparameters of the ANN model were adjusted to obtain the 
lowest mean squared error score as the specified function for training, 
testing, and validating data sets. The ANN model was trained using 
randomly selected data, and then test phase was conducted to assess the 
network’s performance using data set that had not been used during the 
training. Iterations were carried out until the mean squared error value 
dropped below a certain threshold, resulting in the predicted results 
with the acceptable accuracy. The R2 depicts how the estimated and 
measured values are related. Fig. 17 illustrates a comparison of R2 

values for forecasted and measured values of power, voltage, and 
efficiency. 

Training data is presented in yellow color and testing data is shown 
in orange color for all output variables. The R2 values obtained for all 
output variables are more than 0.99, indicating that the newly devel
oped ANN model can correctly predict PEM parameters for a CFB 
gasifier/PEM fuel cell system utilizing gasification process input data. 
Testing R2 values are slightly lower than training R2 scores, and plots for 
all output variables demonstrate a few outliers. Despite this, the ANN 

Table 5 
Parameters of the ANN model.  

PARAMETER VALUE 

The number of artificial neurons in the input layer 7 
The number of artificial neurons in the first hidden 

layer 
18 

The number of artificial neurons in the second 
hidden layer 

9 

The number of artificial neurons in the output layer 3 
Type of network and algorithm for network training Feedforward 

backpropagation 
Transfer function Tangent sigmoid (TANSIG) 
Function of performance assessment Mean squared error 
Optimization algorithm Levenberg-Marquardt 

(TRAINLM) 
The maximum number of epochs 1000 
Number of epochs in which network training was 

completed 
186 

Type and percentage of data division (training, test, 
and validation) 

Random, 60%, 30%, and 
10%  
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model’s predictive capability is quite satisfactory. When the mean 
squared error and mean absolute percentage error results, which are 
considered as performance indicators in addition to R2, are analyzed, the 
ANN model’s success can be more appreciated. The mean squared error 
results for the training set’s power, voltage, and efficiency outputs were 
1.209, 2.655, and 0.017, respectively, while the mean absolute per
centage error results were 0.074, 0.075, and 0.285. In addition, the 
mean squared error results for the testing set’s power, voltage, and ef
ficiency outputs were 1.489, 3.269, and 0.018, respectively, while the 
mean absolute percentage error results were 0.076, 0.076, and 0.287. 
These metrics, especially with the MAPE value less than 1%, indicate 
that the newly developed ANN model can accurately predict the PEM 
fuel cell output parameters for both training and testing. 

4. Conclusions 

In this paper, a model for a CFB gasifier/steam turbine/PEM fuel cell 
with Aspen Plus was created. Steam gasification was preferred to pro
duce large amounts of H2, and the syngas was purified before being fed 
into the steam turbine system where it receives additional power and 
cooling. Subsequently, H2 was supplied into the PEM fuel cell. The CFB 
gasifier model and the PEM fuel cell model were both validated prior to 
the parametric investigations. The impact of torrefied material proper
ties, gasifier temperature and pressure, and steam/fuel ratio on PEM fuel 

cell outputs were discussed in parametric studies. Finally, for a complex 
integrated system, an ANN model was developed, which was trained 
with simulation data, to estimate PEM outputs and eliminate compli
cated equations. This is the first study that investigates the effect of 
torrefied biomass samples’ properties on PEM fuel cell outputs for a 
sophisticated integrated system dependent on gasification conditions. 
Moreover, the developed ANN model provides a rapid predictive tool for 
the integrated system with complicated equations. Additionally, para
metric studies assist in determining the proposed new integrated sys
tem’s minimal operating condition, which is highly dependent on the 
fuel characteristic. The important findings are as follows:  

• High-temperature gasification improves H2 concentration while 
increasing syngas LHV and exergy. Gasification at high pressures 
reduces syngas LHV and exergy while increasing H2 concentration. 
The quantity of steam supplied into the reactor is also vital. Syngas 
LHV and exergy values rise with increasing H2 concentration, how
ever excessive steam supply lowers syngas quality.  

• Parametric studies can help determine which solid fuels can be used 
in a combined system’s gasification process. Depending on the fuel’s 
quality, there are many operating conditions where it cannot pro
duce enough H2. Poultry litter, one of the 20 different torrefied 
materials used in this study, was unable to supply enough H2 for any 

Fig. 17. R2 results for the output variables (a) power training, (b) power testing, (c) voltage training, (d) voltage testing, (e) efficiency training, (f) efficiency testing.  

F. Kartal and U. Özveren                                                                                                                                                                                                                     



Energy Conversion and Management 263 (2022) 115718

19

of the operating parameters specified in the study, indicating that it 
is an unsuitable solid fuel for the CFB gasifier/PEM fuel cell system.  

• The proximate analysis results showed a random distribution, but the 
ultimate analysis results, notably the O/C and H/C ratios, revealed a 
more coherent pattern and were more informative. Power and 
voltage increased with torrefied material carbonization, but effi
ciency decreased.  

• Increasing the temperature and steam/fuel ratio boosted voltage and 
power outputs while decreasing efficiency. Contrarily, high pressure 
increased efficiency while reducing power and voltage. The effect of 
operating variables on H2 production rate is directly paralleled by 
these findings. 

• Although there were no substantial correlations between the proxi
mate analysis findings and the PEM outputs, there were correlations 
between the ultimate analysis parameters. Also, scientific rationale 
between two analyses indicate that the proximate analysis results 
can be applied as input variables.  

• The ANN model predicts PEM fuel cell output parameters with 
excellent accuracy based on torrefied biomass proximate analysis 
and gasification operation parameters (R2 > 0.99 and MAPE 1%). 
Therefore, performance of systems constructed by the combination 
of diverse modules and thermochemical processes, such as CFB 
gasifier/steam turbine/PEM fuel cell plant, can be analyzed using 
ANN models trained using a dataset of adequate quality and 
quantity. 

Process simulation based on thermodynamic equilibrium, a simpli
fied but effective modeling technique, is a strong tool for providing 
reliable output and is particularly useful for ANN training. Exper
imenting with a wide range of operating conditions and fuel types is 
costly and time-consuming. Importantly, this research offers crucial 
preliminary data for distinguishing between fuel properties and oper
ating situations. However, the fuel type and operating parameters to be 
employed in the integrated system can be selected in order to make this 
research more realistic and suitable to real-world applications, as well as 
providing a recommendation for future investigations. A more realistic 
modeling research and data can be created in this setting, taking into 
consideration reaction kinetics and reactor hydrodynamics. Although 
such a study would provide more realistic findings in terms of fuel and 
operating settings, it would fall weak in terms of variables like the 
assessment of different biochar and operational situations, which we 
aim to emphasis in our research. 
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