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A B S T R A C T   

Hydrogen (H2) production from biomass is always attractive due to its carbon–neutral nature. However, the high 
energy requirement in biomass gasification and the processing of synthesis gas (syngas) has become the primary 
concern of the application of this technique. The combined gasifier-solid oxide fuel cell (SOFC) system shows 
promising potential for significant energy efficiency improvement. However, there is still space to optimize the 
performance of such combined systems. A novel zero-dimensional (0D) mass-transfer-based model was devel
oped to find the optimal operating parameters for H2 production and to maximize the power density. Coal, 
sugarcane bagasse, and marine algae were used as feeds to analyze the effects of relevant parameters. A sensi
tivity analysis of the operational conditions was undertaken to better understand the characteristic trends 
associated with the maximum power and H2 production. This work optimized the conditions respected with the 
power density. It was found that the highest power density could be achieved by manipulating operating vari
ables. It is concluded that marine algae have the highest power output but the lowest system efficiency due to 
high moisture and ash content. Coal produces low power output than biomasses. Hence, sugarcane bagasse is the 
most efficient feedstock for integrated gasifier-SOFC systems.   

1. Introduction 

Increasing energy consumption over the last century due to the in
dustrial and population growth has caused an increase in energy de
mand. The usage of fossil-based energy leads to a large number of 
suspended particles and Greenhouse Gas (GHG) emissions, which 
impact global warming significantly [1–3]. As global warming has 
become a major concern for the population throughout the past years, 
the Kyoto protocol (2005) and Paris agreement (2015) make efforts to 
constrain its effect to a maximum global temperature change of 2 ◦C [4]. 
As a result, energy production is forced to shift to renewable and sus
tainable energy resources to mitigate this issue and assist the economic 
stability of the world. Many states in United States of America (USA) 
have a long-term goal to achieve a 100% clean or renewable electricity- 
supported grid by 2050, and New South Wales (NSW) in Australia also 
has a long-term plan to achieve net-zero GHG emissions by 2050 [5,6]. 

Alternative fuels, such as hydrogen (H2), have been considered 

promising to solve the concerns of energy security and sustainability 
[2,3,6]. H2 can be completely sustainable if the needed energy for its 
production is supplied from renewable sources [7,8]. As a carbon
–neutral source, biomass has less environmental impact on H2 produc
tion for power generation than fossil fuels. H2 generated from biomass is 
considered green H2 as the released CO2 during the H2 generation pro
cess almost gets compensated by the amount of absorbed CO2 while 
biomass grows. Biomass conversion technologies vary in system effi
ciency, services provided, and market demand as designed for different 
end-products [2]. Therefore, developing new methods to control 
biomass decomposition is an alternative for cleaner energy production. 
A study supported by the European Fuel Cells and Hydrogen Joint Un
dertaking (FCH-JU) on the green H2 analyzed the possible pathways to 
produce H2 from renewable energy sources from a technical and eco
nomic point of view. The less expensive and promising way for green H2 
production is biomass gasification and biogas reforming processes [9]. 
Gasification is a thermal decomposition process of solid or liquid organic 
materials into H2–rich bio-synthesis gas (bio-syngas) in the presence of 
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gasification agents [10]. The produced bio-syngas is a mixture of 
hydrogen (H2), methane (CH4), carbon monoxide (CO), and carbon di
oxide (CO2), which can be widely used in several industries, such as H2 
production, combined heat and power (CHP) generation, and synthesis 
for chemical production. Biomass gasification can produce H2-rich bio- 
syngas with a thermal efficiency of up to 57–77% [11,12]. The recent 
and advanced approaches for H2 production from bio-syngas are 
methane steam reforming (MSR), dry methane reforming (DMR), bi- 
reforming of methane (BRM), and partial oxidation of methane 
(POM). However, both biomass gasification and bio-syngas reforming 
are highly energy-demanded processes. Therefore, a sustainable and 
stable energy supply system should always be considered for the process 
design [13–15]. 

The solid oxide fuel cell (SOFC) is one of the most promising tech
nologies for power production. It has also shown promise in its energy 
efficiency and flexibility as a power producer. SOFC has been known for 
over 20 years, where the effects of material, temperature, current, feed, 
flow rate, and experimental parameters on the SOFC and its efficiency 
have been investigated vastly [16]. A typical lifetime of a stationary 
SOFC is 40,000 h. In principle, SOFCs can operate on any combustible 
fuel capable of reacting with O2− coming through the electrolyte. This 
makes the internal reforming in SOFCs a more thermal efficient process. 
An SOFC is operated as a catalytic electrochemical facilitator to provide 
reasonable control and optimization over H2 and energy production at 
800–1000 ◦C utilizing any fuel containing hydrocarbons and is generally 
mixed with various reforming agents [17]. SOFC produces heat and 
electricity by converting the chemical energy of the fuel through MSR, 
water–gas shift (WGS), and half-electrochemical reactions at the triple 
phase boundary (TPB) [18]. Therefore, the gasification process can be 
combined with SOFC to become a flexible power-H2 production system 
that offers one of the highest efficiencies in energy production [11,19]. 

The syngas produced from biomass gasification contains impurities 
such as tar, sulfur, halogens, and alkali metal [20]. As impurities can 
have both reversible and irreversible effects on SOFC performance, the 
presence of these impurities limits the practical feasibility of integrated 
gasifier SOFC systems. The gas cleaning units may be required to avoid 
this detrimental effect on SOFC anodes. For instance, the presence of 
heavier hydrocarbon in tar can cause carbon deposition on the anode 

due to thermal degradation and can block the active sites for the re
actants. The detrimental effect of tar components on SOFC performance 
is widely reported in the literature [21–26]. Tar can be removed using 
physical methods and thermos-chemical transformation technologies. In 
the prior method, tar components are removed using a cyclone, 
scrubber, or filter, while tar is converted into syngas through a catalyst 
or high-temperature conversion [27,28]. 

Sulphur compounds are well-known impurity that causes deleterious 
effects on SOFC performance. Sulphur can have both reversible and 
irreversible effects on SOFC performance. High sulphur concentration 
poisoning consists of two steps: the reversible voltage firstly falls till the 
metastable cell voltage, then the irreversible voltage degradation may 
lead to fatal performance loss [29,30]. The mechanism of sulphur 
poisoning and safe concentration limit depends on the anode material. 
Nickel-based catalysts are more susceptible to sulphur poisoning. The 
low concentration of sulphur (<2 ppm) can cause performance loss [31]. 
Moreover, some catalyst materials are immune to sulphur poisoning. 
Lanthanum strontium vanadate and titanate (LSV and LST)-based an
odes are unaffected by sulphur [32,33]. The later anode showed power 
enhancement despite increased polarization resistance when 0.5% H2S 
was present in the fuel gas [33]. The sulphur concentration in syngas can 
be reduced using sorption techniques and dolomite, limestone, and zinc- 
based sorption materials give promising results [34]. 

Halogens such as HCl are other noticeable impurities. However, they 
do not have a severe impact on SOFC performance. Papurello et al. [35] 
concluded that the HCl concentration up to 40 ppm does not affect the 
performance of SOFC. The HCl in syngas is removed using alkali-based 
sorbents, mainly sodium and potassium [36]. 

The use of syngas from biomass gasification in SOFC is still in an 
early stage of application, and experiments on integrated biomass 
gasification and SOFC systems are still limited. The performances of 
these systems have been examined from a practical point of view by only 
a few studies [37]. Therefore, it is crucial to model the integrated 
gasifier-SOFC system to find the optimal parameters. Process limitations 
and undesirable and hazardous operational conditions can be predicted 
and determined using simulation before the real experimental work 
[38]. The use of syngas in SOFC has been explored in literature, 
including the combined gasifier-SOFC system. Simulation and 

Nomenclature 

E Activation energy (J/mol) 
F Faraday constant (C/mol) 
G Gibbs free energy (J/mol) 
j Current density (A/cm2) 
K Permeability (–) 
P Pressure (bar) 
Pi Partial pressure of ith component (bar) 
Q Total energy (kW) 
Rtot Total electrical resistance (Ω) 
R Universal gas constant (J mol− 1 K− 1) 
SCa Actual steam-to-carbon ratio 
SCe External steam-to-carbon ratio 
T Temperature (◦C) 
V Voltage (V) 
xi Molar fraction of ith components (-) 
yi Mass fraction of ith component (-) 

Greek Letters 
ηoverall System efficiency 

Acronym 
0D Zero dimensional 

1D One dimensional 
3D Three dimensional 
BRM Bi-reforming of methane 
CFD Computational fluid dynamics 
DMR Dry methane reforming 
DEN Denominator 
GHG Greenhouse gas 
LHV Lower heating value 
MSR Methane steam reforming 
GDC Gadolinium-doped ceria 
PFR Plug flow reactor 
PL Power law 
POM Partial oxidation of methane 
RMS Root mean square 
SA Surface area 
SB Steam to biomass 
SC Steam to carbon 
SOFC Solid oxide fuel cell 
SRK Soave Redlich Kwong 
TPB Triple phase boundary 
WGS Water-gas shift  

H.H. Faheem et al.                                                                                                                                                                                                                             



Fuel 356 (2024) 129529

3

optimization of complex processes via software simulators such as Aspen 
Hysys® and Aspen Plus® (Aspen Tech), ChemCAD® (Chemstations), 
COCO/COFE® (AmsterCHEM), Cycle-Tempo (Asimptote), DWSIM® 
(Open Source CAPE-OPEN process simulator), gPROMS® (Siemens 
Process Systems Engineering), ProSimPlus (ProSim), SimSci PRO/II® 
(SimSci/Invensys), and UniSim® (Honeywell), which can perform ma
terial and energy balances, and equipment sizing of many chemical 
processes [39]. 

A variety of 0, 1, 2, and 3-dimensional simulations have been con
ducted to find trends in gas concentration, voltage (V), and feed utili
zation throughout the SOFC anode [40]. In addition, the performance 
indicator of electrical efficiency has been explored with variations in 
gasifier conditions using a Gibbs free energy SOFC module [41]. Models 
using Aspen Plus® that include gasifier and SOFC systems mainly uti
lized a zero-dimensional (0D) Gibbs free energy solution method. 
However, little work has been published on the optimization of perfor
mance indicators other than the relationship between the current and 
power densities. Therefore, the main objective of this work is to develop 
a combined gasifier-SOFC system to evaluate the influence of the 
operating parameters on the system performance, including the overall 
efficiency, hydrogen yield, and power density. To incorporate the direct 
internal reforming (DIR) of CH4 and simultaneous electrochemical 
consumption of H2, each SOFC is divided into ten equally sized sub-cells. 
This novel approach introduces electrochemical reactions after each 
interval and incorporates the effect of water production at the triple 
phase boundary (TBP) on methane steam reforming (MSR) and water- 
gas shift (WGS) reaction kinetics in the adjacent sub-cell. 

Moreover, the detailed heat integration of the system is carried out 
by utilizing the excess system heat for high-pressure steam generation. 
The additional power is generated with the steam, and the steam is 
recycled to improve the overall system efficiency. Furthermore, the 
utilization of this model aims to find characteristics relating to different 
feeds including biomasses and coal, operating conditions, and their ef
fects on performance indicators, eventually leading to the optimal 
conditions for maximum power density. This work may provide a better 
understanding of integrated gasifier-SOFC systems for co-producing 
green power and H2-rich gas. 

2. Process simulation and validation 

This research focuses on the simulation of biomass processing in an 
integrated gasifier-SOFC system using Aspen Plus, where the MSR ki
netics will be applied in SOFC to find the optimum conditions for H2 and 
power production using the biomass-derived syngas from the gasifier. 
The first step will utilize an iterative design process to build a model and 
increase its accuracy within Aspen Plus. The second stage is an experi
mental approach toward different biomasses to find their respective 
optimal operating conditions for the given model. The overall process 
flow diagram of the integrated gasifier-SOFC system is shown in Fig. 1. 
The Aspen Plus modelling process flowsheet is available in Supplement. 

The model is based on the following assumptions [42]:  

1. Isothermal operation in the gasifier;  
2. Pressure drops are neglected;  
3. All fuel bound N is converted to NH3 and S into H2S;  
4. Tar formation is not considered;  
5. Heat loss is neglected;  
6. Complete conversion of combustibles gases achieved in the burner. 

2.1. Gasifier 

Generally, both steam and oxygen can be used as oxidizing agents in 
a gasifier [43,44]. However, steam is used as a gasifier agent to get a 
higher H2 yield in this study. Therefore, the following reactions may 
occur in the gasifier. 

Boudouard reaction : C + CO2 ↔ 2CO (R1)  

Reforming of char : C + H2O→CO+ H2 (R2)  

Steam methane reforming : CH4 + H2O→CO+ 3H2 (R3)  

Water − gas shift : CO+ H2O↔CO2 + H2 (R4)  

Methanation reaction : C + 2H2→CH4 (R5) 

Fig. 1. Process flow diagram of the integrated gasifier-solid oxide fuel cell system.  
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Dry reforming : CH4 + CO2→2CO+ 2H2 (R6) 

The gasification reactions are driven by the equilibrium; hence a 
Gibbs reactor is chosen as a gasifier. The biomass is represented with a 
proximate analysis (55.54% volatile, 14.99% fixed carbon, 9.95% 
moisture and 19.52% ash) and an ultimate analysis (38.43% carbon (C), 
2.97% hydrogen (H), 0.49% nitrogen (N), 0.07% sulfur (S) and 36.36% 
oxygen (O). The gasifier uses 3.6 kg/h of biomass feed rate, steam as a 
gasifier agent with a 1:1 steam-to-biomass ratio (SB), and a temperature 
of 750 ◦C. The simulation results of the gasification section were vali
dated against the experimental results published by Karmakar et al. [45] 
and are summarized in Table 1. 

From Table 1, there is a root mean square (RMS) error of 4.34% 
between the reference experimental and the model results, which is 
mainly contributed by the mole percentage of CH4. The gasifier applied 
in this model is a homogenous 0D reactor, while the reactor used in 
experiments is heterogeneous and three-dimensional (3D). Therefore, in 
the experiment, adequate time may not be provided for the complete 
conversion of CH4 by R3, while in the present model, the equilibrium is 
achieved at a given operating condition. Therefore, the CH4 percentage 
is lower, and the H2 percentage is higher than the experimental results. 

2.2. Solid oxide fuel cell 

Simulation studies of SOFC using Aspen Plus can be found in liter
atures [46,47]. The Gibbs reactor was used to simulate the anode in 
these studies. The Gibbs reactor doesn’t require reaction stichometry 
and kinetics [48]. However, a 0D model is unable to evaluate the 
operating parameters along the length of the anode. Therefore, to 
incorporate the MSR and WGS kinetics and to analyze the operating 
parameter along the length of the anode, a 1D plug flow reactor (PFR) 
instead of a Gibbs reactor is used. The process flow diagram of the SOFC 
system is shown in Fig. 1, and anode design parameters are presented in 
Table 2. 

Syngas is fed in at the anode side, while air is presented at the 
cathode side with an air–fuel stoichiometric ratio (AF) of 1.2:1. The 
model is divided into 10 sub-cells and validated along the length of the 
anode. Syngas composition and operating conditions are summarized in 
Table 3 for the validation of the SOFC model. The TPB is represented 
with the RStoic reactor in the model. 

2.2.1. Electrochemical model 
The MSR, WGS, and electrochemical reactions coincide in the SOFC, 

which can be seen in R3, R4, R7 and R8, respectively. The ability to 
handle half-electrochemical reactions is not inherent to Aspen Plus. 
Hence, electrochemical reactions (R7 and R8) are combined into a sin
gular chemical reaction (R9). The previous studies showed that the 
representation of both electrochemical reactions with a single chemical 
reaction didn’t detriment the simulation accuracy because both re
actions coincide in the SOFC [46,47,50]. 

H2 + O2− →H2O+ 2e− (R7)  

0.5O2 + 2e− →O2− # (R8)  

CO+ O2− →CO2 + 2e− (R9) 

The electrochemical oxidation reactions of H2 and CO are described 
by reactions, R7 and R9, respectively. There is a consensus that H2 is 
preferentially oxidized at TBP and produces a major fraction of the total 
current [51]. However, several studies have debated the co- 
electrochemical oxidation of CO and H2. For example, Tabish et al. 
[52] reported that CO contributed only 3% of total current when an 
equimolar mixture of H2/CO was used in the presence of Ni anode. It is 
also evident that the CO oxidation reaction is 2–3 times slower than H2 
oxidation [53]. Thus, CO is preferably involved in the WGS reaction 
rather than an electrochemical reaction when H2 and CO are both pre
sent in the gas mixture [54–56]. Moreover, Li et al. [57] claimed that CO 
and H2 yield the same electromotive force; hence, no distinction is 
required to model the electrochemical reaction. Therefore, the electro
chemical oxidation of CO in this fuel cell model is neglected. 

A single cell, fueled with hydrogen, can generate a theoretical Nernst 
potential of 1.229 V under standard operating conditions (T = 0 ◦C and 
P = 1 atm). This theoretical potential can be used to estimate the 
theoretical reversible open-circuit voltage (OCV) using the following 
equation: 

Erev(P,T) = Eo(T,Po) −
RT
2F

ln

(
PH2O

PH2

̅̅̅̅̅̅̅
PO2

√

)

(1)  

while 

Eo(T,Po) = −
∇go

2F
(2)  

∇go = 0.053T − 245.58
(3)  

where T (K) is the temperature, P (bar) is the pressure, Pi (bar) repre
sents the partial pressure of ith specie, F (C/mol) denotes the Faraday’s 
constant, and ∇go (kJ/mol) is the Gibbs free energy. The voltage across 
the cell can be derived by: 

Vcell = Erev − UL − ieleRtot (4) 

Table 1 
Rice husk experimental value validation (RMS error 4.58%).  

Syngas Composition (mol 
%) 

This 
model 

Reference experimental results for 
validation [45] 

CH4  0.10  6.22 
CO  22.31  22.70 
CO2  22.58  22.20 
H2  55.01  48.88  

Table 2 
SOFC design parameters for simulation.  

Parameter Value 

Anode Ni/YSZ 
Anode thickness (mm) 0.55 
Anode porosity (–) 0.3 
Anode density (kg/m3) 7740 
RPlug diameter (m) 1.04 × 10-6 

RPlug length (m) 0.0112  

Table 3 
Syngas composition and operating parameters for validation 
[49].  

Parameter Value 

Temperature (◦C) 700 
Pressure (bar) 1 
SC 1 
Flow (L/hour) 3.3 
Air/fuel ratio (mole/mole) 1.2  

Syngas composition (mole%) 
CH4 2 
H2 18 
H2O 10 
N2 39 
CO 18 
CO2 13  
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where Vcell (V) is cell voltage, iele (A/m2) is the current density, Rtot (Ω) 
is total resistance, and UL represents the loss in potential due to the 
electrical resistance in the electrolyte and possibly also due to the 
crossover of gases via microcracks and fissures in the electrolyte while 
measuring OCV. UL is generally neglected in the equation because OCV 
is equivalent to Erev as 

Vcell = Erev − ieleSRtot (5) 

Rtot can be estimated using the empirical relation as shown in the 
equation 

Rtot = ko,eleexp
(
− Ea,ele

RT

)

(6)  

where ko,ele is the constant coefficient, and Ea,ele is the activation energy. 
For the known value of Vcell, iele can be calculated using the equation. 

iele =
Erev − Vcell

SRtot
(7)  

2.2.2. Internal reforming model 
MSR reaction (R3) and WGS reaction (R4) generate H2 which is 

consumed as the fuel in SOFC. The reforming kinetics are critical in 
SOFC modelling, and it can be affected by different factors such as anode 
material, partial pressure of fuel and steam, operating temperature, etc. 
[58] Multiple kinetic expressions are presented in the literature for MSR 
kinetics [59–62]. The power-law (PL) kinetic model of Achenbach et al. 
[63] is used for the present study. 

rMSR

(
mol

s m2bar

)

= 4274e− 82000
RT PCH4 P− 1.25

H2O (8)  

where Pi is the partial pressure of ith specie, R is the gas constant (8.314 
J/mole/K), and T (K) is the operating temperature of SOFC. WGS re
action (R4) is generally considered equilibrium during the modelling 
studies [64–66]. However, kinetic studies of WGS are available in lit
eratures [67,68]. Therefore, the WGS kinetic model of Xu et al. [69] is 
used for the present study to avoid overestimating the temperature 
profile due to the equilibrium WGS reaction. 

rWGS =

kWGS

PH2

(

PcoPH2O −
PH2 PCO2

KWGS

)

(DEN)
2

(9)  

where kWGS is the rate constant of WGS reaction which follows the 
Arrhenius law, KWGS is the equilibrium coefficient of WGS reaction 
which is the function of temperature, DEN is the denominator item with 

DEN = 1+KCOPCO +KH2PH2 +
KH2OPH2O

PH2

(10)  

where Ki is the correction factor of component i which varies against 
temperature. 

The rate of the reforming reaction varies along the length of the 
anode and has the maximum value near the inlet of the anode [70]. 
Therefore, the reactor model “RPlug” is used in Aspen Plus to represent 
the SOFC anode. Furthermore, each SOFC cell is divided into ten equal- 
sized modules to measure the operating variables along the anode 
length. 

2.2.3. Carbon deposition probability 
The methane converstion is presented as in Equation (11). The car

bon deposition probability is calculated by the ratio of the existing 
carbon fraction of the syngas and the carbon deposition cutoff line, as 
shown as Equation (12), where Cfrac is the existing carbon fraction of the 
syngas and Ccuroff is the carbon deposition cutoff line which is deter
mined using Equation (13). When the existing carbon fraction of the 
syngas is beyond the carbon deposition cutoff line, carbon formation 

will occur. 

CH4conversion = 1 −
CH4, out

CH4, in
(11)  

Carbon deposition probability =
Cfrac

Ccutoff
(12)  

Ccutoff =
(
− 1.0 × 10− 3T+ 0.95

)
H2

frac +
(
4.5 × 10− 4T − 0.87

)
Hfrac +

(
1.8

× 10− 3T+ 0.29
)

(13)  

where CH4, in and CH4, out mole flow of CH4 in SOFC inlet and outlet 
stream, respectively. The carbon deposition cutoff line is only applicable 
for temperatures between 400 and 1000 ◦C with an average error of 
10%, where T is the feed (syngas) temperature in ◦C and Hfrac and Cfrac 

are the mole fraction of hydrogen and carbon in the syngas. Using Eq. 
(12), carbon deposition is theoretically predicted when the calculated 
value is larger than 1. 

The model is validated against the reported results of Fan et al. [18]. 
The results presented in Fig. S4a agree with the literature with an 
acceptable accuracy. All Aspen simulation reported values to lie within 
the range of the literature values with a deviation of ±5%. 

2.3. Integrated gasifier-SOFC system 

Validated models of gasifier and SOFC combined to create an inte
grated gasifier SOFC system. Coal, marine algae, and sugarcane bagasse 
are used as feeds with their proximate and ultimate analysis listed in 
Table 4. These are selected to compare the current commonly used coal 
with the potential biomass alternatives, which are marine algae and 
sugarcane bagasse, in the application of the gasifier-SOFC system. 

The power density and total efficiency are the major performance 
indicators of the gasifier-SOFC system. The highest value of power 
density shows the optimum power production. The efficiency of inte
grated gasifier-SOFC (ηoverall) is estimated using the electrical and ther
mal efficiency of the system and can be represented as: 

ηoverall =

⎡

⎣ PSOFC + Q
ṁbiomass x LHVbiomass

⎤

⎦ (14)  

where PSOFC (kW) is the power generated by SOFC, ṁbiomass (kg/s) is 
biomass mass flow rate, LHVbiomass (kJ/kg) is the lower heating value of 
the biomass, and Q (kW) is the energy generated in the process. 

2.4. Heat integration 

The exhaust stream of SOFC contains unutilized fuel, which can be 
used for heat integration after the combustion. The energy requirement 
for the whole process is listed as follows: 

Table 4 
Feeds selected for manipulated variables.  

Variables (wt%) Coal Marine algae Sugarcane bagasse 

Proximate analysis 
Volatile  30.8  45.1  80.5 
Moisture  5.5  10.7  5.0 
Fixed Carbon  43.9  23.1  10.5 
Ash  19.8  21.1  4.0  

Ultimate analysis 
C  78.2  43.2  42.3 
H  5.2  6.2  6.1 
O  13.6  45.8  46.4 
N  1.3  2.2  1.2 
S  1.7  2.6  –  
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i. Steam generation for gasification;  
ii. Syngas heating;  

iii. SOFC air pre-heating;  
iv. Heat requirement of gasifier;  
v. Biomass dryer air pre-heating. 

The energy requirement of the process can be fulfilled with the en
ergy of the exhaust stream, as shown in Fig. 1. The exhaust gases, after 
combustion, first generate steam for gasification in the boiler (E-3). 
Secondly, syngas and air were pre-heated up to the operating temper
ature of SOFC in E-1 and E-2, respectively. Finally, the air for the dryer is 
pre-heated to heat the biomass to the temperature of 70 ◦C in E-5. The 
residue heat of the flue gas is further used to generate high-pressure (HP) 
steam for power generation in the steam turbine. The HP steam is 
generated in E-4 and passes through a turbine to generate electricity. 
Partially condensed steam further cools down in E-6 by cooling water 

and pumped back into the boiler. The details of Aspen Plus simulation 
and heat integration for the representative case of coal at 900 ◦C syngas 
temperature are summarized in Supplement. 

3. Sensitivity study and process optimization 

3.1. Sensitivity analysis 

The optimal operating conditions for the integrated gasifier-SOFC 
system were determined by evaluating the process performance under 
various gasifier temperatures, external steam-to-carbon ratio (SCe), 
steam-to-biomass ratio (SB), current density and SOFC feed tempera
ture. Then based on the sensitivity analysis, an optimization study was 
carried out for each feedstock to get the maximum power output. These 
modelling conditions applied a 1577 kg/h of the feed rate, SB of 1, 
750 ◦C of gasifier temperature, SCe of 1.0, voltage of 0.8 V, and 700 ◦C of 

Fig. 2. Effect of gasifier temperature on syngas for coal, marine algae, and sugarcane bagasse at SCe = 1.0, SB = 1.0 and feed flow rate = 1577 kg/h on (a) CO yield, 
(b) H2 yield, (c) CH4 yield, (d) CO2 yield, and (e) and (f) system efficiency. 
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the feed temperature unless specified on the plots. 

3.1.1. Effects of gasifier temperature on syngas yield 
The effect of gasifier temperature on syngas component yields and 

system efficiency is shown in Fig. 2. The yield of CH4 (Fig. 2c) decreases 
with the increase in the gasifier temperature mainly due to the con
version of CH4 in H2 and CO via MSR reaction (R3) at higher tempera
tures. Coal gives the highest CH4 yield of 36.6% at 500 ◦C, followed by 
sugarcane bagasse and algae with 16.4 and 11.8%, respectively. On the 
other hand, CO yield (Fig. 2a) increases with the increase in gasifier 
temperature throughout the considered temperature range 
(500–1000 ◦C). The increase in CO yield is sharp at lower temperatures 

(500–800 ◦C) for all feedstocks, mainly due to the high reaction rate of 
the steam reforming reaction, which is also seen by the slight increase of 
CO2 yield in Fig. 2d attributed to the WGS reaction. At 800–1100 ◦C, the 
increase in CO yield is relatively steady due to the decrease in WGS rate 
at higher temperatures. Coal gives the highest CO yield at all tempera
tures due to the oxidation of carbon in the presence of H2O to produce 
CO and H2, as shown in R2. After coal, sugarcane bagasse has a higher 
CO yield than marine algae. It is noted that at occurrent cases the yield of 
CO is beyond 100%. It is because the yields are calculated based on the 
mass of coal or biomass without considering the addition of steam. The 
carbon mass balances for all experiments keep at 100%, which was 
approved by the calculation using an experiment as an example in 

Fig. 3. Effect of steam to biomass ratio on syngas for Coal, Marine algae, and Sugarcane bagasse at gasifier temperature = 750 ◦C and feed flow rate = 1577 kg/h on 
(a) CO yield, (b) H2 yield, (c) CH4 yield, (d) CO2 yield, and (e) system efficiency. 
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Supplement. 
H2 yield (Fig. 2b), on the other hand, increases with the increase in 

temperature at the low-temperature range and then starts to decrease 
with a further increase in the gasifier temperature. Maximum H2 yield 
for coal, marine algae, and sugarcane bagasse is 12.9, 8.2, and 9.8 % at 
the operating temperature of 900, 700, and 700 ◦C, respectively. 

Fig. 2e and f show the effects of gasifier temperature on the system 
efficiencies for coal and sugarcane bagasse, and for algae, respectively. 
Among the considered operating parameters, gasifier temperature has 
minimum effect on the system efficiency than other operating parame
ters. The maximum increase of 1% in system efficiency was recorded for 
Algae when the gasifier temperature increased from 500 to 1100 ◦C. 
Coal and sugarcane bagasse has the increase of 0.3 and 0.4%, 
respectively. 

3.1.2. Effects of steam-to-biomass ratio (SB) on syngas yield 
Fig. 3a–d show the effect of SB on the syngas component yield. CO 

yield increases with the increase in SB at a low value (<1) and then 
decreases (Fig. 3a). Maximum CO yield for coal, marine algae, and 
sugarcane bagasse is 118.3, 65.5, and 80.9 % at the SB of 0.9, 0.1, and 
0.1, respectively. After the maximum value, CO yield starts to decrease 
mainly due to the increase in steam partial pressure, which eventually 
causes more conversion of CO into CO2 via WGS (R4), which can also be 
proved by the increasing of the yield of CO2 at higher SB ratio as shown 
in Fig. 3d. 

H2 yield increases with SB throughout the considered temperature 
range (0–2) (Fig. 3b). Coal gives the highest H2 yield at the highest SB 
because CO converts to CO2 and H2 at higher SB values. 

Unlike the other two biomasses, coal gives a different CH4 yield trend 
(Fig. 3c). CH4 yield increases from 14.5% and reaches the maximum 
value of 31.3% at the SB of 0.4, then decreases until it approaches zero. 
This might result from the competition of methanation and steam 

reforming. Coal contains the higher carbon content than the other two 
feedstocks. At lower SB, the methanation which enhances the CH4 yield 
may dominate the reaction and the rate of MSR remains low due to the 
low steam partial pressure; therefore, CH4 yield increases for coal at 
lower SB. 

For coal, system efficiency increases sharply with the increase in SB 
till the value of 0.5 and then decreases steadily. Hydrogen yield is very 
low at SB < 0.5, which results in lower power density, as shown in 
Fig. 3e. Therefore, system efficiency remained low for SB < 0.5. SB 
negatively affect the system efficiency throughout the considered 
operating range (0–2) for marine algae and sugarcane bagasse. Coal has 
a maximum efficiency of 54.1% at SB = 0.5 while marine algae and 
sugarcane bagasse has the maximum system efficiency of 35.7 and 
68.3% when SB is negligible. 

It is noted that the system efficiency mentioned in this paper refers 
the energy efficiency only. It is assumed that 100% of the syngas pro
duced in gasification flows to fuel cell with ignorable carbon formation. 

3.1.3. Effect of SOFC feed temperature 
Fig. 4a-d show the effect of SOFC feed temperature on power density, 

carbon deposition, and the system efficiencies for coal, sugarcane 
bagasse, and algae, respectively. The power density (Fig. 4a) increases 
with the increase in the SOFC feed temperature at a constant voltage of 
0.8 V. This is because of the increased cell voltage associated with the 
Nernst Equation at higher temperatures. A similar power density trend 
can also be found in the literature [71]. However, there is a slight dif
ference between all feedstocks’ power densities under consideration. 
Although high-temperature results in high power density, it also leads to 
thermal stresses in the anode. Therefore, SOFC temperature should be 
operated at an intermediate temperature range (500–800 ◦C) [72]. 

The chance for carbon deposition occurs throughout the considered 
temperature range for feedstocks is negligible, as shown in Fig. 4b. 

Fig. 4. Effect of SOFC feed temperature at SCe = 1.0, SB = 1.0, and gasifier temperature of 750 ◦C on (a) power density, (b) carbon deposition probability, and (c) 
and (d) system efficiencies for coal, sugarcane bagasse, and algae, respectively. 
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However, coal is more susceptible to carbon formation than the bio
masses throughout the considered temperature range (500–1000 ◦C) as 
its Ccutoff (the carbon formation cutoff line) is lower than the biomasses. 
The Ccutoff increases with the rise of SOFC feed temperature. The 
decrease in carbon deposition probability within the considered tem
perature range (500–1000 ◦C) is estimated at 18.0, 17.0, and 17.5 for 
coal, marine algae, and sugarcane bagasse, respectively. Therefore, to 
avoid carbon formation at lower SCe (which will be discussed more in 
Section 3.1.5), SOFC needs to be operated at a higher temperature for 
coal than the biomass feedstocks. 

Like gasifier temperature, SOFC feed temperature has little effect on 
the overall efficiency (Fig. 4c and d). The maximum increase of 4.7 % in 
system efficiency was recorded for algae when SOFC feed temperature 
increased from 500 to 1000 ◦C. Coal and sugarcane bagasse have the 
increases of 1.6% and 2.1%, respectively. 

3.1.4. Effect of the current density 
Fig. 5a and b show the trends of the open circuit voltage and power 

density with respect to the current density for coal, marine algae, and 
sugarcane bagasse, respectively. The open circuit voltage (Fig. 5a) and 
power density (Fig. 5b) of sugarcane bagasse are slightly higher than 
coal and marine algae when the cell current density is more than 10,000 
A/m2. However, when the cell current density is lower than that value, 
both voltage and power density of coal become the highest. The 
maximum power density of marine algae, coal, and sugarcane bagasse 
are calculated as 5.53, 6.08, and 6.22 kW/m2, respectively, when the 
voltage is at 0.5 V and the current density approaches 12,000 A/m2. 
Power density starts to drop beyond this point. 

3.1.5. Effect of external steam-to-carbon ratio (SCe) 
Fig. 6a and b show the effect of SCe on SOFC power density and 

carbon deposition probability, respectively. Coal shows a different 
power density trend than marine algae and sugarcane bagasse (Fig. 6a). 
It has a maximum drop of 63.8% in power density with respect to the 
maximum power density. The power density firstly increases with the 
increase in the SCe, then decreases steadily after achieving the maximum 
value of 3.82 kW/m2 at SCe = 1.0. Marine algae and sugarcane bagasse 
have a power density drop of 63.0 and 62.4%, respectively. The power 
density for those biomass feedstocks gradually decreases with the in
crease in the SCe because high water content causes fuel dilution, which 
reduces SOFC power density. Although lower SCe results in higher 
power density but is more suspectable to carbon deposition. However, in 
the presented operating conditions, the carbon deposition is negligible 
and only coal can cause carbon deposition at SCe of 0.1. After this, no 
theoretical carbon was observed for all feedstocks, as shown in Fig. 6b. 

SCe effect on system efficiency follows the same trend as SB but with 

different magnitudes (Fig. 6c). For coal, system efficiency increases 
sharply at the beginning with the increase in SC till the value of 0.3 and 
then decreases steadily. SCe negatively affect the system efficiency 
throughout the considered operating range (0–2) for marine algae and 
sugarcane bagasse. Maximum overall efficiency is achieved when no 
external steam is added to the system. At the same time, coal has a 
maximum efficiency of 55.7% at SCe = 0.3. Higher SC causes the dilu
tion of syngas, reducing the power output of SOFC. 

Fig. 6d shows the variation of actual steam-to-carbon ratio (SCa) in 
SOFC feed with the change in the SCe. SCa is inherent to the moisture 
content of the syngas after gasification. Marine algae have the highest 
moisture content in the syngas; therefore, the minimum SCa for marine 
algae is estimated as 1.20 when no external steam is introduced. Unlike 
marine algae, sugarcane bagasse and coal have SCa < 1.0 at low SCe. SCa 
= 1.0 is achieved when SCe crosses the value of 0.1 and 1.3 for sugarcane 
bagasse and coal, respectively. As maximum power density is achieved 
when SCa approaches the unity value, low SCa of coal caused the 
opposite power density trend in Fig. 6a. 

As lower SCa favours the power density, as shown in Fig. 6a and b, it 
may expect that the change in gasification temperature may decrease 
the SCa up to the no carbon deposition zone. 

3.2. Optimization for maximum power density and hydrogen yield 

The maximum power density for the integrated gasifier-SOFC system 
is evaluated by optimizing the independent variables (voltage, SB, and 
SCe) and dependent variables (power density). In addition, constraints 
to avoid carbon deposition for an iterative process are followed. The 
gasification temperature is not included in the optimization study 
without effect on the system efficiency despite increased power density. 
The optimization study was carried out at two different syngas tem
peratures, and the results are summarized in Table 5. 

According to the study, a high SB ratio in the gasifier negatively 
affects the power density of SOFC. Coal has the highest SB ratio; hence, it 
has the lowest power density of 6.79 and 38.74 kW/m2 under the 
optimized conditions. The rise in syngas temperature elevates the power 
density, but the relative difference between the power density of 
different feedstock remains the same. 

The steam requirement in the gasifier is directly related to the carbon 
content of the feedstock. In this study, all feedstocks have different 
carbon percentages in the ultimate analysis. Therefore, the steam 
requirement in the gasifier varies significantly when each case is opti
mized. Coal requires the highest steam for gasification because it con
tains 78.2 % carbon. SB of coal is 1.29 and 1.27 at 700 and 900 ◦C, 
respectively. Marine algae require the lowest steam due to the lowest 
carbon content than the other feedstocks. 

Fig. 5. Open circuit voltages (a) and power densities (b) profiles versus the current densities of coal, marine algae, and sugarcane bagasse at SCe = 1, SOFC feed 
temperature = 700 ◦C, gasifier temperature = 750 ◦C, and SB = 1. 
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The total steam requirement depends on the syngas composition. 
Algae and sugarcane bagasse have almost the same syngas composition 
and, therefore, SCa. Unlike biomass feedstocks, coal has the lowest CH4 
content in the syngas, requiring less SCa. The chance of carbon deposi
tion for the optimum conditions found by Aspen Plus is calculated using 
Eq. (5). They all lie outside the carbon deposition region, so no carbon 
deposition occurs theoretically. As a result, it is safe to run in those 
operational conditions. 

It can be seen the increase in SOFC feed temperature increases the 
power density and overall system efficiency. Additionally, optimized 
steam requirement decreases with the increase in SOFC feed tempera
ture. So, it can be stated that the process moves away from carbon 
deposition at lower SCa if the system is optimized at higher SOFC feed 

temperatures. 
Marine algae have the highest power density under optimized con

ditions. However, the overall efficiency of marine algae remains low due 
to the low energy density of the feedstock. So, based on the combined 
electrical and thermal efficiency of the system, sugarcane bagasse 
proved to be the most efficient among the considered feedstocks. 

4. Conclusion 

Using steam as the agent, the combined gasifier-SOFC system con
verts feedstock to syngas which goes through the water separation to dry 
syngas. Then, it flows to the SOFC to co-produce power and H2. The 
novel 0D integrated gasifier-SOFC model was developed in Aspen Plus 

Fig. 6. Effect of external steam to carbon ratio at SOFC feed temperature = 700 ◦C, gasifier temperature = 750 ◦C, SB = 1.0, and feed flow rate = 1577 kg/h on (a) 
power density, (b) carbon deposition probability, (c) system efficiency, and (d) actual steam to carbon ratio. 

Table 5 
Optimisation Result with maximised power density.  

Results Coal Marine Algae Sugarcane Bagasse Coal Marine Algae Sugarcane Bagasse 

SOFC Inlet Temperature (◦C) 700 900 
Power Density (kW/m2) 6.79 7.04 7.02 38.74 39.44 39.33  

Syngas Composition (mol %) 
CH4 0.72 0.87 0.85 0.75 0.86 0.92 
H2 51.73 47.81 48.31 51.81 47.81 48.32 
CO 28.20 34.14 33.33 28.62 33.87 34.10 
Voltage (V) 0.49 0.48 0.48 0.46 0.45 0.45 
SB Ratio (mass/mass) 1.29 0.30 0.36 1.27 0.30 0.34 
C/O Ratio (mass/mass) 0.71 0.38 0.46 0.71 0.38 0.46 
Gasifier Temperature ◦C 750 750 750 750 750 750 
SCe (mol/mol) 1.77 1.72 1.66 1.53 1.59 1.59 
SCa (mol/mol) 2.05 1.93 1.88 1.82 1.76 1.79 
Total Estimated Power (kW) 25.81 26.77 26.66 147.21 149.87 149.47 
System Efficiency (%) 39.40 26.47 54.26 42.73 28.52 57.62  
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for the hydrogen and power generation using coal, marine algae, and 
sugarcane bagasse. The model gasifier and SOFC models were individ
ually validated against experimental results found in the literature. To 
compare all the feedstocks in terms of power density, gasifier temper
ature, SOFC feed temperature, CH4, H2, and CO yield, the gasifier tem
perature of 750 ◦C, the pressure of 1.01 bar, SB of 1.0 and SCe of 1.0 were 
taken. After the sensitivity analysis, the optimization study was carried 
out at SOFC feed temperatures of 700 ◦C and 900 ◦C. The outcomes of 
the optimization study are listed:  

• A low SB ratio in the gasifier gives the high-power density of SOFC. 
As a result, marine algae has the highest power density of 7.04 and 
39.44 kW/m2 under the gasifier temperatures of 700 and 900 ◦C, 
respectively.  

• An increase in the syngas temperature improves the power density 
and system efficiency.  

• Feedstock with higher carbon content requires high SB for complete 
gasification. Coal contains 78.2% fixed carbon, therefore, the steam 
requirement for gasification is highest for coal.  

• Feedstock with high ash and moisture content has a lower overall 
efficiency than high energy content feedstocks such as sugarcane 
bagasse. 

Considering the optimization results, biomasses with high ash con
tent may be more challenging to run than coal because of the low effi
ciency and the requirement of ash removal. However, this gasifier-SOFC 
model did not consider the effect of impurities such as sulfur which limit 
the accuracy and comprehensiveness of the simulation. 
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