X4

Open Journal of Modelling and Simulation, 2022, 10, 71-87

X/

"’: g‘e:'seen;:_gﬁ https://www.scirp.or;?’/iournal/oimsi
94% Publishing ISSN Online: 2327-4026

@,

ISSN Print: 2327-4018

Performance Investigation of Biomass
Gasification for Syngas and Hydrogen
Production Using Aspen Plus

Sahar Safarian2*, Runar Unnthorsson?, Christiaan Richter?

'Faculty of Industrial Engineering, Mechanical Engineering and Computer Science, University of Iceland, Reykjavik, Iceland
*Division of Environmental Systems Analysis, Department of Technology Management and Economics,
Chalmers University of Technology, Gothenburg, Sweden

Email: *sas79@hi.is

How to cite this paper: Safarian, S., Unn-
thorsson, R. and Richter, C. (2022) Perfor-
mance Investigation of Biomass Gasifica-
tion for Syngas and Hydrogen Production
Using Aspen Plus. Open Journal of Model-
ling and Simulation, 10, 71-87.
https://doi.org/10.4236/0jmsi.2022.102005

Received: January 19, 2022
Accepted: March 7, 2022
Published: March 10, 2022

Copyright © 2022 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

(ONom

Abstract

This study presents a reliable model using Aspen Plus process simulator ca-
pable of performing a sensitivity analysis of the downdraft gasification linked
to hydrogen production unit. Effects of key factors, including gasification
temperature and steam to biomass ratio (SBR) on the syngas composition,
calorific value of syngas and hydrogen production are discussed and then the
optimal conditions for maximum hydrogen production are extracted. The
model is validated by experimental and other modeling data and found to be
in great agreement. The sensitivity analysis results obtained by only using air
as gasification agent indicate that higher temperatures are favorable for a
product gas with higher hydrogen content and calorific value. Moreover,
steam consumption as gasifying agent leads to increasing the hydrogen con-
tent and heating value of the syngas compared to the use of air as gasification
agent. Finally, the results show that the optimal conditions to have the highest
value of hydrogen output from sawdust downdraft gasification are 800°C as
gasifier temperature and 0.6 for SBR.
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1. Introduction

Today, the widest contribution to world’s energy supply is related to fossil fuels
and it could reach more than 80% among different energy suppliers by 2040 if

continued in the same way [1]. This structure will lead to catastrophic conse-
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quences in view of environmental damage due to greenhouse gas emissions
(GHGs) connected with fossil fuels [2] [3] [4]. This situation encourages in re-
placement of fossil fuels with renewable energy sources and among these energy
alternatives, biomass as a carbon-neutral fuel is considered as one of the most
promising sources that have the potential to replace fossil fuels as well it miti-
gates the usual problems in other renewable energy sources, like the intermittent
nature of wind and solar energy [5] [6] [7]. Moreover, biomass feedstocks are
not only utilized as substitution, but also highly beneficial for hydrogen produc-
tion [8]-[16].

The most important biomass feedstocks which have high potential sources of
energy include forest residues from industries like wood chips, sawdust, and
bark and agricultural residues like straw, husk and bagasse [17] [18] [19]. There
are three main thermochemical conversion processes like direct combustion, ga-
sification and pyrolysis that can transform biomass to gas. Direct combustion
produces heat while the two latter can produce various types of energy carriers
that can be converted into fuels. However, over the past decades, biomass gasifi-
cation has been regarded as a very promising technology, because of the large
potential and the option of advanced applications [13] [20]-[25]. Gasification is
the partial oxidation of biomass at high temperatures in the presence of a gasifi-
cation agent, which can be steam, oxygen, air or a combination of these. The re-
sulting gas mixture is called syngas or producer gas and can be used in various
processes to produce liquid fuels such as methanol, ethanol and Fischer-Tropsch
diesel, and gaseous fuels, such as hydrogen and methane.

Modeling and simulation could be very helpful tools at exploitation of the
biomass gasification potential, while the fuel and the considered method are in-
tricate and various factors affect the output of the system [26] [27] [28] [29] [30].
Mathematical models are much more beneficial in comparison to experimental
works because of easy investigation of different scenarios at less time and costly
procedures. They are also so important and critical technique for understanding
and predicting the system behavior and assessment of impacts of various para-
meters on the system performance [31] [32] [33]. They have also the advantage
of preventing and allowing us to study different scenarios escaping to time-
consuming and costly procedures [34] [35]. To avoid the elaborations through
the gasification plant and establish a simple and practical model for investigation
of the gasification reactions, reactors and other required processes the Aspen
Plus simulator is employed [36] [37]. Aspen Plus is a serial modular and equa-
tion-oriented simulation program relying on the mass and energy balances rela-
tions and phase equilibrium data, which has been employed for simulation of
various systems containing the conventional coal and biomass gasification process
and also plasma gasification process [28] [38] [39] [40] [41] [42].

Han et al [28] established a simulation model for the downdraft biomass gasi-
fication by using Aspen Plus by minimizing Gibbs free energy modified with re-
stricted chemical reaction equilibrium in the reduction zone. The model was

confirmed by the experimental data of downdraft hardwood chips gasification.
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Moreover, sensitivity analysis was carried out to investigate the effects of gasifi-
cation temperature, equivalence ratio, and biomass moisture content on the
syngas compositions. The developed model showed that all the studied parame-
ters had a key impact on the syngas components. Kaushal and Tyagi [41] created
a mathematical model of bubbling fluidized biomass gasification in ASPEN
PLUS by considering tar generation and cracking. Results proved that consider-
ation of tar and its kinetics notably modifies the model performance. Doherty
and Reynolds [43] developed a model in Aspen Plus for a fast internally circu-
lating fluidized bed (FICFB) gasifier. Begum et al. [44] also developed an Aspen
Plus model for an integrated fixed bed gasifier and predicted the steady-state
performance of the model for different biomass feedstocks. Sreejith et al [45]
created an equilibrium model that relied on Gibbs free energy minimization for
steam gasification of biomass using the Aspen Plus process simulator. They as-
sumed that carbon is fully converted to product gases and no tar content is present
in the gaseous product.

From the above-mentioned studies, it can be concluded that the simulation
modeling of biomass gasification by applying the Aspen Plus simulator is varied.
The recent tendency is towards addition of sub-models for consideration of
some specific aspect of the gasification process, like tars to modify its prediction
ability. Therefore, the aim of this research is development of a reliable simula-
tion model by applying the Aspen Plus simulator capable of performing a sensi-
bility analysis of the sawdust downdraft gasification for syngas and hydrogen

production.

2. System Description and Process Simulation

2.1. System Description

A model for sawdust downdraft gasification was established in the Aspen Plus
simulator. The developed model can control unconventional materials like bio-
mass and ash, which are included in various processes through the gasification
plant. The model includes several operational units like reactors, separators,
compressor, heat exchangers and various streams. The system considered in this
work is shown in Figure 1. Sawdust was used as the biomass feedstock. The
characteristics of sawdust are shown in Table 1 [46]. Through the drying step
moisture content of the biomass is decreased to less than 5%. Then the dried
biomass in the pyrolysis step is decomposed to the volatile materials and char.
The pyrolysis output goes then to the gasification step and there models the par-
tial oxidation and gasification reactions by minimizing Gibbs free energy, which
formulation can be found in literature [46] [47]. The applied modeling approach
in this work is non-stoichiometric which means that firstly all the species to be
included in the simulation are selected (in principle, all the chemical species that
the modeler might be in the gasifier effluent in non-negligible amounts) and
then the resulting minimum Gibbs energy distribution among these chemical

species for a given feed composition is computed (which can be specified simply
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Figure 1. Process flow diagram for gasification integrated with hydrogen production

Table 1. Ultimate and proximate analysis of feedstock.
Sawdust
Proximate analysis
Proximate analysis (wt%)
Moisture 7
Volatile matter (VM) 81.72
Fixed carbon (FC) 17.2
Ash 1.08
Ultimate analysis
Elemental analysis (wt%-dry basis)

Carbon 46.46

Hydrogen 5.82

Nitrogen 0.19

Oxygen 46.45
74 Open Journal of Modelling and Simulation
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Syngas Production

as the elemental composition of the feed. Indeed, grammatically the only input
needed to specify the biomass is its elemental composition and proximate analy-
sis data [48] [49]. Therefore, non-stoichiometric models could be particularly
proper for cases in which all the possible reactions occurring in the system are

not fully known as is the case of gasification.

2.2. Simulation Modeling by Aspen Plus

Figure 2 shows the Aspen Plus flow chart of the process modeling for sawdust
gasification with agent of air/steam. The developed model in this work contains
two main parts of gasification and linked to the hydrogen production unit.

The gasification process starts with the biomass feedstock (BIOMASS stream)
as the non-conventional input to the system. In this simulation, HCOALGEN
and DCOALIGT were employed for calculation of enthalpy and density of bio-
masses and ash based on the proximate analysis, ultimate analysis, and sulfur
analysis of the feedstocks and ash. Peng-Robinson equation with Boston-Mathias
alpha function (PR-BM) was applied to estimate all physical properties of the
conventional components in gasification process [50] [51] [52].

Drying is the first step of the gasification process which was simulated in the
DRIER block. The purpose of this step is to decrease the moisture content of the
biomass to less than 5%. The Aspen Plus stoichiometric reactor (RSTOIC) was
employed for simulation of the moisture evaporation [18] [53]. A Fortran sub-
routine water calculator was also modeled to handle the drying process. The
moisture content in biomass is partially evaporated and then separated by using
a separator model (SEP1) through split fractionation of the components and the
evaporated moisture is drained out from the system [54]. At the next part, the
dehydrated feedstock is moved into the pyrolysis. RYIELD, the yield reactor, was
employed for modeling of the biomass pyrolysis in Aspen Plus (shown in Figure
2 with “PYROL”). In this step, biomass is transformed to its constituting com-
ponents C, H, O, N and ash, by specifying the yield distribution based on the
biomass ultimate and proximate analysis. The yield distribution is a required

procedure of RGIBBS chemical equilibrium by minimizing Gibbs free energy

Hydrogen Production

COOLER

COOLGAS

Figure 2. Aspen Plus flow chart of gasification integrated with hydrogen production.
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due to the inability of the Gibbs reactor to deal with non-conventional compo-
nents such as biomass [55]. In this step, the feedstock is converted to volatile
materials (VM) and char. Tars are neglected in this phase since downdraft gasi-
fication is recognized to produce insignificant tar contents [41] [56]. It is as-
sumed that the total yield of volatiles is equal to the volatile content of the bio-
mass and the total yield of chars is equal to fixed carbon and ash contents de-
termined by proximate analysis. The yield distribution of biomass into its com-
ponents has been specified by Fortran subroutine in yield calculator.

The last phase of gasification is carried out in a RGIBBS reactor that is based
on the Gibbs free energy minimization as a model for multiphase chemical equi-
librium. This reactor calculates the output composition by minimizing the Gibbs
free energy, and reaching a complete chemical equilibrium. Is in this block, air
or mix of air/steam is introduced as a gasification agent through the system [12]
[57].

Then the product syngas goes to the water-gas shift process. For this stage,
two water-gas shift reactors were applied since water-gas shift reaction is mod-
erately exothermic, and it tends to shift to the left side at high temperature. One is
at higher temperature (HTWGS) and the other is at lower temperature (LTWGS).
In the HTWGS reactor, there is a first low conversion of CO with quick kinetics
(based on Equation (1)), but it is not possible to go beyond the equilibrium curve,
thus the LTWGS reactor was used [58].

CO+H,0—>H,+CO, (1)

In the LTWGS reactor, by reducing the operation temperature, it was possible
to obtain higher conversion. HTWGS and LTWGS have been simulated at
400°C and 200°C with two Requil reactors, respectively [25]. Requil is equili-
brium reactor for which the chemical and phase equilibrium are determined by
stoichiometric calculations. Then to reach a high purity of hydrogen, a PSA unit
was employed [59] [60]. A separation efficiency of 70% for hydrogen and an in-
put pressure of 7 bars for simulation of PSA were considered from the optimal
values found in the literature [10] [61] [62] [63]. Pressurization was achieved
with a compressor, COMP before the PSA and the PSA outlet stream, denoted as
HYDROGEN.

3. Model Validation

To validate the Aspen Plus model established in this paper, the developed simu-
lation model was performed based on conditions presented in Jayah et al [64].
Rubber wood was considered as feedstock and its proximate and ultimate ana-
lyses were brought in Table 2. The comparison of Aspen Plus results in this pa-
per with the experimental results extracted from Jayah et al [64] for rubber
wood downdraft gasifier agented by air and also with the results obtained from
the developed model by Tavares et al [55] were shown in Figure 3. The opera-
tional factors were fixed on temperature of 1100 K, 16% mole of moisture per

mole of rubber wood and 464.7 mol of air per mole of feedstock.
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Figure 3. Comparison of mole fractions of syngas composition among our work and ex-
perimental and modeling results in literature.

Table 2. Ultimate and proximate analysis of rubber wood.

Rubber wood
Proximate analysis
Proximate analysis (wt%)
Volatile matter (VM) 80.1
Fixed carbon (FC) 19.2
Ash 0.7
Ultimate analysis
Elemental analysis (wt%-dry basis)

Carbon 50.6
Hydrogen 6.5
Nitrogen 0.2

Oxygen 42

The comparison proves that the Aspen Plus results gained in this research are
all in great agreement with the experimental results. In addition, the Aspen Plus
results extracted in this paper show much better prediction of the syngas com-
position compared to the developed model by Tavares et al [55]. The deviation
of the Aspen Plus results from literature values (compared data) has been calcu-

lated by the relative error [65]:

Model value — Experimental value
Experimental value

Relative error (%) =100x (2)

Table 3 shows the relative errors between experimental values with Aspen
Plus results in this work as well as with the model results obtained in Tavares et
al. [55]. It can be seen that the error calculated from the developed model in this

paper is less than 5% for all components.
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Table 3. Relative error calculated based on Equation (2).

Error of our results in Error of Tavares et al. [55] in
comparison to experiment comparison to experiment
H, -0.65 —4.52
CcO -1.57 10.99
Co, 5.26 21.93
N, 1.13 —4.54

4. Results and Discussion

The established model has been employed to evaluate the effect of various para-
meters such as gasifier temperature, steam-to-biomass ratio (SBR) and steam in-
jection on syngas composition, lower heating value (LHV) and hydrogen pro-

duction for sawdust with the proximate and ultimate analysis listed in Table 1.

4.1. Impact of Temperature on Syngas Composition

Gasifier temperature influences significantly on the output products of the sys-
tem. It can be explained by that several chemical reactions occurring inside the
gasifier are endothermic. Hence, higher temperatures favors for endothermic
reactions products. Impact of gasification temperature on syngas composition
was studied in the window of 500°C - 1500°C. While the mass flow rate of air to
fuel ratio was set to 1.8, moisture content reduced to 5%, and biomass feeding
rate was 1000 kg/hr. Figure 4 presents the molar fraction of syngas compositions
a function of the gasification temperature. Obviously, by increasing of the gasi-
fication temperature the formation of a product gas with higher hydrogen and
carbon monoxide contents is promoted. The increase in CO and H, concentra-
tion is because of the combined effect of boudouard, steam methane reforming
and water-gas reaction. These reactions are endothermic in nature and thus are
preferred at higher temperatures. However, methane and carbon dioxide con-
tents show an opposite trend because of exothermic nature of water gas shift and

methanation reaction that make them unfavorable by increasing temperatures.

4.2. Impact of Temperature on Syngas LHV

Lower heating value (LHV) of fuel is described as the amount of heat released by
fully combusting a specified value of fuel deducted by the vaporization heat of

water in the combustion product. LHV can be calculated as [66] [67]:

LHV, s (KI/N-m®) = 4.2 (30 Yoo +25.7x Yy, +85.4% Y, ) 3)

syngas

where y presents molar fractions of components in the gas product (dry basis)
that are extracted from the simulation results. Figure 5 shows the impact of the
temperature on the produced syngas LHV. Firstly, LHV increased abruptly from
2.75 Mj/Nm® at 500°C to 5.03 Mj/Nm’ at 800°C and then almost became
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Figure 5. Impact of gasification temperature on molar fraction of syngas LHV.

constant. LHV increases till 800°C due to the increase in H,, CO, and CH, con-
centrations. After 800°C, LHV do not change much since reduction of H, con-

tent and slightly extension of CO content.

4.3. Impact of Steam to Biomass Ratio (SBR) on Syngas
Composition

The steam to biomass ratio (SBR) is specified as the mass flow rate of the steam
injected to the gasification reactor divided by the biomass mass flow rate in dry
basis, and is one of the most key factors affecting on the steam gasification [12].
The most important benefit of utilizing steam as gasifying agent is the increment
of the molar fraction of hydrogen. Increasing of steam injection to the system
will extend the water concentration, leading to more water shift reactions. The
SBR has been changed in the window of 0.1 to 0.9 by holding the other variables
constant. Figure 6 depicts the syngas molar fractions as a function of SBR.

As seen in Figure 6, steam consumption as a gasifying agent grows the partial

pressure of water inside the gasifier which is beneficial for the water gas shift and
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steam reforming reactions, leads to increase in H, and CO, and the decrease in
CO production.

4.4. Impact of SBR on Syngas LHV

The impact of steam to biomass ration on the LHV of syngas at fixed AFR of 1.8
was depicted in Figure 7. It could be seen that LHV of syngas reduces from 4.99
M;j/Nm® at SBR = 0.1 to 4.5 Mj/Nm’ at SBR = 0.9. In fact, by growth in steam
feeding to the system, production of carbon monoxide in the syngas is degraded
because of the water gas shift reaction, so the syngas LHV moves down. Addi-
tionally, owing to water gas shift reaction, hydrogen value in the syngas is added

but its degree of increase is not enough that be able to overcome the effect of CO

reduction.

4.5. Impact of Temperature and SBR on Hydrogen Production

Combination of two significant factors of gasification temperature and SBR,
make it possible to optimize the operational conditions to have maximum

amount of hydrogen production. This investigation was presented in Figure 8. It

Syngas mole %
S @

(9]

S

0.2 03 04 0.5 0.6 0.7 0.8 09
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Figure 6. Impact of SBR on molar fraction of syngas compositions.
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Figure 7. Impact of SBR on syngas LHV.
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Figure 8. Impact of temperature and SBR on hydrogen production.

could be observed that higher SBR leads to higher hydrogen production, more-
over the mass flow rate of hydrogen at different SBR makes better by growing
the temperature. While this increasing trend is saturated till the specific opera-
tional conditions that are considered as optimal conditions, the optimal condi-
tion to have highest value of hydrogen production from sawdust downdraft gasi-

fication are 800°C as gasifier temperature and 0.6 for SBR.

5. Conclusion

In this paper, a detailed downdraft biomass gasification link to hydrogen pro-

duction unit was modeled by applying Aspen Plus simulator. Sawdust as ligno-

cellulosic biomass was considered as the input feedstock to the system. Parame-
tric analysis was carried out by varying gasifying agent composition, gasification
temperature from 500°C to 1500°C and mass flow rate of stem to biomass ratio

from 0.1 to 0.9.

¢ The developed simulation model was validated with the experimental study
conducted by Jayah et al and modeling study performed by Tavares et al. on
rubber wood downdraft gasification. The comparison proved that the simu-
lation results showed that the Aspen Plus results gained in this research are
all in great agreement with the experimental results, with error of less than
5%. In addition, the Aspen Plus results extracted in this paper show much
better prediction of the syngas composition compared to the developed mod-
el by Tavares et al.

* Hydrogen concentration in the syngas is increased by extending the gasifier
temperature but it is saturated at 700°C that is around 20%. While, by in-
creasing SBR from 0.1 to 0.9, molar fraction of hydrogen increases from 20%
to 26%.

* The temperature and SBR present opposite effect on the syngas LHV. It is
because of the CO content. Molar fraction of CO increases with temperature
and reduces with SBR and CO has a higher influence than H, in the LHV.

* Higher SBR leads to higher hydrogen production, moreover, the mass flow
rate of hydrogen at different SBR makes better by growing the temperature.
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While this increasing trend is saturated till the specific operational condi-
tions, the optimal conditions to have the highest value of hydrogen output
from sawdust downdraft gasification are 800°C as gasifier temperature and
0.6 for SBR.
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