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Gasification of sugarcane bagasse in supercritical water media
for combined hydrogen and power production: a novel approach
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Abstract A novel process based on supercritical water gasi-

fication has been used in this study for co-production of

hydrogen and power from sugarcane bagasse as one of the

main agricultural wastes of Iran. The cycle of the process was

designed first, and then, the thermodynamic equilibrium

model of the gasification process was simulated using ASPEN

PLUS. The effects of temperature and feed concentration on

molar fraction of main components of produced gas were

investigated. The temperature was directly correlated with

hydrogen production inwhich hydrogen and carbonmonoxide

productionwas favored at higher temperatures. Themaximum

hydrogen production occurred in the sugarcane bagasse con-

centrations about 20–30 wt%. Palladium membrane as a

metallic dense membrane was used for separation of high-

purity hydrogen. Hydrogen production of 8.55 kg/h and

electrical power generation of 56 kW were obtained for the

20 wt% mixture of bagasse with a mass flow rate of 1000 kg/

h, reactor pressure of 300 bars and temperature of 700 �C.

Keywords Cogeneration � Gasification � Hydrogen �
Sugarcane bagasse � Supercritical water media

Introduction

Sustainability in the generation, conservation, and con-

sumption of energy has become very necessary for reaching

sustainable development in the context of energy. Research

and Development for efficient and environmentally friendly

methods of power generation from energy resources would

be a great leap forward for sustainable future (Dincer 2012;

Safari et al. 2015). Conventional fuels such as crude oil and

natural gas are being depleted fast, and the ecological bal-

ance has been affected by their combustion products (Shoja

et al. 2013; Norouzi et al. 2016). Hence, the renewable and

available energy resources could be a sufficient alternative

for conventional energy carriers (Midilli et al. 2006; Susanti

et al. 2012). Biomass as a carbon neutral resource is one of

the most abundant and available energy resources among

other known renewable energy resources (Anwar et al.

2014). Agricultural and forestry residues as lignocellulosic

biomasses can be used for the production of biofuels or

chemicals via novel processing technologies (Yoon et al.

2011; Cohce et al. 2011). Sugarcane bagasse is one of the

most abundant lignocellulosic feedstock in Iran. Million

tons of it is wasted or burned annually in the lack of con-

version industries (Sheikhdavoodi et al. 2014). It can be

fermented via biological conversion for ethanol production

or gasified via thermochemical conversion for syngas pro-

duction (Tavasoli et al. 2009). Syngas mostly contains H2,

CO, CO2 and CH4, and it is a valuable gas with wide

applications in modern industries (Parthasarathy and Nar-

ayanan 2014; Ni et al. 2006). Syngas can be directly used

for power generation or purified to obtain high-purity

hydrogen or may be converted into long-chain hydrocar-

bons using Fischer–tropsch synthesis (Nanda et al. 2013).

Power generation via conventional gasification of bio-

mass has been investigated by many researchers (Cohce

et al. 2010; Casella and Colonna 2012). In the recent years,

supercritical water (SCW) gasification, as a promising

method for gasification has been focused by many scien-

tists. SCW gasification is a gasification process which

occurs in SCW media (Water in T[ 374 C,
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P[ 22.1 Mpa). SCW gasification is an efficient technol-

ogy for conversion of dry or wet agricultural wastes into

hydrogen-rich gas with high efficiency (Furusawa et al.

2007; Desnoo and Huang 2013). SCW gasification process

does not require drying and takes place at much shorter

residence times; a few minutes at most (Basu and Met-

tanant 2009; Matsumura and Ishibe 2009). Water in its

supercritical condition has high dispersion and effective

heat transfer. It has twofold roles as a reactant and a

medium. In this condition, organic compounds can be

easily hydrolyzed and decomposed into their monomers

(Kruse and Dinjus 2007; Azadi et al. 2009). Therefore, in a

novel method, lignocellulosic biomass can be converted

into hydrogen-rich gas, and then, electricity and hydrogen

can be made simultaneously. Some research in this area has

been done by researchers. Whitag et al. presented a system

model for the process of gasification of biomass model

compounds in SCW media and predicted the influence of

some parameters on the molar fraction of gaseous com-

ponents and thermal efficiency (Whitag et al. 2012). Fiori

et al. proposed a conceptual process design for a hydrogen

production plant based on SCW gasification. They also

investigated the influence of some parameters including

biomass concentration and reaction pressure. Results

indicated that the minimum concentration of 15–25 % was

appropriate for the plant from the viewpoint of energetic

analysis (Castello and Fiori 2011, 2015).

However, the process of SCW gasification of bagasse

has not been simulated for co-production of hydrogen and

power before. This process would be one of the most

advanced technologies for renewable energy utilization and

industrialization. SCW gasification is being developed

mostly in laboratories in bench scale experiments, whereas

this research presents a real plant for applying produced

syngas from biomass in an actual scale for hydrogen and

power production. In this article, sugarcane bagasse as a

renewable resource has been deployed for co-production of

hydrogen and electricity in a novel system based on SCW

gasification. The aim of this research is to develop a novel

approach to combined power and hydrogen production

through gasification of sugarcane bagasse in SCW media as

an environmentally friendly process. The effect of operat-

ing parameters in the reactor on the hydrogen production

and simulation of a system for simultaneous hydrogen and

electricity production is studied. Furthermore, the amounts

of power and hydrogen production, as well as efficiencies

of the process, are calculated with respect to the deter-

mined operating parameters. The main novel investigations

of the current study are mentioned below:

• Utilization of sugarcane bagasse as one of the major

agricultural wastes of Iran in an environmentally

friendly process.

• Production of power in addition to hydrogen in a cycle

for the first time using a novel process based on SCW

technology.

• Evaluation and validation of the results, according to

the some previous experimental results.

• Evaluation of the effect of the operating conditions on

the main gaseous products along with energy analysis

of the cycle.

This research is conducted in 2015, by the graduate

school of the environment and energy, science and research

branch of Islamic Azad University, Tehran, Islamic

republic of Iran.

System description

As mentioned, the objective of this study is to simulate a

process for the production of hydrogen and electricity

based on SCW gasification of sugarcane bagasse. As shown

in Fig. 1, sugarcane bagasse and water are mixed by a

mixer and reached supercritical pressure using a high-

pressure, multistage centrifuge pump. Then, the mixture is

preheated in heat exchanger 1 and 2. Heat exchanger 1 is

supplied by external heat source, while heat exchanger 2 is

supplied by some products of gasification in the cycle. This

Heat exchanger can be determined as a regenerator. After

that, fluid is ready for reaction in the reactor. This perfor-

mance of the reactor is analyzed via minimization of Gibbs

free energy. This method is used when reaction and heat

transfer happen at the same time. This is a constant pres-

sure, isothermal, and exothermic process. After this,

products of reactor enter the heat exchanger 1 and reject

their heat to the mixture. For this heat exchanger, we

consider the 100 % quality for steam to avoid any damage

of instruments. In this section, syngas enters the separation

unit for extracting its water. Then, hydrogen is separated

from other products using palladium membrane

(HysepTM60). Generally, there are two categories of

membranes which are categorized by their structure; por-

ous membranes and dense membranes. The membrane

used in this study is a metallic dense membrane. These

kinds are mostly used when high-purity of hydrogen is

needed (Kluiters 2004).

This membrane works at near 300 �C and 60 bars. The

separated hydrogen is stored in the same condition. Heat

exchanger 2 and air heat exchanger supply the heat that is

required for hydrogen separation. For reaching mem-

brane’s pressure, an expansion turbine is used which also

generates power at the same time. Because of high pressure

at this stage, we should expand the gas for the second time

to power generation and drop the pressure to 1 atm. After

that, syngas enters the torch and is burned to supply the hot
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Fig. 1 ASPEN PLUS flow diagram of a process for co-production of hydrogen and power via supercritical water gasification of bagasse
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air needed for the cycle. In this study, gasification process

in the reactor has been modeled first, and the effects of

reactor’s temperature and water loading have been inves-

tigated. Then, hydrogen and electricity cogeneration was

simulated by ASPEN PLUS program.

Modeling

Gasification process

In this study, thermodynamic model is used to analysis of

the products of bagasse gasification and study the effect of

different parameters such as pressure, reactor’s tempera-

ture, and water loading into the system. Despite the cal-

culations of thermodynamic model, this method is

independent of the design of the gasifier but helps to pre-

dict the maximum useful gaseous product. Equilibrium

modeling has two primary methods: stoichiometric and

non-stoichiometric. Stoichiometric method needs a refer-

ence reaction to support all other reactions which modeling

is based on that. Gasification reaction is considered as

reference reaction in this study. Chemical composition of

biomass can be expressed as CHXOyNZ where x, y, z are the

mole ratios of hydrogen to carbon, oxygen to carbon and

nitrogen to carbon, respectively. These ratios can be

obtained for different biomasses with elemental analysis

(CHNSO analysis), which gives the mass fraction of each

element in feedstock and the molecular weight of each

element, as mentioned in Eqs. (1–3).

x ¼ mass fraction Hð Þ �molecular weight Cð Þ
mass fraction Cð Þ �molecular weight Hð Þ ð1Þ

y ¼ mass fraction Oð Þ �molecular weight Cð Þ
mass fraction Cð Þ �molecular weight Oð Þ ð2Þ

z ¼ mass fraction Nð Þ �molecular weight Cð Þ
mass fraction Cð Þ �molecular weight Nð Þ ð3Þ

The chemical composition of elemental analysis of the

sugarcane bagasse which has been used in this study is

shown in Table 1. Also, its molecular formula can be

written as CH1.33O0.44N0.01.

The main governing equation for biomass gasification in

SCW media is written as Eq. (4) below:

CHxOy þ mwH2O ! aCO2 þ bH2 þ dCOþ eH2O

þ fCH4 ð4Þ

where mw is the amount of water supplied to the system for

reaction in supercritical media and a, b, d, e, and f are the

numbers of moles for CO2, H2, CO, H2O, CH4,

respectively.

Mass balance

Mass balance equations are written to find out how many

moles we have for each product. Mass balance for carbon,

hydrogen, and oxygen are mentioned in Eqs. (5–7),

respectively as follows:

aþ d þ f ¼ 1 ð5Þ
xþ 2mw ¼ 2bþ 2eþ 4f ð6Þ
yþ mw ¼ aþ 2d þ e ð7Þ

Thermodynamic equilibrium

A thermodynamic equilibrium model is based on equilib-

rium constant. Equilibrium equations are used to obtain

two remaining equations. For an ideal gas in its equilibrium

state, the equilibrium constant can be written in the terms

of free Gibbs function, which is mentioned as Eq. (8)

below:

K ¼ exp
�DG
RT

� �
ð8Þ

where R is the universal gas constant and equals to

8.314 kJ/kmol and T is reaction’s temperature and �DG
stands for Gibbs free energy of reaction which can be

obtained with ideal gas assumption in the form of Eq. (9)

as follows:

�DG ¼
Xn
i¼1

vigi Tð Þ ð9Þ

where vi is stoichiometric coefficient of part i in reaction

and Gi is found by Eq. (10) below:

gi Tð Þ ¼ hf 0 þ
ZT

T0

CPdT � T s0 þ r
T

T0

CP

T
dT

" #
ð10Þ

where Cp is specific heat value and is calculated by an

experimental equation (Eq. 11), as follows:

CP ¼ C0 þ C1hþ C2h
2 þ C3h

3 ð11Þ

C0, C1, C2, C3 constants can be found in Table 2. Also h
equals to T

1000
where T is in terms of Kelvin.

Table 1 CHNSO analysis of sugarcane bagasse

Elements Elemental composition (wt %)

C 57.8

H 6.44

O 34.52

N 0.67

S 0.19
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Membrane

The membrane is needed for separation of hydrogen from

the gas mixture. Membranes are a promising technology for

separating gaseous components and have many advantages

over acid gas removal units. When the objective is to obtain

high-purity hydrogen, the dense metal membrane is used.

These membranes are commonly made from palladium.

One-layer porous ceramic or metal is also used in mem-

brane’s structure because of palladium’s expense. Perfor-

mance temperature of these membranes is almost between

300 and 600 �C. Molecular hydrogen is adsorbed first onto

the metal surface and dissociated to become atomic

hydrogen. Then, the atomic H diffuses through the bulk

metal layer in a direction which depends on the pressure

gradient, and finally, hydrogen atoms recombine with each

other and are desorbed in the form of H2 from the metal

surface on the low-pressure side of the membrane as shown

in Fig. 2 (Adhikari and Fernando 2006).

Activation energy for hydrogen permeation E/
� �

can be

written in the form of Eq. (12) as follows (Al-Mufachi

et al. 2015):

E/ ¼ ED þ ES ð12Þ

where ED and ES are the activation energy of diffusion and

enthalpy of solution of hydrogen. At the temperatures

above 150 �C, reactions of combination and decomposition

are in equilibrium form. The flow rate of hydrogen passed

the membrane is calculated through first law of Fick,

mentioned in Eq. (13) as follows (Al-Mufachi et al. 2015):

JH2
¼ DHSH

t
Pn
per � Pn

ret

� �
ð13Þ

where JH2
is flow flux, DHSH is hydrogen’s diffusion in

membrane, t is membrane’s thickness, n is partial pressure

exponent which is usually between 0.5 and 2, and Pper. and

Pret are the outlet pressures of pure hydrogen (permit

pressure) and the retentive pressure, respectively. For this

membrane, n = 0.5 is used. Diffusion of hydrogen in

membrane can be obtained from Arrhenius relations which

are mentioned by Eqs. (14, 15) as follows (Al-Mufachi

et al. 2015):

DH Tð Þ ¼ D0exp � ED

R:T

� �
ð14Þ

SH Tð Þ ¼ S0exp � ES

R:T

� �
ð15Þ

R is the global gas constant, and T is reaction’s

temperature. S0 and D0 are solubility and diffusivity in

infinite temperature. So, Eqs. (16–18) can be derived as

below:

Q0 ¼ S0D0 ð16Þ

Q ¼ Q0exp � E/

R:T

� �
ð17Þ

JH2
¼ Q

t
Pn
per � Pn

ret

� �
ð18Þ

Results and discussion

Effect of temperature

The pressure of 300 bars and the bagasse concentration of

20 wt% were considered to investigate the effect of

Table 2 Coefficients for calculating specific heat value

Species C0 C1 C1 C2

CO2 0.45 1.67 -1.27 0.39

H2 13.46 4.6 -6.85 3.79

CO 1.1 -0.46 1 -0.454

CH4 1.2 3.25 0.75 -0.71

O2 0.88 -0.0001 0.54 -0.33

Fig. 2 Schematic for the mechanism of hydrogen-selective membrane
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temperature on main gaseous yields. Experimental studies

have shown that increment of temperature follows with a

significant effect on SCW gasification and promote the total

gas and hydrogen yields (Sheikhdavoodi et al. 2014; Azadi

et al. 2009). Figure 3 demonstrates the variation of main

gaseous yields with temperatures from 400 to 1000 �C. It is
indicated that H2 yield increased drastically within this range

of temperature with the promotion of endothermic steam

reforming reaction (Eq. 19), while CO and CH4 remained

approximately constant and CO2 increased slightly until the

temperature of 800 �C and then, CH4 and CO2 started to

decrease while CO increased. Moreover, the molar fraction

of hydrogen increased from 2 % in 400 �C to 48 % in

1000 �C. The reduction of methane can be due to the

exothermic methanation, mentioned as Eq. (20), which do

not promote with the increment of temperature.

CHxOy þ 1� yð ÞH2O ! COþ 1� yþ x

2

� �
H2

DH ¼ þ310
KJ

mol

� � ð19Þ

COþ 3H2 ! CH4 þ H2O DH ¼ �206
KJ

mol

� �
ð20Þ

Effect of feed concentration

The effect of variation of the sugarcane bagasse concen-

tration of the mixture on gaseous components yields is

studied. Pressure and temperature are considered to be 300

bars and 800 �C, respectively. As shown in Fig. 4, the wt%

of bagasse varies from 0 to 100 percent. H2 and CO2 are the

main products of the syngas from 0 to 10 wt%. Then, CH4

and CO are generated gradually. Maximum H2 yield

appeared at the concentration of near 30 wt%, and then H2

decreases. Moreover, the yields of CO, CO2, and CH4

increase until the concentration of 80 wt% and then

decrease. This may be because of the methanation reaction

that consumes H2 and produces H2O. As seen in Fig. 4, the

production of CH4 is promoted when H2 begins to

decrease.

Energy analysis

As shown in Fig. 1, Pressure and temperature for the SCW

gasification in the process are assumed to be 300 bars and

700 �C. Mass flow rates for water and sugarcane bagasse

are 800 and 200 kg/h, respectively.

The flow conditions for each part of the cycle has

mentioned in Table 3.

If the diagram of Fig. 1 is considered as a control vol-

ume, five energy streams are obviously observed except the

energy losses. Two of them are regarding heat transfer, and

the others are regarded as electrical power. These five

streams are described as follows:

1. Q-REACT: This stream is representing the amount of

the heat consumed or generated by reactor which is

determined via the operating temperature of the reactor

and the concentration of the mixture. When the value

is negative, which means that the reactions require an

external energy to reach the equilibrium condition, the

predicted CH4 stream can be activated and burned for

heating supply.
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2. Q-SEPAR: This energy stream is due to the energy

loss because of extraction of water at high temperature

and its condensation. Its value is always positive.

3. W-PUMP: this stream is representing the energy

consumed by the pump for pressurizing the mixture

up to operating reactor’s pressure.

4. W-TRBEX-1: It is representing the electrical power

generated via the stream which makes work by

expanding the gas in the first turbine

5. W-TRBEX-2: It represents the electrical power gen-

erated via the stream which makes work by expanding

the gas in the second turbine

However, the maximum reachable work can be calcu-

lated using the first and the second laws of thermody-

namics, which are mentioned in Eqs. (21, 22), as follows:X
i

_Ein ¼
X
o

_Eout: ð21Þ

_Wrev ¼ _m hout � hin½ �: ð22Þ

The first turbine drops the pressure from 300 bars to 60

bars in order to prepare the gas for the separation of high-

purity hydrogen. After that, the second turbine drops the

separated syngas’s pressure from 60 to 30 bars. The

amount of hydrogen and power produced via this process

has been brought in Table 4. It is for the mixture that

includes 200 kg bagasse and 800 kg water.

Cycle’s efficiency

Efficiencies for power generation are investigated in this

part. Produced syngas has 1000 kg/h flow rate. The lower

heating value of the fuel and the produced gas are 17.33

and 18.04 MJ/kg, respectively.

Efficiency for power generation in turbines is calculated

via Eq. (23) as follows:

gp ¼
_Wnet

_Wp þ _QCH4

� 100 ¼ 54

4:18þ 117
� 100 ¼ 44%

ð23Þ

Pure hydrogen produced via the process is storage with

the flow rate of 8.55 kg/h, the temperature of 310 �C and

the pressure of 60 bars. The net efficiency for power

generation is calculated via the Eq. (24).

gnet ¼
_Wnet

_mfuelLHVfuel

� 100 ¼ 6:46% ð24Þ

Comparison with experimental results

The results of this study are compared with some recent

reports in the literature. Even though the current study

simulates the gasification process in an industrial scale, the

trend of variations of affecting parameters can be investi-

gated. Safari et al. (2016) studied the SCW gasification of

some agricultural waste in a batch reactor. Hydrogen was

directly correlated with temperature and sharply increase

when an increase in temperature which can be obviously

seen in Fig. 3 of this study. Also, in another report, Barati

et al. (2014) reported the effect of feed concentration on the

yield of main gaseous products. Feed concentration was

inversely associated with the hydrogen yield. As seen in

Fig. 4 of this study, the molar fraction of hydrogen first

increases and then decreases. This could be due to the

small size of the reactor in the experimental study which

limits the steam reforming in the relatively high

concentrations.

Table 3 Operating conditions for each part of the cycle

Stream Mass flow Temperature (�C) Pressure (bar)

H2O 800 25 1

BIOMASS 200 25 1

MIXED 10,000 25 1

PUMPED 1000 28.3 200

PREHEAT1 1000 297 300

PREHEAT2 1000 753 300

REACTOR 1000 700 300

SYNGAS 1000 700 300

SYNGAS2 1000 350 300

WATER 749 350 300

GAS-1 251 60 300

GAS-2 251 490 300

Gas-3 251 310 60

GAS-4 241 310 60

H2STREAM 8.56 310 3

GAS-5 242 195 1

CH4 – – –

GAS-6 242 195 1

AIR 1063 25 1

AIR-2 1063 255 1

FLUE 1305 1733 1

FLUE2 1305 505 1

FLUE3 1305 280 1

Table 4 Hydrogen and electricity produced via the process for 200 kg of bagasse and 800 kg of water

Feed Temperature (�C) Pressure (bar) Hydrogen production (kg) Electric power (kW)

Bagasse 700 300 8.55 56
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Conclusion

A significant amount of sugarcane bagasse which is esti-

mated to be about 5 million tons is wasted or burned

annually in Iran. Developing the conversion technologies

for making fuels and chemicals from this renewable

resource seems very necessary. This study represented a

novel process for producing hydrogen and power via

gasification of sugarcane bagasse in SCW media. The

temperature was directly correlated with hydrogen pro-

duction. While the feed concentration of 25–35 wt% was a

desirable range for maximum hydrogen production,

80 wt% concentration was the best concentration of sug-

arcane bagasse for maximum methane production. Energy

analysis and cycle’s efficiency were also investigated. This

research was a new approach using promising biomass

conversion technologies for utilization of bioenergy

obtained from one of the main agricultural wastes in Iran

and the world which has not been proposed before.
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