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a b s t r a c t

The present work deals with a study coupling experiments and modeling of catalytic steam

gasification of municipal solid waste (MSW) for producing hydrogen-rich gas or syngas

(H2þCO) with calcined dolomite as a catalyst in a bench-scale downstream fixed bed

reactor. The influence of steam to MSW ratios (S/M) on gas production and composition

was studied at 900 �C over the S/M range of 0.39–1.04, for weight hourly space velocity

(WHSV) in the range of 1.22–1.51 h�1. Over the ranges of experimental conditions exam-

ined, calcined dolomite revealed better catalytic performance at the presence of steam. H2

and CO2 contents increased with S/M increasing, while CO and CH4 contents decreased

sharply, the contents of CH4, C2H4 and C2H6 were relatively small, and the influence of S/M

was insignificant. The highest H2 content of 53.22 mol %, the highest H2 yield of 42.98 mol

H2/kg MSW, and the highest H2 potential yield of 59.83 mol H2/kg MSW were achieved at

the highest S/M level of 1.04. Furthermore, there was a good agreement between the

experimental gas composition and that corresponding to thermodynamic equilibrium data

calculated using GasEq model. Consequently, a kinetic model was proposed for describing

the variation of H2 yield and carbon conversion efficiency with S/M during the catalytic

steam gasification of MSW. The kinetic model revealed a good performance between

experimental results and the kinetic model.
ª 2008 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.
1. Introduction

The amount of municipal solid wastes (MSWs) is increasing

dramatically in the world. Yields of MSW reach approximately

900 million tonnes in the world each year, while over 200
increased at an

106 tonnes in 2004

Z. Hu).
[1]. In addition, the disposal of MSW has become a critical and

costly problem. The traditional landfilling method requires

large amounts of land and contaminates air, water and soil [2].

Furthermore, incineration has drawbacks as well particularly

harmful emissions of acidic gases (SOx, HCl, NOx, etc.), dioxin
and leachable toxic heavy metals [3]. Dioxin is a very toxic

chemical that can bind to a hormone receptor and cause
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a serious problem to the body. Carcinogenicity and mutage-

nicity are the most notorious effects of dioxin. Dioxin involves

polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated

dibenzofurans (PCDFs), and coplanar polychlorinated biphe-

nyls (PCBs) [4]. At the same time, several environmental

disasters have increased the sensitivity of world-wide public

opinion towards the effect that environmental pollution has

on human health and climate change. Thus more and more

attentions are being paid to energy efficient, environment

friendly and economically sound technologies of gasification

process of waste that could contribute to transformation in

the management of MSW. Improved energy extraction and

pollution control would make it more attractive than

conventional waste treatment, typically dominated by incin-

eration or landfilling [5]. Gasification process has been applied

in recent years for the purpose of energy recovery in WTE

(waste to energy) plants. There have been many reports on the

production of clean gas from the gasification of solids [6–9]

such as hydrogen-rich gas or syngas. Hydrogen production

from renewable sources has been identified as a key step

towards a sustainable hydrogen economy.

Presently, hydrogen is produced mainly by catalytic steam

reforming of natural gas. However, in order to have environ-

ment friendly hydrogen, it must be produced from renewable

resources [10], several studies on the gasification of MSW have

already been investigated [11–16]. The catalytic steam gasifica-

tion of MSW has been considered to be a promising method for

future energy systems to meet environmental requirements,

and provides one of the most cost-competitive means of

obtaining hydrogen-rich gas or syngas from renewable

resources, which are used as feedstock for producing hydrogen

for methanol [17] and ammonia synthesis or for fuel cell appli-

cations and hydrogen combustion engines to release its stored

energy [18,19]. Hydrogen-rich gas can also be converted to liquid

transportation fuels using Fischer–Tropsch synthesis [20].

In order to develop an efficient and economically compet-

itive clean MSW gasification process, it is necessary to

understand the mechanism and kinetics of MSW, which can

provide valuable information for proper design and operation

of gasifiers. But very few reports involve catalytic steam

gasification of MSW into hydrogen-rich gas or syngas

(H2þCO). In the present work, the organic fractions of MSW as

an energy resource by catalytic gasification process with

steam was investigated in a lab-scale continuously feeding

fixed bed reactor, this study aims to determine the influence

of S/M and WHSV on gas production and composition, and to

compare the experimental gas composition with that corre-

sponding to thermodynamic equilibrium data calculated

using GasEq model. Furthermore, a kinetic model was

proposed for describing the variation of carbon conversion

efficiency and H2 yield with S/M during the catalytic steam
gasification of MSW.

then a porous ceramic of 80 mm in diameter and 10 mm in

Table 1 – Components in MSW samples (wt %).

Kitchen garbage Paper Textile Wood Plastic

68.96 9.95 2.17 7.40 11.52
2. Experimental section

2.1. MSW samples

The MSW samples were collected from waste dumpsites at
Huazhong University of Science and Technology (HUST),
Wuhan, China. The MSW samples were dried under the sun

for a period of 7 days to reduce the moisture content. The

moisture content of the MSW samples was 8.80%. Compo-

nents representing the major part of the organic fraction have

been studied. MSW samples were a mixture of five different

components of kitchen garbage, paper, textile, wood, and

plastic. Percent of different components is listed in Table 1.

The organic fraction of the MSW samples were first dried at

105 �C for 4 h, then shredded into particles in sizes of

approximately 5 mm, and mixed before performing the

experiments to ensure representative MSW samples from the

different materials. The results of ultimate and proximate

analyses of MSW samples are listed in Table 2.

2.2. Catalyst

The tar formed during gasification is one of the major issues,

catalytic pyrolysis or gasification for tar reduction has been

extensively reported in the literatures [21–23]. The use of

dolomite as a catalyst in biomass gasification had attracted

much attention, because it is inexpensive and abundant and

can significantly reduce the tar content of the product gas from

a reactor, but they are significantly active only above 800 �C [24].

Similarly, during MSW gasification process tar was formed,

calcined dolomite was used to eliminate tar. Natural dolomite

was ground and sieved, the particle with a size of 3–10 mm was

calcined in muffle oven (Jinhui, Zhejiang) at 900 �C for 4 h.

Calcined dolomite was used as a catalyst in this study. The

surface characteristics and XRD patterns of natural and

calcined dolomite are listed in Table 3 and Fig. 1, respectively.

2.3. Apparatus and procedures

A process flow diagram of catalytic steam gasification process

is shown schematically in Fig. 2. In this process, MSW catalytic

gasification was conducted on a bench-scale fixed bed reactor

using calcined dolomite as a catalyst. The MSW sample was

loaded in a feedstock hopper with a maximum capacity of 2 L,

which was fitted with an air-tight closure system; during the

experiments, the material was continuously fed into the

reactor by means of a continuous screw-driver device, whose

rotation was ruled by an inverter. The catalytic gasification

system consists essentially of a 0Cr25Ni20 stainless tube (i.d.

81 mm, o.d. 89 mm, height 1400 mm), a gas cleaning section

containing a cyclone solid collector and a fiber wool filter,

a cooling system for the separation of water and condensable

organic vapors (tar), and various gas measurement devices.

The stainless tube reactor was electrically heated with 10 �C/

min to reaction temperature. In this study, the reaction

temperature was controlled at 900 �C, and the operating

pressure in the reactor was close to the atmospheric pressure.

Prior to each test, catalyst was held in the stainless tube, and
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Table 2 – Ultimate and proximate analysis of MSW
samples.a

Ultimate analysis Proximate analysis

C 51.81 (wt %) Volatile matter 82.28 (wt %)

H 5.76 (wt %) Fixed carbon 11.79 (wt %)

Ob 35.88 (wt %) Ash 5.93 (wt %)

N 0.26 (wt %) Low heating value 21 306 kJ/kg

S 0.36 (wt %) Apparent density 280.5 kg/m3

a Dry basis.

b By difference.
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hickness was placed on the catalyst for collecting the char

rom MSW gasification and uniform distribution of gas

hrough the catalyst bed. During the experiments, the satu-

ated steam of 109.6 �C and 141.3 kPa is produced in a steam

enerator.

The procedure for a typical steam catalytic gasification

xperiment is described below. Prior to each experiment,

alcined dolomite was held in the stainless tube. The

hredded MSW sample was loaded in a hopper. When the

esired temperature was reached, MSW feedstock and steam

ere continuously fed into the gasifier simultaneously with

he desired rates, respectively. The solid char residue was

ostly collected on the porous ceramic, the produced gas and

ne particles passed through the cyclone and fiber wool filter,

hereby the fine particles were removed. The condensable

atter was quenched as the gas passed through the water

ondenser. Subsequently, the product gas was dried after

ntering into a gas meter and a gas dryer. At last heating of the

urnace stopped, the steam generator was turned off, and the

eactor was cooled to the ambient temperature.

After every experiment, the char residues collected on the

orous ceramic inside the tube and in the cyclone were

eighed to determine the amount unconverted solid char.

he weight of liquid produced in the condenser was weighed

nd recorded. The gas produced was combusted after

ampling and analysis. In general, it took 20 min for the

xperiment to reach a stable state, to ensure the reliability of

est data, each experiment was repeated two times, and the

esults were in good agreement. The data reported in this

aper are average values of two times.

.4. Method of sampling and analysis

he low heating value (LHV) of the MSW samples was esti-

ated using a bomb calorimeter (6300, Parr Inc.) with accu-

acy of <0.15%.

Ultimate analysis of the MSW samples was obtained with
CHNS/O analyzer (Vario Micro cube, Elementar). Such
W

m

¼

fl

c

Table 3 – Surface characteristics of catalyst.

Catalyst BET
surface

area
(m2/g)

Micropore
area (m2/g)

External
surface

area (m2/g)

Total pore
volume
(cm3/g)

Calcined

dolomite

9.96 1.73 8.23 2.27
nalysis gives the weight percent of carbon, hydrogen, oxygen,

itrogen, and sulphur in the samples simultaneously, and the

eight percent of oxygen is determined by the difference. A TA

nstruments system (TGA 2000, Las Navas) was used to obtain

roximate analysis of the MSW samples (that is, moisture,

olatile matter, fixed carbon, and ash content of the material).

X-ray diffraction (XRD) (X’Pert PRO, PANalytical B.V.)

easurements of catalysts were carried out to determine

ain components and investigate the catalytic performance

efore and after the experiment. Furthermore, the surface

haracteristics of natural and calcined dolomite were deter-

ined using an accelerated surface area porosimetry (ASAP

010, Micrometrics) instrument, which used liquid nitrogen at

7 K, was applied to measure the BET surface area of natural

nd calcined dolomite.

The product gas volume was measured using a gas meter

J1.6-II, Wuhan Apollo), and sampled discontinuously using gas

ags at regular time intervals. Gas composition analysis was

onducted with a dual channel micro-gas chromatography

Micro-GC 3000A, Agilent) that was able to provide precise

nalysis of the principal gas components (H2, CO, CO2, CH4,

2H4 and C2H6). The instrument was equipped with TCD and
.5. Methods of data processing

ower heating value (LHV) of hydrogen-rich gas is calculated

y,

HV
�
MJ=N m3

�
¼ ðCO� 126:36þH2 � 107:98þ CH4 � 358:18

þ C2H2 � 56:002þ C2H4 � 59:036þ C2H6

� 63:772Þ=1000

here, CO, H2, CH4, C2H4 and C2H6 are the molar percentages

f components of hydrogen-rich gas, respectively.

Carbon conversion efficiency (%) is calculated by,

Cð%Þ ¼
12YðCO%þ CO2%þ CH4%þ 2� C2H4%þ 2� C2H6%Þ

22:4� C%

� 100%

here, Y is the dry gas yield (N m3/kg), C% is the mass

ercentage of carbon in ultimate analysis of MSW feedstock,

nd the other symbols are the molar percentage of compo-

ents of hydrogen-rich gas.

Steam decomposition (%) is calculated by,

D ¼ 1000YðH2%þ CH4%þ 2� C2H4%þ 3� C2H6%Þ � 18=22:4
W1 þW2

� 100%

here, W1 is steam flow rate and W2 represents the total

oisture content in the MSW feedstock.

Cold gas efficiency (%) is calculated by,

LHV of product gas ðkJ=N m3Þ � dry gas yield ðN m3=kgÞ
LHV of feed MSWðkJ=kgÞ

� 100%

Weight hourly space velocity (WHSV) is defined as mass

ow rate of MSW fed to the reactor, divided by the mass of
atalyst in the catalytic reactor.



Fig. 1 – XRD patterns of catalysts. (1) natural dolomite, (2) calcined dolomite.
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The molecular formula of MSW (daf.) can be expressed as

CH1.53O0.49 based on the ultimate analysis (Table 2). The stoi-

chiometric yield of H2 from MSW is 106.58 mol H2/kg MSW

(daf.) calculated by the follow equations:

CH1.53O0.49þ 0.51H2O¼ 1.28H2þCO (1)

H2OþCO¼H2þCO2� 41.2 MJ/kmol (2)

H2 potential yield is defined as the sum of measured

hydrogen in product gas and the theoretical hydrogen that
could be formed by completely shifting carbon monoxide as in

Fig. 2 – Flowchart of experimental apparatus 1, steam

generator; 2, valve; 3, piezometer; 4, steam flow meter; 5,

motor; 6, screw feeder; 7, hopper; 8, fixed bed gasifier; 9,

porous ceramic; 10, catalyst; 11, electric furnaces; 12,

temperature controller; 13, cyclone; 14, condenser; 15,

flask; 16, filter; 17, gas meter; 18, silica gel; 19, air pump; 20,

gas sample bag.
reaction (2) and completely reforming hydrocarbon species in

product gas according to reaction (3), given below [30]:

CnHmþ 2nH2O¼ (2nþ(m/2))H2þ nCO2 (DH298K> 0) (3)

Modeling results were compared with all sets of experi-

mental results and kinetic model data. The sum squared

deviation method was used to estimate the accuracy of

modeling results [29].

RSS ¼
XN

i¼1

�
yie � yip

yie

�2

MRSS ¼ RSS
N

Mean error ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MRSS
p

3. Results and discussion

3.1. Mechanism of catalytic steam gasification of MSW

The purpose of using catalyst includes: (1) cracking of tar; (2) to

increase MSW conversion; (3) to enhance steam reforming

and water gas shift reactions in order to produce hydrogen-

rich gas and more product gas.

In general, steam gasification reactions include two steps.

The first step is a thermochemical decomposition of MSW

with production of tar, char and volatiles, this step termed

primary pyrolysis, could perform at a lower temperature of

w300 �C, and last until a temperature of 700 �C or even higher.

The second step includes reactions of CO, CO2, H2 and H2O

with the hydrocarbon gases and carbon in MSW, thereby
producing gaseous product. The catalytic steam gasification
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mechanism of MSW might be described by the following

reactions as follows:

Boudouard reaction: CþCO2 / 2COþ 162.4 MJ/kmol (4)

Water gas (primary) reaction: CþH2O / COþH2þ 131.3 MJ/

kmol (5)

Steam reforming methane reaction: CH4þH2O /

COþ 3H2þ 206.3 MJ/kmol (6)

Secondary cracking tar reactions: Tarþ n1H2O / n2CO2þ n3H2

(DH298K> 0) (7)

Calcined dolomite can accelerate the reaction rate of the

steam with tar and char, also participate in the secondary

reactions [25]. Furthermore, as shown in Fig. 1, calcined

dolomite consists of CaO, and MgO, which convert to Ca(OH)2
and Mg(OH)2 quickly in the presence of moisture, some

Ca(OH)2 and Mg(OH)2 can convert to CaCO3 and MgCO3 using

CO2 as a sorbent by reacting with CO2 produced during gasi-

fication reaction [26–28], provided the reaction temperature is

appropriately low, such as not much over 700 �C. Thus,

calcined dolomite could also be a substantially good CO2

acceptor for catalytic steam gasification of MSW [29] at lower

temperature. Thus, CO2 absorbing contributes to water gas

shift reaction (Eq. (2)), steam reforming hydrocarbon reaction

(Eq. (3)) and secondary cracking tar reactions (Eq. (7)), which

lead to production of hydrogen-rich gas and high content of

combustible gas. At temperatures >800 �C, calcined dolomite

exhibits basically the catalytic effect only, which leads the H2

content of the product gas to increase and the tar release with

the gas to decrease [29].

3.2. Influence of steam to MSW ratios

In regard to the gas fraction from catalytic steam gasification

of MSW, gas components distribution, LHV, dry gas yield,

steam decomposition, carbon conversion efficiency and cold

gas efficiency at 900 �C are listed in Table 4 with increasing

S/M from 0.39 to 1.04. It indicated that the main components

are H2, CO, CO2, and a small fraction of low molecular

hydrocarbon species (CH4, C2H4 and C2H6). The general trend

showed an increase of H2 and CO2 contents, H2 yield, H2 yield

potential, dry gas yield, steam decomposition, carbon

conversion efficiency as well as cold gas efficiency, and

a decrease of CO content, CH4, C2H4 and C2H6 contents were

relatively small, and slightly changed.

As shown in Table 4, as expected, in the steam gasification

process the presence of calcined dolomite caused a slight

increase in dry gas yield from 0.45 N m3/kg, in the non cata-

lytic process, up to 0.68 N m3/kg. There was also a significant

increase in the H2 content (from 27.50% to 32.62%), H2 yield

(from 6.06 to 10.86 mol/kg), and CO content (from 20.80% to

55.57%). While, CO2 content (from 22.90% to 10.91%), CH4

content (from 0.041 down to 0.007), C2H4 content (from 7.74%

to 0.2%), and C2H6 content decreased (from 8.34% down to

0.1%), with the use of the catalyst. It was concluded that

calcined dolomite revealed better catalytic performance at the
presence of steam.
The product distribution (gas, tar and char) profile listed in

Table 4 indicated that mass balance exceeds 100% due to the

introduction of steam. With S/M increasing from 0.39 to 1.04,

the gas increased gradually from 87.60% to 98.71%, while the

char decreased significantly from 16.69% to 9.91%, Especially,

the tar catalytic gasification was improved drastically, tar

decreased drastically from 0.32% to 0.11% as S/M increased

from 0.39 to 0.60, in particular, no condensed matter was

observed in the cleaning system as S/M increased from 0.68 to

1.04. This was quite expected since increasing the amount of

steam, being one of the reactants, in the reaction led to higher

conversion as well as higher gas production.

In regard to the gas fraction, H2 content increased from

32.62% to 53.22%, it was concluded that higher S/M signifi-

cantly resulted in higher H2 content. It was because that more

steam favored water gas shift reaction (Eq. (2)), steam

reforming methane reaction (Eq. (6)), steam reforming heavier

hydrocarbon reaction (Eq. (3)) and carbon gasification reaction

(Eq. (5)), together with the secondary cracking tar reactions (Eq.

(7)), which were the main factors responsible for the increase

in H2 content, which agreed with the results of Wei et al. [25].

CH4, C2H4 and C2H6 contents were relatively small, and slightly

changed. This indicated that S/M almost had no influence on

the decomposition of CH4, C2H4 and C2H6. Meanwhile, dry gas

yield increased from 0.68 to 1.65 N m3/kg of MSW, carbon

conversion efficiency and cold gas efficiency increased from

47.59% to 80.19% and from 34.39% to 70.40%, respectively,

those are quite expected due to more steam introduced during

the gasification process, therefore, more steam can improve

the quality of product gas. Furthermore, the lower heating

value (LHV) of hydrogen-rich gas slightly decreased from 10.78

to 9.09 MJ/N m3, thus the product gas also can be directly used

as a fuel with medium heating value (w15 MJ/N m3). However,

the energy content of the total hydrogen-rich gas almost

doubled from 28.08 to 59.83 MJ/N m3.

Furthermore, CO2 content increased from 10.91% to 20.61%,

while CO content decreased from 55.57% to 25.72%, thus, the

CO/CO2 molar ratio decreased as listed in Table 4, moreover,

the H2/CO molar ratio increased, which was in agreement

with results of Gao et al [30]. It was concluded that water gas

shift reaction (Eq. (2)) favored H2 production, and had a more

prevalent role during the catalytic steam gasification reac-

tions. Meanwhile, the presence of calcined dolomite acceler-

ated further reactions of heavier hydrocarbons and tars with

steam. With respect to the different gas composition, it is

well-known that syngas that has different levels of H2/CO

ratios are suitable for different applications: for example,

syngas with a H2/CO ratio in the higher range is advisable for

producing hydrogen for ammonia synthesis or for fuel cell

applications, whereas syngas with a H2/CO molar ratio in the

range of 1–2 is highly desirable as feedstock for Fischer–

Tropsch synthesis for the production of transportation fuels

[15], and useful for the chemical industry to synthesise prod-

ucts such as methanol and virgin naphtha [31].

The experimental results showed that such a syngas

composition with a H2/CO molar ratio in the range of 1–2 could

be obtained by conducting the experiment over S/M range of

0.5–1.0 at 900 �C. Therefore, by controlling the introduction of

steam, H2/CO molar ratio in the syngas during catalytic steam
gasification of MSW can be adjusted to the desired value.



conditions.

Table 4 – Influence of S/M on product distribution and gas characterization.

Run 1 2 3 4 5 6 7

Steam flow rate, kg/h 0.117 0.117 0.138 0.180 0.204 0.231 0.312

MSW feeding rate, kg/h 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Steam to MSW ratio (S/M) 0.39 0.39 0.46 0.60 0.68 0.77 1.04

WHSV, h�1 –a 1.51 1.47 1.40 1.32 1.29 1.22

Catalyst, kg 0 0.200 0.204 0.214 0.227 0.233 0.246

Product distribution (wt %)

Gas 82.73 87.60 91.32 94.33 96.69 97.93 98.71

Tar 0.49 0.32 0.11 0.07 0 0 0

Char 19.52 16.69 14.31 13.48 11.47 10.62 9.91

Gas composition, mol % (dry basis)

H2 27.50 32.62 42.92 43.30 51.70 51.94 53.22

CO 20.80 55.57 45.33 39.33 28.91 27.57 25.72

CO2 22.90 10.91 11.28 16.96 18.65 19.80 20.61

CH4 12.72 0.60 0.40 0.31 0.21 0.40 0.23

C2H4 7.74 0.20 0.01 0.60 0.21 0.14 0.17

C2H6 8.34 0.10 0.06 0.04 0.32 0.15 0.05

H2/CO 1.32 0.59 0.95 1.10 1.79 1.88 2.07

CO/CO2 0.91 5.09 4.02 2.32 1.55 1.39 1.25

H2 yield (mol/kg) 6.06 10.86 19.11 21.40 30.11 32.54 42.98

H2 yield potential (mol/kg) 40.98 28.08 36.70 39.57 45.13 47.43 59.83

LHV (MJ/N m3) 15.02 10.78 10.51 9.79 9.34 9.25 9.09

LHV (MJ/kg of fed MSW) 6.72 7.33 9.56 9.89 11.12 11.84 15.00

Dry gas yield (N m3/kg) 0.45 0.68 0.91 1.01 1.19 1.28 1.65

Steam Decomposition (%) 28.51 15.92 27.10 30.99 43.17 46.41 60.61

Carbon conversion

efficiency (wt %)

44.07 47.59 53.77 60.45 60.08 63.99 80.19

Cold gas efficiency (%) 31.72 34.39 44.88 46.42 52.18 55.88 70.40

a Non catalytic steam gasification process.
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Meanwhile, Fig. 3 shows that H/C atomic ratios of the

hydrogen-rich gas increased sharply from 0.81 to 2.19 as S/M

increased from 0.39 to 0.68, whereafter with a slight increase

due to more H2 obtained in the product gas. O/C atomic ratios

slightly increased, when S/M increased from 0.39 to 1.04

because of more CO2 obtained.

Furthermore, Fig. 4 shows gas composition profile of H2,

CO, CO2, CH4, CH4 and C2H6 with reaction time, with S/M of

0.46 and at a WHSV value of 1.47 h�1. It took 20 min for the

experiment to reach a stable state, thereafter, H2, CO, CO2,

CH4, CH4 and C2H6 contents remained almost constant
throughout the experiment with reaction time, and CH4, CH4

Fig. 3 – H/C and O/C atomic ratios of the product gas at

different S/M.
and C2H6 contents show very low, close to zero. These results

indicated that calcined dolomite revealed good catalytic

performance, and did not deactivate under these operating
3.3. Influence of weight hourly space velocity (WHSV)

The influence of WHSV on gas composition at S/M of 0.46 was

investigated, the value of WHSV ranged between 1.22 and

1.51 h�1. The gas composition profile from catalytic steam

gasification of MSW is plotted in Fig. 5, a decrease of WHSV

produced an increase of H2 and CO2 contents as well as LHV,
dry gas yield, H2 yield, H2 yield potential, steam

Fig. 4 – Gas composition versus time.
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ecomposition, and a decrease of CO content. The contents

f CH4, C2H4 and C2H6 were relatively small, and the influence

f WHSV was insignificant. It was explained by the presence of

ore calcined dolomite namely lower WHSW value, which

evealed better catalytic activity, and improved the quality of

he product gas and diminished significantly the tar yield.

able 3 shows that calcined dolomite is porous with high

xternal surface area and micropore area, the large external

urface area of calcined dolomite particles accounts for the

igh chance of gas contacting solid particles and long gas

esidence time of>4 s. On the other hand, WHSV indicates the

as residence time in the catalytic gasification reactor [32],

ower WHSV value means longer gas residence time, which

an promote tar adsorbing and improve the catalytic cracking
f hydrocarbon and the elimination of tar.
.4. Comparison between gas composition and
hermodynamic equilibrium calculations

o verify whether the experimental gas reached thermody-

amic equilibrium, the chemical equilibrium calculations

ere performed using a well-known equilibrium model:

asEq model developed by Chris Morley [33] (GasEq Version

.79, 2005). It was considered useful to compare the experi-

ental gas composition with that corresponding to thermo-

ynamic equilibrium, because a kinetic model can be

eveloped by using the experimental gas composition data in

state of equilibrium. Fig. 6 shows this comparison for S/M of

.39, 0.46, 0.60, 0.68, 0.77 and 1.04, a good agreement was

chieved between the experimental gas composition and

hermodynamic equilibrium results calculated from GasEq

odel. Furthermore, the error analysis of data for gas

omposition listed in Table 5 indicated that H2 had the lowest

rror, while C2H4 and C2H6 had the highest error due to

xtremely low contents in product gas, and contents corre-

ponding to thermodynamic equilibrium were zero. It was

oncluded that the presence of calcined dolomite was efficient

o modify gas composition in a state of thermodynamic

quilibrium. The results obtained are useful for the develop-
ent and optimization of MSW gasification kinetic model.

ig. 5 – Influence of WHSV on gas composition at S/M of

.46.

Fig. 6 – Comparison between experimental results and

thermodynamic equilibrium calculations for different S/M.



Table 5 – Error analysis of data.

Data Gas composition
(dry basis)

H2 yield C-conv. efficiency

H2 CO CO2 CH4 C2H4 C2H6 YH XC

Mean error 0.0175 0.0740 0.1236 0.9809 1.0000 1.0000 0.2628 0.0582
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3.5. The kinetic model of catalytic steam gasification of
MSW

XH2
; XCO; XCH4

; XC2H4
; XC2H6
Fig. 8 – Plot of [Lln(1 L XC)] vs S/M, a comparison between

experimental results and the kinetic model.
In general, steam gasification reactions include reactions of

CO2, H2 and H2O with the combustible fraction of carbon in

biomass or coal, thereby producing gaseous product, the

essential features involve chemisorption of the reacting gas

species on the carbon surface. Similarly, in the steam–carbon

reaction during MSW gasification, the chemisorption step

involves dissociation of water at the carbon surface into

hydrogen atom and a hydroxyl radical, which adsorbs on

adjacent carbon sites [20]. Therefore, carbon conversion,

hydrogen yield and steam to MSW ratio are very important

experimental variables. GasEq model has verified that the

experimental gas was in a state of thermodynamic equilibrium,

thus kinetic analysis was proposed by using the experimental

gas composition data valuable for the in-depth exploration and

confirmation of gasification process mechanism. According to

the developed mechanism of catalytic steam gasification of

MSW, associated with results and discussion concerning the

influences of S/M and WHSV on gas production and composi-

tion, a corresponding kinetic model was proposed as follows.

Carbon conversion efficiency (XC) and H2 yield (YH) during

MSW steam gasification was modeled with respect to S/M as

follows:[34]

dX
dS=M

¼ Kð1� XÞ (8)

dXC

dS=M
¼ KCð1� XCÞ (9)
Fig. 7 – Plot of [Lln(1 L XH)] vs S/M, a comparison between

experimental results and the kinetic model.
dðYH=SYHÞ
dS=M

¼ KHð1� YH=SYHÞ0
dXH

dS=M
¼ KHð1� XHÞ (10)

Where, XH¼YH/SYH, SYH is the stoichiometric yield of H2 from

MSW of 106.58 mol H2/kg MSW (daf.). The kinetic parameters

kC and kH can be considered as measures of ability in carbon

conversion and hydrogen yield for catalytic steam gasification

of MSW. Through integration and rearrangement, the

following exponential-type equation can be deduced:

XH ¼ 1� expð�kHS=MÞ (11)

Xc ¼ 1� expð�kCS=MÞ (12)

�lnð1� XHÞ ¼ kHS=M (13)

�lnð1� XCÞ ¼ kCS=M (14)

As shown in Figs. 7 and 8, it was clear that the kinetic model

can describe well the variation of H2 yield and carbon conversion

efficiency with S/M. When the correlation factor R of the model

for H2 yield and carbon conversion efficiency at different S/M are

0.95 and 0.96, respectively, and the kinetic parameter kH and kC

value are 0.458 and 1.49, respectively, this kinetic model gives

a good agreement with the experimental gas composition data of

catalytic steam gasification of MSW, which was further justified

by the error analysis of data for carbon conversion efficiency and

H2 yield shown in Table 5. Carbon conversion efficiency and H2
yield had rather low error in all sets of experiments.
4. Conclusions and future work

Steam gasification offers an attractive alternative option for

the treatment and energy utilization of MSW. The steam
gasification of MSW using calcined dolomite as a catalyst into
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hydrogen-rich gas or syngas, was performed in a fixed bed

reactor at 900 �C over the S/M range of 0.39–1.04, for weight

hourly space velocity (WHSV) in the range of 1.22–1.51 h�1. In

a series of trials, the influence of S/M on gas production and

composition was investigated. The data showed that calcined

dolomite revealed good catalytic performance for steam

gasification of MSW, more steam introduced can enhance the

H2 yield and H2 yield potential, and improve MSW gasification.

H2 content of 53.22 mol %, H2 yield of 42.98 mol H2/kg MSW

and H2 potential yield of 59.83 mol H2/kg dry MSW, which is

56.14% of the stoichiometric yield (106.58 mol H2/kg MSW

(daf.)), were obtained at the highest S/M level of 1.04.

The steam to MSW ratio played a great role on gas product

and composition. Higher S/M resulted in higher conversion of

MSW into hydrogen-rich gas or syngas with a significant

increase of H2 content from 32.63% to 53.22%, with S/M

increasing from 0.39 to 1.04, H2 and CO2 contents increased

while CO and CH4 decreased. Furthermore, the H2/CO molar

ratio, dry gas yield and steam decomposition increased, while

CO/CO2 molar ratio and LHV of syngas decreased. At the

presence of steam, calcined dolomite revealed better catalytic

performance.

A good agreement was achieved between the experimental

gas composition and that corresponding to thermodynamic

equilibrium data calculated using GasEq model and further

justified by error analysis of data. It was concluded that the

experimental gas reached thermodynamic equilibrium.

Consequently, a kinetic model was proposed for describing

the variation of carbon conversion efficiency and H2 yield with

S/M during the catalytic steam gasification of MSW. The

kinetic model revealed a good performance between experi-

mental results and the kinetic model further justified by error

analysis of data with a high accuracy over the ranges of

experimental conditions examined.

Further work would help to support much better applica-

bility of the present work. Such further work includes: (1) to

study catalyst regeneration or pre-treatment; (2) to analyze in

detail energy balance of the global catalytic gasification

process; (3) experiments with MSW in the presence of oxygen

or a mixture of oxygen and steam.

Acknowledgment

The authors wish to acknowledge the financial support

received from the National Natural Science Foundation of

China (No. 20876066), Hubei Province Scientific and Techno-

logical Project Foundation (No. 2007AA204B01) and Hubei

Province Transformation Foundation of Scientific and Tech-

nological Achievements in Agriculture (No. 2008GB2D100208).

The authors would also like to thank the Analytical and Test

Center of Huazhong University of Science and Technology for
carrying out the analysis of MSW samples.
r e f e r e n c e s

[1] National Bureau of Statistics of China. Statistics year book of

china in 2004. Beijing, China: Statistics Press; 2005. p. 438–9.
[2] Porteous A. Energy from waste incineration – a state of the
art emissions review with emphasis on public acceptability.
Appl Energy 2001;(70):157–67.

[3] Maken S, Hyun J, Park JW, Song HC, Lee S, Chang H.
Vitrification of MSWI fly ash using Brown’s gas and fate of
heavy metals. J Sci Ind Res (India) 2005;(64):198–204.

[4] Hirota K, Hakoda T, Taguchi M, Takigai M, Kim H, Kojima T.
Application of electron beam for the reduction of PCDD/F
emission from municipal solid waste incinerators. Environ
Sci Technol 2003;(37):3164–70.

[5] Bjorklunda A, Melaina M, Keoleian G. Hydrogen as
a transportation fuel produced from thermal gasification of
municipal solid waste: an examination of two integrated
technologies. Int J Hydrogen Energy 2001;(26):1209–21.

[6] Ni M, Leung MKH, Sumathy K, Leung DYC. Potential of
renewable hydrogen production for energy supply in Hong
Kong. Int J Hydrogen Energy 2006;31(10):1401–12.

[7] Ni M, Leung DYC, Leung MKH, Sumathy K. An overview of
hydrogen production from biomass. Fuel Process Technol
2006;87(5):461–72.

[8] Guo XJ, Xiao B, Zhang XL, Luo SY, He MY. Experimental study
on air-stream gasification of biomass micron fuel (BMF) in
a cyclone gasifier. Bioresour Technol 2009;(100):1003–6. doi:
10.1016/j.biortech.2008.07.007.

[9] Guo XJ, Xiao B, Hu ZQ, Luo SY, He MY. Characteristics of
biomass micron fuel (BMF) – experimental study on steam
gasification to produce hydrogen-rich gas. Fresenius Environ
Bull 2008;(17):431–5.

[10] He MY, Xiao B, Hu ZQ, Liu SM, Guo XJ, Luo SY. Syngas
production from catalytic gasification of waste polyethylene:
influence of temperature on gas yield and composition.
Energy 2008. doi:10.1016/j.ijhydene.2008.12.023.

[11] Kwak TH, Maken S, Lee S, Park JW, Min BR, Yoo YD.
Environmental aspects of gasification of Korean municipal
solid waste in a pilot plant. Fuel 2006;(85):2012–7.

[12] Xiao B, Wang YY, Su Q. The research of treating municipal
solid waste by gasification (in Chinese). China Res. Compre
Util 2006;(24):18–20.

[13] Min TJ, Yoshikawa K, Murakami K. Distributed gasification
and power generation from solid wastes. Energy 2005;(30):
2219–28.

[14] He MY, Hu ZQ, Xiao B, Li JF, Guo XJ, Luo SY, et al. Hydrogen rich
gas from catalytic steam gasification of municipal solid waste
(MSW): influence of catalyst and temperature on yield and
product composition. Int J Hydrogen Energy 2009;(34):195–3.
doi:10.1016/j.ijhydene.2008.09.070.

[15] Galvagno S, Casu S, Casciaro G, Martino M, Russo A,
Portofino S. Steam gasification of refuse-derived fuel (RDF):
influence of process temperature on yield and product
composition. Energy Fuels 2006;(20):2284–8.

[16] Mountouris A, Voutsas E, Tassios D. Solid waste plasma
gasification: equilibrium model development and exergy
analysis. Energy Convers Manage 2006;(47):1723–37.

[17] Weil S, Hamel S, Krumm W. Hydrogen energy from
coupledwaste gasification and cement productionda
thermochemical concept study. Int J Hydrogen Energy 2006;
(31):1674–89.

[18] Jankhah S, Abatzoglou N, Gitzhofer F. Thermal and catalytic
dry reforming and cracking of ethanol for hydrogen and
carbon nanofilaments’ production. Int J Hydrogen Energy
2008;(33):4769–79.

[19] Chaudhari ST, Dalai AK, Bakhshi NN. Production of hydrogen
and/or syngas (H2þCO) via steam gasification of biomass-
derived chars. Energy Fuels 2003;(17):1062–7.

[20] Zhang Y, Nagamori S, Hinchiranan S, Vitidsant T,
Tsubaki N. Promotional effects of Al2O3 addition to Co/SiO2

catalysts for Fischer–Tropsch synthesis. Energy Fuels 2006;

(20):417–21.



i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y x x x ( 2 0 0 9 ) 1 – 1 010

中国科技论文在线 http://www.paper.edu.cn
[21] Li JF, Yan R, Xiao B, Liang DT, Du LJ. Development of nano-
NiO/Al2O3 catalyst to be used for tar removal in biomass
gasification. Environ Sci Technol 2008;(42):6224–9.

[22] Hao XH, Guo LJ, Mao X, Zhang XM, Chen XJ. Hydrogen
production from glucose used as a model compound of
biomass gasified in supercritical water. Int J Hydrogen Energy
2003;(28):55–64.

[23] Iaquaniello G, Mangiapane A. Integration of biomass
gasification with MCFC. Int J Hydrogen Energy 2006;(31):
399–404.

[24] Hu G, Xu SP, Li SG, Xiao CG, Liu SQ. Steam gasification of
apricot stones with olivine and dolomite as downstream
catalysts. Fuel Process Technol 2006;(87):375–82.

[25] Wei L, Xu SP, Zhang L, Liu CH, Zhu H, Liu SQ. Steam
gasification of biomass for hydrogen-rich gas in a free-fall
reactor. Int J Hydrogen Energy 2007;(32):24–31.

[26] Hu G, Huang H, Li. The gasification of wet biomass using
Ca(OH)2 as CO2 absorbent: the microstructure of char and
absorbent. Int J Hydrogen Energy 2008;(31):5422–9. doi:10.
1016/j.ijhydene.2008.06.064.

[27] Gallucci K, Stendardo S, Foscolo PU. CO2 capture by means of
dolomite in hydrogen production. Int J Hydrogen Energy

2008;(33):3049–55.
[28] Mahishi MR, Goswami DY. An experimental study of hydrogen
production by gasification of biomass in the presence of a CO2

sorbent. Int J Hydrogen Energy 2007;(32):2803–8.
[29] Xu GW, Murakami T, Suda T, Kusama S, Fujimori T.

Distinctive effects of CaO additive on atmospheric
gasification of biomass at different temperatures. Ind Eng
Chem Res 2005;(44):5864–8.

[30] Gao N, Li A, Quan C, Gao F. Hydrogen-rich gas production
from biomass steam gasification in an updraft fixed-bed
gasifier combined with a porous ceramic reformer. Int J
Hydrogen Energy 2008. doi:10.1016/j.ijhydene.2008.07.033.

[31] Skoulou V, Zabaniotou A, Stavropoulos G, Sakelaropoulos G.
Syngas production from olive tree cuttings and olive kernels
in a downdraft fixed-bed gasifier. Int J Hydrogen Energy 2008;
33(4):1185–94.

[32] Lv PM, Chang J, Wang TJ, Fu Y, Chen Y, Zhu JG. Hydrogen-
rich gas production from biomass catalytic gasification.
Energy Fuels 2004;(18):228–33.

[33] GasEq. Chemical equilibria in perfect gases. Version 0.78.
Developed by Chris Morley. Available from: <www.gaseq.co.
uk>; 2005.

[34] Garcia XA, Alarcon NA, Gordon AL. Steam gasification of tars

using a CaO catalyst. Fuel Process Technol 1999;(58):83–102.

http://www.gaseq.co.uk
http://www.gaseq.co.uk

	Hydrogen-rich gas from catalytic steam gasification of municipal solid waste (MSW): Influence of steam to MSW ratios and weight hourly space velocity on gas production and composition
	Introduction
	Experimental section
	MSW samples
	Catalyst
	Apparatus and procedures
	Method of sampling and analysis
	Methods of data processing

	Results and discussion
	Mechanism of catalytic steam gasification of MSW
	Influence of steam to MSW ratios
	Influence of weight hourly space velocity (WHSV)
	Comparison between gas composition and thermodynamic equilibrium calculations
	The kinetic model of catalytic steam gasification of MSW

	Conclusions and future work
	Acknowledgment
	References


