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Abstract
Approximately 50 million ton of municipal waste is generated in Pakistan per annum and most of this waste does not 
reach final deposit sites. In this research, Silvia gas technology for municipal solid waste (MSW) steam gasification is 
studied to produce high energy density product gas. A detailed simulation model is developed with the help of Aspen 
Plus®. Catalyst coal bottom ash along with lime (CaO) as sorbent is employed for tar reduction and improving the hydro-
gen (H2) yield in the product gas. The effect of gasification operating temperature and the ratio of steam to feedstock 
on synthetic gas composition, hydrogen (H2) yield and heating values of synthesis gas was studied. Coal bottom ash 
along with CaO had a substantial effect on hydrogen (H2) yield and synthesis gas production. Rise in steam–MSW ratio 
increased the hydrogen (H2) from 58 to 74.9% (vol.). The maximum value of hydrogen (H2) production, i.e., 74.9% by 
vol. was achieved at a steam–feedstock ratio of 1.9. A maximum of 79.8% by vol. hydrogen (H2) was attained at 680 °C 
gasification operating temperature with 1.3 ratio of steam to feedstock and coal bottom ash 0.07% by wt. High value 
of 13.1 MJ/Nm3 of hydrogen-rich synthetic gas was achieved at 680 °C. The acquired results lay the foundation for the 
economic feasibility study and pilot plant for MSW usage for hydrogen production.

Highlights
A simulation model is developed with the help of Aspen Plus® to study the municipal solid waste steam gasification for 
hydrogen production.
The maximum value of hydrogen (H2) production i.e., 74.9% by vol. was achieved at a steam-feedstock ratio of 1.9.
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1  Introduction

The energy consumption has been increasing progressively and by 2040 it is expected to increase by 50% because of 
industrialization, rapid economic growth, and population thus resulting in the rise of fuel demand [1]. Conventional fuels 
e.g., petroleum, natural gas etc. are used to meet this high demand. Such non-renewable sources are limited in amount 
and going to deplete soon [2]. Thus, it is imperative to find and develop alternate energy sources. Secondary sources 
(hydrogen) or renewable energy like biomass, hydropower, solar, wind etc. are best to replace these conventional ones [3].

Municipal solid waste (MSW) is one of the significant issues we are experiencing due to, urbanization and industrializa-
tion. Other than its non-renewable constituents MSW is a major source of biomass [3, 4]. In 2015, global MSW generation 
was estimated about 1.3 billion ton per annum, with an annual growth rate estimated at 4–5.6% in developed countries 
and 2–3% in developing countries [5]. In 2010, roughly 0.64 kg of MSW per person (0.68 billion ton per year) was resulted 
by an urban population of 2.9 billion. According to the World Bank’s “Urban Development and Local Government Unit” 
report, by 2025 current waste produced by 1.2 kg/capita per day increased up to 1.4 kg/capita per day (2.2 billion ton 
per anum) [6] and thus overstraining the existing waste disposal system.

For renewable energy, MSW can be converted into solid fuels (char or carbon), liquid fuels (tars, bio-oil, and heavier hydro-
carbons) and gaseous fuel (CO, H2, CH4, C2H4, C2H6, and C6H6) with the help of any of the route mentioned in Fig. 1. Among 
these process gasification is an efficient auto-thermal process [7]. The energy recovery and product gas specific heat is higher 
because of the high syngas (CO, H2) yield, while in liquefaction and pyrolysis the yield is lower because of complex nature and 
occurrence of secondary reactions between volatiles and hot solid particles [8]. Furthermore the conversion of the liquid fuels 
obtained from pyrolysis and liquefaction in the form of bio-oil is not economically feasible, whereas synthetic gas from gasifica-
tion is readily convertible into synthetic natural gas by using CO and CO2 catalytic methanation process [9]. Additionally, the 
synthesis gas from gasification can directly lead to the electricity generation and reduce the waste disposal expenditures. All 
these factors suggest gasification the most feasible process either for energy production or petrochemical derivatives [10].

By 2010 approximately 122,106 MW of energy was being produced utilizing gasification technology all across the 
globe, and the contribution of biomass including MSW was 0.33% of the total energy produced while the rest of thermal 
energy is produced by coal, gas, petroleum, and coke [10]. Yang et al. outlined the recent development in the field of 
gasification and its capacity growth all-around the world. By 2030, the usage of refuse-derived fuel for energy purposes 
is forecasted to reach 2.6 billion metric ton [11]. Arafat et al. reported the recent development in the field of gasification 
and its capacity growth all-around the world [12].

In the gasification process, the feed is converted into gaseous fuel which is used to produce energy, or the biomass even 
coal is converted into chemical feedstock, to produce useful chemical products [13]. Gasification is carried out under controlled 
gasifying medium/agent, which can be oxygen, air or steam [14]. To achieve an optimum H2 to CO ratio post-gasification 
cleaning of synthetic gas is required. Inorganic impurities are best removed in successive order as their removal might gen-
erate other undesired products. Initially quenching with the help of water removes ash and residual char. Followed, by COS 
and HCN hydrolysis. The NH3 and halides are removed via water scrubbing before adsorption of H2S. For tar removal either 
(1) nickel-based catalytic cracking or (2) high temperature cracking or (4) solvent (methyl ester) scrubbing is utilized. Catalytic 
cracking completely get rid of tar from the synthesis gas but can cause catalyst deactivation and poisonous gas buildup [15].

The catalyst utilized in gasifier promotes the cracking of higher hydrocarbons into small chain hydrocarbons 
and gases improves gas quality. It also tends to improve reaction kinetics making lower temperature gasification a 
possibility [15]. Several researchers have reported various cost-effective and efficient catalysts for the gasification 
process. Some of them are discussed below in Table 1.

Akhil et al. analyzed the influence of various integration options for biofuels systems based on gasification on the 
greenhouse gas (GHG) emissions reduction potential, annual net profit and fuel production price [26].

Along with suitable catalyst, fluidized bed gasifier has been reported to achieve about 60% (vol.) hydrogen [27]. 
Besides, the cost of hydrogen production via MSW gasification is competitive with natural gas steam reforming. 
Taking issues of conventional waste disposal system and environmental benefits into account, MSW gasification is 
a promising option for hydrogen synthesis.

Simulations studies of biomass gasification provide rigorous information about the process. Such studies can be 
categorized into steady-state and dynamic models and steady-state models can be further categorized into kinetic 
systems and kinetic-free system [28–30].

To design and simulate the unit operations and processes without carrying rigorous calculations several software 
packages e.g. Aspen Plus®, Aspen HYSYS® are available. In Aspen Plus®, fluidized bed reactor library model exists 
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[31]. Such problem-oriented package can be used for gasifier modeling, prediction of synthesis gas composition, 
hydrogen yield for specific feed and to identify best-suited gasification agent for feedstock, gasifier operating condi-
tions. Previously, researchers have utilized Aspen Plus® to understand the principles of gasification. They simulated 
different types of coal gasifier, indirect liquefaction process, methanol synthesis, power plants based on integrated 
coal gasification combined cycle (IGCC) and their contributions are discussed in below Table 2.

Hydrogen from synthetic gas offers an encouraging energy alternative for developing countries like Pakistan where 
the MSW production rates are high and other energy resources are limited. Lahore is the densely populated city in 
Pakistan (9788/km2 in 2020) [32]. Almost 7200 ton MSW is generated daily which presents itself with a concerning 
dileman of waste disposal management [33]. Additionally, National Electric Power Regulatory Authority (NEPRA), 
Pakistan is willing to provide a competitive upfront tariff (U.S. $ 10,007/kWh) for the application of gasification in 
waste-to-energy systems however, only a few studies have been reported in Pakistan for MSW gasification [34]. Even 
with theses studies, no tangible results has been reported for the Lahore-based MSW. All these factors itself presents 
an ideal opportunity to explore the possibility of Lahore’s MSW as potential energy source.

The primary objective of this work is to evaluate the efficiency of municipal solid waste gasification system designed by Bat-
telle Columbus Laboratories i.e., Silvia Gas Technology under varying operating conditions to assess the exergetic proficiency 
of the feedstock to synthetic gas conversion with the help of simulation model. The findings of this case study will lay down 
the foundation for the environmental feasibility and socio-economic recommendation of Silvia gas technology in the context 
of Pakistan. Coal bottom ash is used as a catalyst. The influence of steam to feedstock ratio (S/F) on the synthetic gas composi-
tion and effect of temperature is investigated. For simulation studies temperature range of 500–700 °C and 0.5–2 (wt./wt.) S/F 
was selected. Altogether, the overall performance of the pilot plant is computed. It is not only focused on the overall energy 
production feasibility but also evaluates the performance efficiency of dual bed circulating fluidized gasifier in Aspen Plus®.

2 � Silvia gas technology

Patented by Battelle Columbus Laboratories, the process employs dual-fluidized bed gasifier in which MSW undergo 
the gasification process using steam as gasification agent. Gasification occurs in indirectly heated circulated fluidized 
bed (CFB) reactor utilizing the heat of parallel blown CFB char combustion chamber. It produces high energy density 
product gas as not diluted with N2 and without the need of oxygen plant.

Gasification model has been developed by energy, chemical and mass balance principles. The hydrogen (H2) produc-
tion route consists of several successive units comprising MSW gasification, synthesis gas trim cooler, carbon monoxide 
shift reactor, methanation reactor. Modeling is carried out by the Gibbs free energy minimization equilibrium method 
[41]. Input specification and process flowchart for this Silvia gas technology plant is present below in Table 3 and Fig. 2, 
respectively.

Fig. 1   Biological and ther-
mochemical routes for MSW 
conversion
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Table 3   Input specification for 
Silvia gas technology model

Input Specifications

Municipal solid waste flow rate 20.4 t/h
Steam flow rate 7.5 t/h
Catalyst 0.07 wt.% coal bottom 

ash pre-mixed with 
feed

Adsorbent 1.4 wt.% lime

Coal bottom ash use as catalyst provides an efficient and environment friendly path of recycling solid waste. The 
higher stability of coal bottom ash provides catalytic support by impregnating of other active components for several 
different reactions.

3 � Materials and methods

3.1 � Selection of waste and its characterization

Feedstock data used for this gasification model is based on the MSW generated in Lahore city situated in Pakistan. 
Approximately 36,300 households were considered for the survey carried out by Lahore Waste Management Company 
(LWMC) in 2012 to evaluate the waste generation per house.

The survey methodology is as follows:

1.	 Designing and conduction a survey based on a questionnaire, categorizing selected material to develop worksheets 
to sort out waste.

2.	 Information collection regarding the households inside the premises of the study area.

MSW forwarded to the LWMC for characterization process is given below in Fig. 3. Results were consistent with typical 
developing country characteristics [45].

Ultimate and proximate analysis of MSW is present in below Table 4.
Based on following equations [47], and survey results as reference, MSW of approximately 36,300 houses has to be col-

lected on a daily basis for 50 MW capacity power plant.

3.2 � Bed material in gasifier

Sand is used as bed material in the primary (1st) stage of gasification while dolomite (CaO) is used in the secondary (2nd) 
stage. In pilot plant developed by Battelle Columbus Laboratories, nitrogen flow is varied at a rate of 7–8 Nm3/h. Dolo-
mite (CaO) acts as an adsorbent as well as a catalyst. It increases the tar reduction and cracking process. The dolomite is 
composed of 88.5%CaO.

3.3 � Coal bottom ash

It is a mixture of alkaline nature oxides. Aluminum oxide (Al2O3), magnesium oxide (MgO) and Fe2O3 promotes catalytic 
qualities of coal bottom ash. The composition of coal bottom ash used for simulation purpose is taken from Huaneng 
Shandong Ruyi Power Plant, Sahiwal, Pakistan and is given below in Table 5. This specific coal bottom ash is produced 

(1)Net energy production per capita = MSW generated per capita x LHV of MSW

(2)Net energy production per house = Net energy production per capita x Avg. number per house

(3)Number of houses for 50 MW = 50 MW∕Energy produced per house
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from coal of different origins including Australia, New Zealand, Indonesia, China and South Africa. For developing model 
in Aspen Plus® it is assumed that coal bottom ash is uniformly distributed in the circulating bed reactor. Catalytic activ-
ity of coal bottom ash is incorporated in the Aspen Plus® model with the help of existing adjustor model in Aspen Plus® 
library and by combining the FORTRAN based written code with Aspen Plus® model.

Fig. 2   Silvia gas technology flowsheet
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Hazardous, 0.87
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Fig. 3   Lahore 2012 MWC characterization [46]
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3.4 � Aspen Plus® simulation model

3.4.1 � Assumptions

Silvia Gas Technology modeling was carried out under following assumptions.

1.	 Rapid devolatilization of feedstock yields volatile products i.e. CH4, CO, H2, CO2, H2O [48].
2.	 All feedstock particles size is uniform and spherical.
3.	 Char is composed of ash and carbon.
4.	 The gasification reactions involving char initiates from the bed and move along in the freeboard.
5.	 At gasification operating temperature the tar is altogether converted into fifteen different hydrocarbons therefore, 

higher chain hydrocarbons and tar are not considered.

3.5 � Aspen Plus® model description

Gasification process carried out for hydrogen production is comprised of four main operations: biomass feeding 
system, gasification unit, steam generation and effluent treatment (particulate separator, moisture and impurities 
removal). The description of these units can be summarized in block operation for modeling in Aspen Plus® and are 
given in Table 6 [41].

Non-conventional solids of feedstock are those which do not participate in phase equilibrium calculations. Due 
to its non-defined molecular weight, MSW is considered as heterogeneous solids in Aspen Plus®. These unfamiliar 
components of feedstock were defined with the help of the Peng-Robinson– Boston-Mathias (PR-BM) property library. 
Generally, PR-BM is used for oil and gas production (OILGAS), gas processing: hydrocarbon separation (GASPROC) and 
coal processing: combustion (COALPROC) [49]. PR-BM established properties of pure as well as mixed component 
properties. DCOA-LIGHT and HCOALGEN library was used to determine the density and enthalpy of MSW.

In RYield MSW is converted into hydrogen (H), carbon (C), oxygen (O), sulfur (S), nitrogen (N), ash and inert. The 
whole set of gasification reaction is considered with an assumption that the char is solely comprised of carbon. The 

Table 4   Lahore MSW 
Properties [46] Proximate analysis wt.%

Moisture (wet) 51.2
Volatile Matter (dry ash free) 42.5
Fixed Carbon 11.2
Ash (dry) 46.8
Ultimate analysis wt.% dry ash free
Carbon 55.82
Hydrogen 2.68
Oxygen 37.4
Nitrogen 2.1
Sulfur 1.6
Inert 0.4

Table 5   Coal bottom ash 
composition

Component Composition % Component Composition %

SiO2 33.7 MgO 0.65
Al2O3 12.9 Na2O 0.59
Fe2O3 6.98 P2O5 0.3
CaO 6.34 BaO 0.22
TiO2 0.89 Misc 2.09
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yield distribution is based on the ultimate analysis. From RYield the stream is then fed into the fluidized bed reactor 
block. Based on hydrodynamic parameters, fluidized reactor block consists of two sections—dense bed and free-
board. Perfect and uniform mixing inside the fluidized bed reactor block is safeguarded by the constant and stringent 
motion of bed material. For each reactor block the reaction kinetics are defined individually through built-in reaction 
models. The kinetic and equilibrium rate were used to define the gas phase reactions and to quantify the products 
of char gasification reactions. At 350 °C super-heated steam is used as gasification medium [41]. For simulation 
purpose, MSW is introduced into the system at a rate of 20.4 t/h. Steam consumption is calculated with reference to 
the sub-stochiometric conversion of MSW during the gasification reactions. Based on MSW proximate and ultimate 
analysis as shown in Table 4 steam flow rate is set at 7.5 t/h. which is found to be optimal steam consumption for the 
sub-stochiometric reactions in given case. MSW feedstock is pre-mixed with the coal bottom ash and then introduced 
into the system. The input specifications for the Aspen Plus® model are specified in Table 3.

Flowsheet schematic of the Silvia gas technology simulation model developed in Aspen Plus® is given below in 
Fig. 4. The MSW first entered in RYIELD block where based on feed material composition it is decomposed. This stream 
then entered the ideal mixing environment of CFB block. In CFB block built-in reaction models are used to define 
the kinetic and exiting stream composition. The stream then entered Cyc-Sep for separating particulates from the 
gaseous product stream. Reactions initiated in CFB block can proceed further in CFB1 block for the process to carry 
out efficiently. Afterwards the product gas stream can cool down in COOLER block and post-gasification purification 
takes place in SCRUB block.

Reactions participating in MSW gasification process are listed below in Table 7 [3].

4 � Results and discussion

4.1 � Model results

MSW atmospheric gasification with the help of steam was simulated for 500–700 °C temperature range and 0.5–2 
steam to feedstock ratio using 1.4% sorbent-feedstock ratio and 0.07% of coal bottom ash catalyst. It was observed 
that for lower operating temperature higher S/F ratio was required to promote water–gas shift reaction thus increas-
ing the hydrogen yield and ultimately reducing tar. Maximum yield of hydrogen (H2) i.e., 79.8% was observed at a 
temperature of 680 °C and S/F ratio of 1.3 (Tables 8, 9).

4.2 � Effect of gasification operating temperature on synthetic gas yield

For simulation studies and a better understanding of the gasification process, atmospheric gasification process of MSW 
with the help of steam was converged in Aspen Plus® for different temperatures ranging from 500–700 °C. Based on 
simulation results the effect of gasification operating temperature on product gas composition and LHV and HHV is being 
discussed. From various studies and experimental results, it was previously established that 0.07% catalytic coal bottom 
and 1.4% sorbent is the optimum amount to carry out biomass specially MSW gasification [4].

Table 6   Simulated unit operations description [41]

Input (Type 
of Block)

Description Function

RStoic Stoichiometric reactor Used for pre-drying process i.e., reduces moisture contents of feedstock
RYield Yield reactor Based on mass balance converts MSWs non-conventional components into conventional ones
RGibbs Gibbs free energy reactor Gives synthesis gas equilibrium composition i.e., prohibits chemical equilibrium of specified 

reactions for gasification modeling
Flash Separator Separates the dried MSW
RadFrac Reaction kinetics-based modeling approach (LHHW model)
Sup-HTR Superheater For superheated steam formation
Cyc-Sep Cyclone separator For separating particulate matters from product gas
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With the increase in temperature, synthesis gas composition and hydrogen yield vary significantly as shown in below 
Fig. 5. As the temperature increases from 600–700 °C, the hydrogen yield rises from 45.8 to 79.1% (by vol.) at constant 
steam to biomass ratio (1.3). At the same time with the increase in temperature the CO yield in synthetic gas is reduced 
from 19.8 to mere 7.9% (vol.). This change in fuel gas composition and hydrogen yield can be explained due to the exo-
thermic and endothermic nature of gasification reaction mentioned in above Table 7. From temperature ranging from 500 
to 700 °C the hydrogen (H2) yield and synthetic gas composition were mainly because of the water–gas shift reaction [50].

Similar behavior for catalytic steam biomass gasification has been discussed for the temperature range of 650–695 °C. 
1.4 wt.% CaO as an absorbent plays an essential role in synthetic gas composition. The use of CaO increase the hydrogen 
(H2) and synthetic gas yield, giving the merest fraction of CO at 700 °C. Previously, for steam gasification researchers 

Fig. 4   Simulation model for MSW steam gasification in Aspen Plus®

Table 7   Reactions involved in 
MSW gasification [3]

Reaction Equation Heat of 
Reaction 
(kJ/mol)

Combustion reaction C + O → CO – 111
C + O

2
→ CO

2
– 283

Bourdouard reaction C + CO
2
→ 2CO  + 172

Methanation reaction C + 2H
2
→ CH

4
– 75

2C + 2H
2
O → CH

4
+ CO

2
 + 103

Water–gas shift reaction C + H
2
O → CO + H

2
 + 131

CO + H
2
O → CO

2
+ H

2
– 41

Carbonation reaction CO
2
+ CaO → CaCO

3
– 170.5

Steam reforming CH
4
+ H

2
O → CO + 3H

2
 + 206

Table 8   Temperature effect 
on synthetic gas composition 
with 1.25 (w/w) S/F ratio, 1.4% 
sorbent and 0.07% catalytic 
coal bottom ash

Components Temperatures

500 °C 550 °C 600 °C 650 °C 680 °C 700 °C

H2 46.5 58.1 71.8 74.2 79.8 79.1
CO 19.8 13.4 10.8 9.5 7.7 7.9
CH4 21.9 19.2 10.1 10.2 8.6 8.8
CO2 11.8 9.3 7.3 6.1 3.9 4.2
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have discussed the use of CaO as catalyst and adsorbent on synthetic gas composition during steam gasification [37]. 
When the temperature is increased from 500 to 700 °C, the methane volume fraction decreases from 23.6 to 10.2% (vol.) 
as shown in Fig. 5. The decrease in methane fraction is due to the endothermic nature of methane reforming reaction 
which in turn increases hydrogen (H2) and carbon monoxide (CO) yield in synthetic gas. Temperature range of 500–700 °C 
is vital for hydrogen yield in dual bed fluidized gasifier along with CaO sorption [51].

In literature, for biomass steam gasification, decline in methane (CH4) fraction is reported with the rise in tempera-
ture from 650 to 700 °C using a fluidized bed gasifier [52]. The endothermic tar reduction reactions are also favorable at 
elevated temperatures which increases the hydrogen (H2) fraction in synthetic gas. In this study, it was observed that 
with temperature rise to 700 °C hydrogen (H2) yield increases while carbon dioxide (CO2), carbon monoxide (CO) and 
methane (CH4) fraction in synthetic gas decreased. Inayat et al. [50] validated the results as they investigated the increase 
in H2 contents for in-situ empty fruit branches steam gasification. Concerning temperature rise, increase in H2 and syngas 
composition was also reported for steam catalytic gasification of pine sawdust feedstock with CaO sorption [53, 54].

Heating values of synthetic gas mainly depends on the H2, CO and CH4 contents and can be calculated using their 
molar content by using following equations [55]

With increase in temperature from 500 to 700 °C LHVsyngas decreased from 17.8 to 10.9 MJ/Nm3 as shown in Fig. 6. 
Similar trend for heat values was reported for the semi-batch gasifier operation of palm residue [52]. Hoque et al. [56] 
performed experimental gasification studies of rice husk, saw dust and coconut shell in fixed-bed gasifier with air as 
gasification medium and found the cumulative heating value of synthetic gas approximately 8.67 MJ/Nm3.

4.3 � Effect of the steam‑feedstock ratio on synthetic gas yield

Steam is among the most preferred and capable gasification agent because of its higher yield of synthetic gas without 
diluting it with N2 and high hydrogen content [14]. Steam gasification also facilitate tar cracking and possess benefits 

(4)LHVsyngas =
(

25.7H2 + 30CO + 85.4CH4

)

0.0042

(5)HHVsyngas =
(

30.52H2 + 30.18CO + 95CH4

)

0.0041868

Table 9   Steam to MSW ratio 
effect on synthetic gas at 
gasification temperature of 
650 °C, 1.4% sorbent and 
0.07% catalytic coal bottom 
ash

Components 0.5 1 1.5 1.9 2

H2 58.9 61.4 69.9 74.9 71.9
CO 17.9 17.4 13.4 10.2 11.9
CH4 12 10.8 7.6 7.9 8.1
CO2 11.2 10.4 9.1 7.0 8.1

Fig. 5   Effect of gasification 
operating temperature on 
synthetic gas yield at 1.5 
(w/w) S/F ratio, 1.4% sorbent 
and 0.07% catalytic coal bot-
tom ash
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such as optimum residence time and higher enthalpy value of synthetic gas. In this case study, steam gasification of MSW 
in the presence of catalytic coal bottom ash and dolomite as an adsorbent has been simulated. The effect of steam to 
feedstock ratio (w/w) varying from 0.5 to 2 on synthetic gas yield was reported. For this case study, the temperature at 
650 °C, MSW feed rate 5.15 kg/h., CaO-MSW ratio 1.4 and 0.07% catalytic coal bottom ash was kept constant. As shown 
in Fig. 7 the hydrogen yield in synthetic gas was 58.9% when S/F ratio was 0.5 and it increased to 71.2% at S/F ratio of 1. 
The maximum hydrogen yields 74.9% was achieved at S/F ratio of 1.9. This rise in hydrogen (H2) fraction is because of 
the methane reforming, char gasification and water–gas shift reaction [14].

With the increase in S/F ratio, syngas yields also increased. Rise in hydrogen (H2) fraction with the increasing steam to 
MSW ratio. Moreover, the yield of methane (CH4), carbon monoxide (CO) and carbon dioxide (CO2) decreased with the 
rise in S/F ratio. The rise in steam consumption shifts the equilibrium of water–gas shift reaction in the forward direction. 
This behavior has already been reported in the literature [57, 58].

At S/F ratio of 2, high CO contents were observed at approximately 15.9%. Such high fraction in CO fraction can 
be explained by the steam methane reforming. These reactions were also observed in previous case studies of steam 
gasification. For MSW steam gasification, the methane fraction decreased from 11.9 to 8.2% (vol.). This is because of the 
rise in the steam consumption encouraged by steam reforming and lessened methane (CH4) fraction in the synthetic 
gas. Optimal S/F ratio is of huge importance as excessive steam can lead to the reduction of gasifier temperature [59].

The lower yield of carbon dioxide (CO2) in synthetic gas shows the sorption properties of dolomite (CaO). The higher 
synthetic gas yield is because of the catalytic coal bottom ash i.e. MgO, Fe2O3 and Al2O3. Iron oxide (Fe2O3) and aluminum 
oxide (Al2O3) in catalyst improves the char gasification yield.

By using the above Eqs. (4) and (5), LHV and HHV of product gas can be calculated [55]. With the increase in S/F ratio, 
the LHVsyngas decreased due to decline in CO and CH4 content.

Khan et al. [60] also observed the decline in enthalpy of product gas in case of atmospheric steam gasification. The 
HHVsyngsas decreased from 18.1 to 14.4 MJ/Nm3 with the increase in S/F ratio. This decline is because of the low fraction of 
carbon monoxide (CO) and methane (CH4) at S/F ratio of 2 as shown in Fig. 8. It was observed that the decline in methane 
(CH4) and carbon monoxide (CO) yield was higher than the increase in hydrogen (H2) fraction.

Xiong et al. [24] reported the significance of MgO, CaO, Fe2O3, and Al2O3 in coal bottom ash for synthetic gas yield, 
tar cracking and cold gas efficiency. The hydrogen yield increased while the contents of carbon dioxide (CO2), carbon 
monoxide (CO) and methane (CH4) decreased. Due to the water–gas shift reaction and steam reforming reaction, the 
fraction of hydrogen (H2) increased. For tar reduction, the use of catalytic ash (coal bottom) was also reported in coal 
pyrolysis case study [61]. The catalyst enhanced the carbon conversion into the gaseous product as well as the cracking 
of tar, due to which hydrogen yield increased in the product gas. Chin et al. [62] observed less residual amount left after 
the gasification process conducted in the presence of catalyst as compared to the non-catalytic process. The dolomite 
(CaO) used as sorbent in steam gasification encourages the steam methane reforming and water–gas shift reaction 
during the gasification process. The dolomite (CaO) adsorbed carbon dioxide (CO2) via the shift reaction to form CaCO3. 
This dolomite effect arises in two steps: an initial step (1st), rise in hydrogen fraction is because of the catalytic effect on 

Fig. 6   Effect of gasification 
operating temperature on 
heating values (LHV/HHV) of 
synthetic gas with 1.5 (w/w) 
S/F ratio, 1.4% sorbent and 
0.07% catalytic coal bottom 
ash
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steam reforming and tar reduction reactions; it is followed by, rise in H2 fraction because of carbon dioxide capture via 
dolomite [63].

The carbon dioxide (CO2) sorption moved the equilibrium of the water–gas shift reaction and steam reforming in 
the forward direction, which in turn results in rise of H2 fraction in the product gas. Khan et al. [60] acknowledged the 
significance of dolomite in the gasification process and reported the hydrogen (H2) and synthetic gas sensitivity to 
dolomite (CaO) in the literature [64].

5 � Conclusions

Energy is an integral component for the economic and technological development of any country. The industrial growth 
and educational development is limited if the energy resources are not reliable. On the other hand, the global industrial 
revolution and dense population is causing global warming. To cater the aftereffects of the global warming there is a 
need to change the pattern of energy e.g., from fossil fuels to waste-to-energy. In this paper  municipal solid waste (MSW) 
is explored as an alternate renewable energy source. The steam gasification of MSW was carried out in Aspen Plus® to 
determine the viability of MSW as feedstock to produce H2. In this simulation, coal bottom ash was used as a catalyst 
while dolomite (CaO) as adsorbent. With the rise in temperature from 500 to 700 °C, hydrogen yield increases from 45.8 
to 79.8% (vol.) and at the same time the CO fraction decreased from 23.6 to 10.2%. At temperature of 650 °C, the use of 

Fig. 7   Effect of S/F ratio on 
product gas composition at 
gasifier temperature of 650 °C, 
1.4% sorbent and 0.07% cata-
lytic coal bottom ash
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dolomite (CaO) as sorbent enhanced the synthetic gas and hydrogen (H2) yield by giving the lowest fraction of carbon 
dioxide (CO2). The LHVsyngas declined from 17.8 to 10.9 MJ/Nm3 with the temperature rise from 500 to 700 °C. The use of 
steam as a gasifying agent has a significant effect on hydrogen yield in synthetic gas but at a range. As S/F increased the 
H2 fraction also increased from 58.9 to 74.9%. At S/F ratio of 0.5 the hydrogen (H2) yield was 58.9% which then increased 
to 71.2 at ratio of 1. Maximum hydrogen yield was achieved at S/F ratio of 1.9 which was 74.9% (vol.). However, with the 
increase in the S/F ratio, the HHVsyngsas decreased from 18.1 to 14.4 MJ/Nm3. The decline in the HHVsyngas is due to the 
increase in CO2 yield and presence of H2O in the product gas.

It can be concluded that the hydrogen yield from MSW steam gasification is relatively high which consequently makes 
the energy generation from gasification product gas relatively cheap albeit lower when compared with the processes like 
incineration. However, steam gasification still has the advantage of producing multiuse gaseous products like methane (CH4). 
High moisture contents present in MSW feedstock lower the steam gasification efficiency but increase the yield of hydro-
gen (H2) and lower the carbon monoxide (CO) yield. To make a final decision about the steam gasification plant feasibility 
for hydrogen production it is advisable to carry out the economic analysis as well as the techno-feasible study. The results 
obtained from this model combined with the system performance can act as guidelines for the process optimization soon.
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