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Chapter 1

Waste to Energy and Syngas
Enrique Posada and Gilmar Saenz

Abstract

Getting energy from waste is one of the best alternatives for sustainable han-
dling of waste. Mass burning is generally the preferred option. Usually, this applies 
to large facilities where more than 500 tons of waste per day are treated. Syngas 
production from waste has also been tried with mixed success. This chapter reviews 
the situation in this field and proposes an alternative based on co-combustion with 
coal as a possible route, applied preferably to treat municipal solid waste (MSW) 
and biosolids from small- or medium-sized municipalities, producing less than 200 
tons of waste per day, with the aim of generating electric energy. For this, a theo-
retical model is proposed and applied to a specific case.

Keywords: waste to energy, municipal solid waste, design, modeling,  
syngas composition, technologies, experience, electric energy, coal, co-combustion

1. Introduction

This chapter deals with the possibilities of making use of municipal solid waste 
(MSW) in combined gasification systems with coal to help solving two situations. 
One is the need for a more sustainable use of highly available coal resources and the 
other is the need for a more sustainable handling of domestic solid wastes, which 
are not properly disposed. When these two combine, as is the case for a country like 
Colombia, there are real spaces for the use of waste to energy technologies.

Coal is an abundant resource in many places of the world. Unfortunately, the 
combustion of coal has been clearly associated with the generation of CO2 and global 
warming, which has caused a tendency to gradually abandon coal as an energy 
resource, preferring natural gas and renewable energy. This is a worrying situa-
tion for a country like Colombia, which possess very large coal deposits. Currently, 
this country is exporting large amounts of coal and this contributes largely to the 
generation of income. In this sense, it is important to find applications for coal, both 
in chemical process and more sustainable energy systems and also develop ways for 
CO2 recovery and conversion that allow for the continuous use of coal.

The waste problem is very important in developing countries like Colombia [1]. 
With 49 million people in 2017 and its population mostly concentrated in the Andean 
highlands and along the Caribbean coast, it has 31 cities of more than 200,000 
habitants and 65 with more than 100,000; being one of most urbanized countries 
in the region, its urban population is estimated at 76%. Informality and poverty are 
big problems, and these come associated with informal waste recycling practices. 
With a medium generation of 0.54 kg/hab./day, the estimated daily generation is 
around 26,000 tons. Colombia is a model in the region in the recycling of paper and 
cardboard, with a recovery of 57%. This has to do with the existence of industrial 
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plants able to use these materials in their process, which has favored a well-organized 
recycling scheme. Currently in the country, the recycling rate of waste such as paper, 
cardboard, glass, metals, and plastics is 17%, and by 2019, the goal will be to achieve 
a recycling target of 20% as a result of the implementation of regulatory instruments 
in the public cleaning services and the tariff frameworks, processes that the national 
government advances. The rest of the waste goes to waste dumps or sanitary land-
fills as there are not any thermal treatment facilities in the country. Very few of the 
landfills facilities have water lixiviate  treating plants or methane burning systems. 
Space is becoming an issue and there are growing concerns and limitations about the 
growth of the landfill system areas in the coming years. In other cases, environmen-
tal concerns are becoming more and more important [2–5].

Waste to energy systems are very important for the sustainable disposition of 
municipal waste as has been consistently shown in developed countries. This has 
to do with available technology. In general, in developing countries, there is lack of 
companies that can manufacture equipment for thermal treatment systems capable 
of handling hundred or thousand tons per day of mixed waste, burning them in a 
controlled way, generating electricity, and controlling the air pollution problems 
related to this. This means that local responsible waste-handling entities will tend 
to look for solutions with external providers and this means usually very high initial 
investments. As shown in the case of China and India, this can be changed, creating 
competitive sectors in the WtE technology, able to confront their own situations 
and to export technology and equipment.

Engineering and design are very important components of the necessary 
technology for the development of WtE (waste to energy) systems in a country. 
Implementing these systems requires detailed studies and planning activities and 
it is advisable to do the projects considering all the engineering stages. There is 
always the temptation and the idea that the projects can be accelerated and put into 
place based on the experience and support of suppliers and makers, by means of 
EPC developments. The idea being that in such a way, the engineering stages can be 
simplified or even avoided. This normally is a much costlier and rigid solution and 
does not contribute to developing local technology and desired prosperity. In the 
solution of the problems, there is ample space to develop a region, as compared to 
relying only on externally provided solutions.

One of the most important stages is the development of conceptual studies and 
engineering based as much as possible on local expertise, duly backed, of course 
with external experience and support. The authors are part of an international 
working group known as WTERT supported by Earth Institute at Columbia 
University [6]. The Waste to Energy Research and Technology Council (WTERT) 
brings together engineers, scientists, and managers from universities and indus-
tries worldwide and the authors belong to the Colombian chapter, which is sup-
ported by ACIEM (Engineering Colombian Association). WTERT tries to identify 
and advance the best available waste to energy technologies for the recovery of 
energy or fuels from municipal solid wastes and other industrial, agricultural, and 
forestry residues. The authors are also project engineers at HATCH, an interna-
tional engineering company, and have experience in waste to energy systems for 
industrial applications.

As part of their work, they participated in a project aimed at using gasification 
systems based on the co-combustion of coal with biosolids coming from a munici-
pal water treatment system [7–9]. This chapter considers using this technology for 
waste to energy systems applied to municipal solid waste (MSW). It reviews the 
situation in this field. This, in order to explore the basis for an alternative based on 
co-combustion with coal for generating syngas in small- or medium-sized munici-
palities, produces less than 200 tons of waste per day. It develops a theoretical 
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model applied to the specific case of municipal waste similar to the one generated at 
the city of Medellin, where the authors work, co-gasified with available local coal.

Gasification processes involve the reaction of carbonaceous feedstock with an 
oxygen-containing reagent, usually oxygen, air, steam, or carbon dioxide, generally 
at temperatures in excess of 800°C. It involves the partial oxidation of a substance 
which implies that oxygen is added but the amounts are not sufficient to allow the 
fuel to be completely oxidized and full combustion to occur [10]. The main product 
is syngas, which is a mixture of gases including CO and H2, which can be used to 
produce fuels and chemicals, or be burned to generate heat or electricity. Some 
by-products are ash and tars depending on the technology used.

The basics of the gasification process can be found in many publications and 
books. MSW gasification has been an object of many studies also and the process 
details and specificities have been compiled and documented. Zafar [10] shows 
the qualitative basics, advantages, and disadvantages, as well as classifications 
depending on the technology, feedstock, and reactors, focused on municipal solid 
waste. Arena [11] presents a deeper treatment of the gasification technology, the 
chemistry, reactor and technology description and comparison, and environmental 
aspects. In his thesis, Klein [12] also analyzes these aspects in depth and also consid-
ers investment and operative costs with data of operating plants at that time.

In terms of co-gasification, specific studies have been carried out showing the 
technical feasibility of the technique, and quantifying the improvements depending 
on the co-gasification agent.

Koukouzas et al. analyzed co-gasification of MSW with coal. They evaluated 
the techno-economic feasibility, of a 30-MW (e) co-gasification power plant 
based on integrated gasification combined cycle (IGCC) technology, using lignite 
and refuse-derived fuel (RDF), in the region of Western Macedonia, Greece. The 
preliminary cost estimation indicated that this plant was not profitable, due to high 
specific capital investment and in spite of the lower fuel supply cost. The estimated 
cost of electricity was not competitive, compared to the dominating prices for the 
Greek electricity market [13].

Hu et al. studied a three-stage system for co-gasification of MSW with high-alkali 
coal char. Tar content was controlled to as low as 11.3 mg/Nm3 and HCl to 17.6 mg/
Nm3. Lower heating value attains 12.2 MJ/Nm3, meeting the intake-gas conditions for 
internal combustion engines. They concluded that high-quality syngas can be pro-
duced at a steady yield rate of 1.57 Nm3/kg from three-stage gasifier, due to dichlori-
nation and catalytic tar cracking action of high-alkali coal char at a low cost [14].

Co-gasification of MSW with switchgrass cuttings, by means of a small 
commercial-scale downdraft gasifier (100 kg/h), indicates that co-gasification of 
up to 40% MSW performed satisfactorily. The heating values of syngas were 6.2, 
6.5, and 6.7 MJ/Nm3 for co-gasification ratios of 0, 20, and 40%, respectively; in the 
same cases, the cold and hot gas efficiencies were 60.1, 51.1, and 60.0% and 65.0, 
55.2, and 64.4% [15]. Eghtedaei et al. also analyzed co-gasification with biomass and 
found an improvement in the H2 concentration [16].

The co-gasification with the bottom ash has been studied, finding improvements 
in the final ash quality and the gas emissions without important changes in the 
operability and syngas quality [17].

These few examples show that in principle, not only MSW gasification, but also 
co-gasification are feasible at different scales, including commercial scale. Many 
companies or institutes have developed their own process routes with particulari-
ties to be more efficient or suitable for the feedstock. In addition to the studies 
reviewed, some other successful cases could be considered.

Enerkem has effectively developed its own process to obtain methanol and 
ethanol from MSW through gasification and has an operating plant in Alberta, 
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55.2, and 64.4% [15]. Eghtedaei et al. also analyzed co-gasification with biomass and 
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These few examples show that in principle, not only MSW gasification, but also 
co-gasification are feasible at different scales, including commercial scale. Many 
companies or institutes have developed their own process routes with particulari-
ties to be more efficient or suitable for the feedstock. In addition to the studies 
reviewed, some other successful cases could be considered.

Enerkem has effectively developed its own process to obtain methanol and 
ethanol from MSW through gasification and has an operating plant in Alberta, 
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Canada [18]. Mitsubishi Heavy Industries has a medium-sized plant in Kushiro, 
Japan, which has been operating since 2006, processing 240 T/day of MSW 
(2 units × 120 T/day), producing 4.6 MW of electricity. Their technology includes an 
ash melting system that improves the ash quality and controls the dioxin emissions 
[19]. Currently, Fulcrum-Bioenergy is preparing the construction of a MSW gasifi-
cation facility in Nevada (USA) to produce 10 million gallons a year of biofuels [20]. 
Aries Clean Energy has different facilities already working in the USA. In Sanford, 
Florida, they installed a fluidized bed gasification plant for 30 T/day biosolids 
from a sewage treatment plant [21]. In Lebanon, Tennessee, a downdraft reactor 
gasifies 64 T/day of biomass to produce heat that is used with organic Rankine cycles 
(ORCs) [22]. The same technology was used in Covington, Tennessee, with a reactor 
of 12 T/day mixture of wood residues and sludge moving a 235-kW ORC [23]. In 
Boral Bricks, Alabama, 12 modular downdraft systems were used to process residual 
wood to produce syngas to be burned in brick furnaces [24].

Tanigaki et al. have reviewed the operation of two plants in Japan. They reported 
more than 46 gasification facilities working nowadays in Japan but focused on the 
two more recent ones, one processes MSW with higher operating hours and lower 
consumables in Japan. The other one is focused on its waste flexibility, processing 
not only MSW but also IBA, rejects from recycling center, and sewage sludge. They 
show the reliability of these plants as well as their effectiveness on the MSW treat-
ment, energy efficiency, and accomplishing environmental requirements [25].

There are many gasification facilities in the world. A good review of them can be 
found in the Worldwide Syngas database of the Global Syngas Technology Council 
[26]; here, the facilities can be located and filtered by feedstock, product, and 
technology among others. In the following studies, in addition to very good techno-
logical reviews of the MSW thermal treatment, especially on gasification, there are 
sets and lists of plants, facilities around the world with their capacities and owners.

• Thermal municipal solid waste gasification [27].

• Thermal processing of waste [28].

• Municipal solid waste (MSW) to liquid fuels synthesis, volume 1: Availability 
of feedstock and technology [29].

• Feasibility study on solid waste to energy: Technological aspects [30].

• Gasification of non-recycled plastics from municipal solid waste in the United 
States: Thermal municipal solid waste gasification [31].

• Thermal plasma gasification of municipal solid waste (MSW) [32].

There can be found good examples of feasible and working projects for MSW 
treatment; however, it is important to note that these projects have specific and con-
textual difficulties. Hakan Rylander, an experienced actor in WtE, is a bit skeptical 
about gasification of MSW, mostly because of the heterogeneity of the feedstock, 
and because the energy balance sometimes has turned out to be negative [33]. Also, 
Tangri and Wilson [34], make an interesting risk analysis of the gasification and 
pyrolysis of MSW. They conclude that “the potential returns on waste gasification 
are smaller and more uncertain, and the risks much higher, than proponents claim,” 
“Technical and economic challenges for gasification projects include failing to meet 
projected energy generation, revenue generation, and emission targets. Gasification 
plants also have historically sought public subsidies to be profitable.” At the end of 
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the document, there is a list of ten notable cases of plants and facilities around the 
world that have stopped operations.

There is no general rule to assure success of a MSW gasification or co-gasifica-
tion facility; it depends on the technology used, the nature and variability of the 
feedstock, and strongly on the local cost and price structure. Where landfilling is 
still cheap and permitted, WtE tends to be not an economically feasible option. But 
where waste disposal is becoming more regulated and costly, a WtE plant of this 
kind is a great option to reduce the amount of material disposed and its inertness 
while having a benefit, that could be the obtention of energy or of value-added 
chemicals.

2.  Modeling of municipal solid waste and coal co-combustion to  
generate syngas

This section develops a theoretical model applied to the specific case of munici-
pal waste. The basic information for this is the composition of the MSW and of the 
coal to be used, plus their heat powers. Tables 1 and 2 show the data used. These 
tables have been prepared by authors based on several studies made during their 
work with coal boilers and power plants at Colombia. Two cases are considered for 
the waste. In the first one, waste as currently generated, the average quality of the 
MSW is considered in the city of Medellin, which is quite rich in organic materials 
and, so, very high in water content. In the second case, previously separated waste is 

Water content % wet basis 7.20

Carbon % dry basis 68.77

Hydrogen % dry basis 4.55

Nitrogen % dry basis 1.27

Oxygen % dry basis 12.08

Sulfur % dry basis 0.45

Ashes % dry basis 12.87

High heat value (dry basis) KJ/kg 25,911

Lower heat value (wet basis) KJ/kg 23,155

Table 1. 
Coal properties considered [35].

Case As generated Separated

Water content % wet basis 45.58 24.93

Carbon % dry basis 42.70 38.50

Hydrogen % dry basis 5.93 5.35

Oxygen % dry basis 37.95 34.22

Ashes % dry basis 13.42 21.93

High heat value (dry basis) KJ/kg 16,244 14,647

Lower heat value (wet basis) KJ/kg 8,129 10,111

Table 2. 
MSW properties considered [35].
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Figure 1. 
Scheme of the basic model used.

considered, removing 75% of organic material, 50% of paper, 20% of plastics, 55% 
of glass, 60% of cardboard, and 50% of metals of the generated waste. This would 
amount to 45% of the initial as generated MSW.

Gasification is modeled considering three combinations for co-gasification, 
identified by the mass ratio of coal to MSW: 0, 0.25, and 0.50. Saturated steam was 
supplied at 4 bar relative pressure (ambient pressure 1 bar) with steam-to-MSW 
mass ratios between 0.0 and 1.0 and heated air (120°C) was supplied with air-to-
MSW rates between 1.70 and 5.0. Figure 1 schematizes the basic model used.

The following chemical reactions were considered for the equilibrium calcula-
tions in the simulations. No methane generation was considered. Sulfur was con-
trolled by the addition of calcium carbonate at a mass ratio of 0.0163 to coal.

  C +  CO  2   ↔ 2CO   (1)

  CO +  H  2   O ↔  CO  2   +  H  2     (2)

   H  2   + 1 /  2O  2   ↔  H  2   O   (3)

  C +  H  2   O ↔ CO +  H  2     (4)

  C + 1 /  2O  2   ↔ CO   (5)

  CO + 1 /  2O  2   ↔  CO  2     (6)

  C +  O  2   ↔  CO  2     (7)
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An iterative model calculation was developed using the solver routine of MS 
excel in which the concentrations of syngas were iterated with temperature until the 
expected convergence was found with species mass balance, energy balance, and 
chemical equilibrium.

Iterations were performed as follows:

• Final syngas temperature is assumed.

• Volumetric fractions of CO2, CO, H2, and H2O in syngas are assumed.

• Fraction of C converted as per reactions (1), (4), and (5) are assumed.

• Fraction of O2 converted as per reaction (3) and forming CO are assumed.

• Fraction of CO converted as per reaction (2) is assumed.

• With the partial fractions of syngas, equilibria constants for reactions (1) to (7) 
are found.

• With syngas temperatures, equilibria constants for reactions (1) to (7) are also 
found.

• A convergence limit was established for the comparison of these two equilibria 
constants. This was set as less than 15% maximum error for each reaction.

• Mass balance was checked for each species with a convergence limit of less  
than 5%.

• Energy balance was performed comparing energy formation based on reac-
tions (1) to(7), outgoing syngas enthalpy, incoming vapor and air enthalpy and 
heat losses (sensible heat, wall and ashes loses). A convergence limit of 5% was 
established.

Energy formations (kJ/kmol) used were as follows for syngas forming reactions.

  C +  2H  2   ↔  CH  4   (g) , − 74.520  

   H  2   + 1 /  2O  2   ↔  H  2   O (g) , − 241.818  

  C + 1 /  2O  2   ↔ CO (g) , − 110.525  

  C +  O  2   ↔  CO  2   (g) , − 393.509  

Enthalpy of syngas was calculated based on syngas composition and specific 
heat values for each component, depending on temperature, using the expressions 
of the form: Cp/R = A + B·T + C·T2 + D·T − 2; T (K) where A–D are constants for 
each gas component and R is the universal gas constant.

Figures 2–12 show the results of the iterations for all major resulting variables. 
Comments are included for them.

Syngas temperatures tend to increase with higher coal-to-MSW ratios. For 
each ratio, there is a characteristic curve which indicates higher temperatures for 
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lower air-to-MSW ratios and lower temperatures for higher steam-to-MSW ratios. 
Temperatures tend to be higher for the case of the separated MSW. Figure 1 indicates 
the real working ranges for the simulations. With no coal use, the only range of air-
to-MSW ratios that gave convergence in the simulations was in the neighborhood of 

Figure 2. 
Resulting syngas temperature.

Figure 3. 
Resulting heat value in syngas as % of feed heat value.

Figure 4. 
Syngas flow, kg/kg feed.
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1.70. At higher coal-to-MSW ratios, the air-to-MSW ratio can be higher, all the way to 
5.0. Syngas temperatures will be between 600 and 940°C.

Syngas heat values tend to increase for higher coal-to-MSW ratios, but this was 
not entirely consistent. Syngas heat value simulations showed percentages between 
60 and 80% of feed heat value and this does not change with steam-to-MSW ratios 
and tends to decrease with air to MSW ratios.

Syngas flow is linearly related to the studied variables. It increases with air-
to-MSW ratio and with steam-to-MSW ratios. The values for the simulated range 
oscillate between 2.5 and 5.0 kg of syngas per kg of feed. The syngas flow is, basi-
cally, the result of adding the incoming flows, discounting the ash emissions. The 
behavior and the ranges are quite similar for both situations of MSW studied.

As shown in Figure 5, syngas heat value is quite independent of steam-to-MSW 
ratio. It increases with air-to-MSW ratios and, of course, with coal-to-MSW ratios. 
As compared to the MSW’s lower heat value, it tends to be lower, as expected, for 
the case of no coal co-gasification. Maximum values tend to be double as compared 
to MSW heat value, obviously because of the impact of coal co-gasification. The 
values in Figure 5 are consistent with the ones shown in Figure 3. Figure 6 shows 
the total energy content of the syngas, adding its heat value to the sensible heat 
associated to syngas temperature. Those two amount to a value close to the energy 
value coming from the total feed. It must be said that the incoming hot air and the 

Figure 5. 
Syngas heat value, kg/kg MSW.

Figure 6. 
Syngas heat value and sensible heat, kg/kg MSW.
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steam contribute with some energy also, which adds to the outgoing syngas heat 
value and sensible heat.

The behavior of the total energy in the syngas (Figure 6) is quite similar to the 
behavior of the heat value of Figure 5. The heat value corresponds to the chemical 
(combustion potential) energy associated to H2 and CO in the syngas.

Some calculations were carried out in the model to determine the potential of 
syngas to generate electricity. First, the sensible heat potential was determined 
based on the hot temperature of the syngas. This can be used to generate mechani-
cal work and electricity removing the sensible heat (lowering the temperature, as 
indicated in Figure 1) in a cycle similar to a Rankine cycle. To determine the poten-
tial for this, a Carnot cycle’s efficiency was calculated using as hot temperature the 
syngas temperature and as cold temperature the ambient value (25°C). With this 
Carnot efficiency, an estimation was obtained of a real efficiency based on existing 
Rankine cycles in which it is possible to get about 35% of the Carnot efficiency. The 
second estimation was based on expecting an efficiency of 30% for the cycle that 
employs the combustion heat value of the syngas. This, considering that it could 
be taken to an internal combustion engine. Combining these two efficiencies, in 
proportion to the existing contributions (that of heat value and that of sensible heat 
in the energy content of the syngas), it was possible to estimate the total efficiency 

Figure 7. 
Potential for electricity generation, kW/kg MSW.

Figure 8. 
Electricity generation, in kW, for the processing of 200 tons per day of MSW.
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of transformation to electricity and the total potential for electricity generation, 
which appears in Figure 7.

This potential is not affected by steam-to-MSW ratios. It is highly dependent, 
of course, on coal-to-MSW ratio and it is higher for lower air-to-MSW ratios. The 
potentials are higher for the case of separated MSW (between 0.75 and 2.2 kW per 
kg of MSW as compared to a range between 0.5 and 2.0 kW per kg of MSW for the 
as generated MSW case).

With these potentials, it is possible to estimate the expected electrical generation 
for a given flow of MSW. Figure 8 shows the results for a plant processing 200 tons 
of MSW per day.

These capacities will be between 4800 and 16,000 kW for the as generated 
MSW and between 6500 and 17,000 kW for the separated MSW. They are not 
affected by steam-to-MSW ratio, increase clearly with coal-to-MSW ratio, and 
decrease with air-to-MSW ratio. The ranges indicated in the graphs correspond 
to the ones for which convergence was found in the iterations, as already men-
tioned. These plants could generate amounts of electricity quite useful for a given 
small city in a country like Colombia. Considering a generation of solid waste (as 
generated) of 0.50 kg/day per habitant, the plant would produce the amounts 
indicated in Table 3 for the cases considered. The table compares these figures to 
the electric consumption of a country like Colombia, estimated at 3.90 kWh per 
day per capita.

Finally, the simulations permitted to obtain the expected composition of the 
syngas which will be shown in the next figures.

Figure 9. 
Syngas CO2 concentrations and specific emissions.
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based on the hot temperature of the syngas. This can be used to generate mechani-
cal work and electricity removing the sensible heat (lowering the temperature, as 
indicated in Figure 1) in a cycle similar to a Rankine cycle. To determine the poten-
tial for this, a Carnot cycle’s efficiency was calculated using as hot temperature the 
syngas temperature and as cold temperature the ambient value (25°C). With this 
Carnot efficiency, an estimation was obtained of a real efficiency based on existing 
Rankine cycles in which it is possible to get about 35% of the Carnot efficiency. The 
second estimation was based on expecting an efficiency of 30% for the cycle that 
employs the combustion heat value of the syngas. This, considering that it could 
be taken to an internal combustion engine. Combining these two efficiencies, in 
proportion to the existing contributions (that of heat value and that of sensible heat 
in the energy content of the syngas), it was possible to estimate the total efficiency 

Figure 7. 
Potential for electricity generation, kW/kg MSW.

Figure 8. 
Electricity generation, in kW, for the processing of 200 tons per day of MSW.
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of transformation to electricity and the total potential for electricity generation, 
which appears in Figure 7.

This potential is not affected by steam-to-MSW ratios. It is highly dependent, 
of course, on coal-to-MSW ratio and it is higher for lower air-to-MSW ratios. The 
potentials are higher for the case of separated MSW (between 0.75 and 2.2 kW per 
kg of MSW as compared to a range between 0.5 and 2.0 kW per kg of MSW for the 
as generated MSW case).

With these potentials, it is possible to estimate the expected electrical generation 
for a given flow of MSW. Figure 8 shows the results for a plant processing 200 tons 
of MSW per day.

These capacities will be between 4800 and 16,000 kW for the as generated 
MSW and between 6500 and 17,000 kW for the separated MSW. They are not 
affected by steam-to-MSW ratio, increase clearly with coal-to-MSW ratio, and 
decrease with air-to-MSW ratio. The ranges indicated in the graphs correspond 
to the ones for which convergence was found in the iterations, as already men-
tioned. These plants could generate amounts of electricity quite useful for a given 
small city in a country like Colombia. Considering a generation of solid waste (as 
generated) of 0.50 kg/day per habitant, the plant would produce the amounts 
indicated in Table 3 for the cases considered. The table compares these figures to 
the electric consumption of a country like Colombia, estimated at 3.90 kWh per 
day per capita.

Finally, the simulations permitted to obtain the expected composition of the 
syngas which will be shown in the next figures.

Figure 9. 
Syngas CO2 concentrations and specific emissions.
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CO2 specific emissions increase with steam-to-MSW ratios, with air-to-MSW 
ratios, and with coal-to-MSW ratios, although in this case depending on the air-to-
MSW ratios. Specific emissions are quite similar for both MSW cases.

CO2 concentrations show a similar behavior but their concentrations in the 
syngas tend to be somewhat lower for the case of the separated MSW.

CO specific generations decrease with steam-to-MSW ratios and also with 
air-to-MSW ratios and increase with coal-to-MSW ratios. Specific generations are 

Parameter Units As generated Separated

MSW in Colombia kg/person day 0.50 0.24

Electricity generated—low kWh/kg MSW 0.55 0.70

Electricity generated—high kWh/kg MSW 1.80 2.00

Electricity generated—low kWh/kg person-day 0.28 0.17

Electricity generated—high kWh/kg person-day 0.90 0.49

Average electricity consumption in Colombia kWh/kg person-day 3.90

Electricity generated—low % of national use 7.05 4.38

Electricity generated—high % of national use 23.08 12.51

Table 3. 
Per capita electricity generation potential with syngas plants for the considered cases in Colombia.

Figure 10. 
Syngas CO concentrations and specific generations.
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higher for the case of the separated MSW. CO is one of the two important compo-
nents of syngas and contributes to its heat value.

CO concentrations show a similar behavior and their concentrations in the 
syngas tend to be somewhat higher for the case of the separated MSW.

Figure 11 shows the behavior for the H2 gas as a component of syngas, also one 
of its two important components and a major contributor to its heat value.

H2 specific generations increase with steam-to-MSW ratios. This indicates the 
impact of the conversion of steam to H2. They decrease also with air-to-MSW ratios. 
The impact of coal-to-MSW ratios is not entirely clear and is different for the two 
MSW cases considered. Specific generations are higher for the case of the separated 
MSW, especially for the case in which no coal is used.

H2 concentrations show similar behavior and their concentrations in the syngas 
tend to be somewhat higher for the case of the separated MSW. Concentrations tend 
to be higher for the low coal-to-MSW ratios.

The water content in the syngas generated with MSW tends to be high, due to 
the high humidity of the MSW, as shown in Figure 12.

H2O specific generations increase with steam-to-MSW ratios. This indicates a direct 
relationship coming from the steam added, which is to be expected. They decrease also 
with air-to-MSW ratios. The impact of coal-to-MSW ratios is evident. When adding 
coal, the water generation diminishes, as the coal water content is much lower than the 
one in MSW. Specific generations are clearly lower for the case of the separated MSW, 
again something to be expected given the lower water content for separated MSW.

H2O concentrations show a similar behavior in relationship of the direct impact 
of the steam-to-MSW ratios. The influence of the air-to-MSW ratio is very small. 

Figure 11. 
Syngas H2 concentrations and specific generations.
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impact of the conversion of steam to H2. They decrease also with air-to-MSW ratios. 
The impact of coal-to-MSW ratios is not entirely clear and is different for the two 
MSW cases considered. Specific generations are higher for the case of the separated 
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The impact of coal-to-MSW ratios is evident as already said. When adding coal, the 
water generation diminishes as the coal water content is much lower than the one in 
MSW and their concentrations in the syngas tend to be clearly lower for the case of 
the separated MSW for the same reasons.

The water content of the syngas has an impact that should be considered in the 
options for its use. The water concentrations are so high that there could be pos-
sibilities of having water condensations on the gases if they reach the dew point 

Figure 12. 
Syngas H2O concentrations and specific generations.

Figure 13. 
Minimum cool wall temperatures to avoid water condensation.
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temperatures, which could occur at low process temperatures near cold areas, for 
example in the walls of cooling or transportation equipment. To study this, simula-
tions were made of the wet bulb temperatures assuming cooling under constant 
total pressure and getting the corresponding saturation temperatures. This simula-
tion is presented in Figure 13.

The minimum cool wall temperatures estimated in Figure 13 include a protec-
tion of 20°C, over the calculated dew point temperatures. The dew point tempera-
tures were estimated using psychrometry. The minimum temperatures increase 
with steam-to-MSW ratio, and decrease with coal-to-MSW ratios, as should be 
expected. The air-to-MSW ratio did not influence significantly. Temperatures are 
lower for the case of the separated MSW as expected.

These minimum temperatures can be guaranteed with adequate insulation of the 
processing equipment and pipe walls for the systems handling the syngas.

3. Conclusions

The theoretical model showed quite consistent results. It was possible to 
develop a way of estimating syngas characteristics for the gasification of MSW in 
co-gasification, within practical working ranges for the studied variables. This was 
done under two extreme conditions for the MSW: as generated in a town with high 
organic material content and after separation of 55% of the initial waste for recy-
cling and organics treatment (e.g., by biological composting and digestion). The 
model allowed to find the working ranges for steam-to-MSW ratios (between 0 and 
1.0); air-to-MSW (between 1.7 and 5), for co-gasification with coal; and cola-to-
MSW ratios in the range of 0.0–0.5.

The gasification can generate electricity in all these ranges, with potentials 
that go from 0.5 to 2.2 kWh per kg of MSW. For the case of a plant processing 
200 tons of MSW per day, the generation capacities would be between 4800 and 
17,000 kW. These capacities are entirely within the electricity needs of a country 
like Colombia. They are between 0.28 and 0.90 kWh per person per day, for the 
current per capita MSW generated in the country. These figures are to be compared 
to the current daily electricity per capita use, which is 3.90.

From the practical point of view, it is important to use this as a conceptual basis 
for future work seeking indications on systems that could be feasible. This will help 
doing the correct steps. Engineering and design are very important components 
of the technology necessary to impulse WtE in a country. These systems require 
detailed studies and planning activities and it is advisable to do the projects consid-
ering all the engineering stages. There is always the temptation and the idea that the 
projects can be accelerated and put into place based on the experience and support 
of suppliers and makers. This by means of EPC developments, in such a way that 
engineering stages can be simplified or even avoided. This normally is a much 
costlier and rigid solution and does not contribute to developing local technology 
and prosperity. With regard to the solution of the problems, there is ample space 
to develop a region, as compared to relying only on externally provided solutions. 
MSW co-gasification with coal seems to be a possible alternative.
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Chapter 2

Syngas Production, Properties, 
and Its Importance
Raghda Ahmed El-Nagar and Alaa Ali Ghanem

Abstract

Much attention has been focused on reducing the use of petroleum products as 
fuels, so synthetic gas (Syngas) introduces a great opportunity for energy sustain-
able developments. Syngas is created either by gasification of plants biomass or 
waste products (carbon-based) pyrolysis. In principle, Syngas can be produced 
from any hydrocarbon feedstock. It mainly affects the combustion process in 
internal combustion engines. The most important is flammability limit, which 
is very important in the safety and the laminar flame velocity or burning veloc-
ity, which is an essential parameter for the investigation of combustion chamber 
operation and emission performance. This chapter generally reviewed the syngas 
sources, production, properties, and its importance in the sustainable develop-
ment for energy.

Keywords: synthetic gas (syngas), petroleum products, pyrolysis, gasification, 
thermo-chemical process, partially combustion, flammability

1. Introduction

The synthesis gas is defined as a gas with H2 and CO as the main components 
of fuel. Row syngas contains mainly significant amounts of CO2 and H2O as well. 
Since syngas is usually used at higher pressures for synthesizing chemicals and 
fuels (Figure 1), the N2 contents must usually be minimized in syngas. Bio-syngas, 
however, are biomass produced, chemically identical to syngas. This definition is in 
accordance with the SYNBIOS-conference definition.

Syngas differ chemically from gasses normally generated by gasification pro-
cesses at low temperatures, including fluidized bed reactors [1]. To be clear, the 
gas produced by such reactors is referred to in this report as “product gas.” Product 
gas is defined as a fuel gas with H2 and CO as well as with substantial amounts of 
hydrocarbons, such as methane. Product gas contains CO2 and H2O, and often N2, 
also inevitably.

Throughout the chemical industry, syngas is a substantial intermediate product. 
Each year, around 6 EJ of syngas are manufactured globally, which is almost 2% of 
the world’s current primary energy consumption. The ammonia industry dominates 
the global market for syngas (mainly from fossil fuels like coal, natural gas, and oil/
residues) [2]. The production of hydrogen for use in refineries, for instance, the 
processing of hydrogen, and methanol are other major applications. The current 
market distribution of syngas is shown in Figure 1.
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2. Major properties of syngas

Different characteristics of syngas can affect the process of combustion in inter-
nal combustion (IC) motors. The flammability limit of the syngas is one of the most 
important properties in IC engine safety and fuel. Also, the laminar flame velocity 
[3] (burning velocity) is an essential parameter to investigate the operation of the 
combustion chamber and its emission performance.

2.1 Syngas flammability limits

The limit of flammability is usually used as an index for the flammability of 
the gas. This describes the range of the fuel concentrations in the fuel/air mixture 
at certain temperature and pressure, which allow the ignition of the flame to 
propagate and sustain the flammability limits [4] are known in line with generally 
accepted usages as those fuel-air areas where flame propagation can take place and 
where fire cannot propagate. The fuel, the spread direction, the size and the form of 
the combustion chamber, the temperature, and the pressure are primarily affected 
[4]. And for the fuel-air blend, there are two distinct flammability limits, namely 
the smallest fuel boundary the flames can propagate is called the lower flammability 
boundary (LFL), while the richest one is called the upper flammability boundary 
(UFL). The fact that H2 and CO are the principal flame-retardant components of 
syngas inherits the characteristics of these gasses. The presence of inert gasses such 
as nitrogen and carbon dioxide in the gas mixtures reduces the flammability limit.

2.2 Laminar flame velocity

The laminar flash speed is the speed at which the flame propagates in the 
direction of expansion wave surfaces under a laminar flow condition via quiet 
unbranded fuel-oxidant mixes [5]. Because LFV is highly sensitive to combustion 
chamber operations and emission performance, it is very important for the inves-
tigation of combustion chamber operations. The composition of the fuel, mixture 
equivalence ratio, temperature, and pressure affects it.

2.3 Syngas composition and its calorific value

The composition of the manufacturer’s gas depends on feedstock, particulate 
size, gas flow rate and feedstock flow, chemical reactor configurations, operating 

Figure 1. 
Present world syngas market, totally ~6 EJ/y.
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conditions or process of gasification, gasificator and catalyst, and gas residence 
time. But the temperature of the reactor, which in turn is affected by the ER value, 
mainly influences it. Furthermore, CO, H2, and CH4 concentrations in producer gas 
are also controlled by chemical reactions in the process of gasification.

There is, therefore, a considerable influence on the calorific value of the pro-
ducer gas on the type of oxidizing agent used for gasification. As ER increases 
and then the concentrations of these useful components decreases because of the 
intensification of combustion at higher ER values, the concentrations of CO and H2 
reach the maximum value. As ER increases, the concentrations of CO2 and N2 in the 
producer gas are also increased [4]. Air as an oxidant produces syngas with rela-
tively high levels of nitrogen and thus a lower heat value, which does not normally 
exceed 6 MJ/Nm3.

The producer’s gas is classified as fuel gas of low quality. The typical biomass 
gasification composition of an air-borne downdraft reactor with the oxidizer is as 
follows: 15–20% of H2, 15–20% of CO, 0.5–2% of CH4, 10–15% of CO2, and the rest 
of the component of N2, O2, and CXHY. If the concentration of fuel components is 
considerately increased and the gas is called a medium heat value, up to 16 MJ/Nm3 
[6], where oxygen or water steam or the mixture of both are used.

3. Production of synthesis gas

Synthesis gas or syngas is called carbon monoxide (CO)-hydrogen (H2)-
containing gas mixture. Carbon dioxide (CO2) and other components such as water 
(H2O) may also be present in syngas.

The chemical synthesis can be used as a building block in all products normally 
produced from crude oil or natural gas. Petrol and diesel are fuels with definitions, 
which are not based on the chemistry but on their physical qualities such as boiling 
and flashing.

The octane rating of gasoline in an internal combustion (IC) engine is empirical 
and based on its actual performance. This means that at least low-grade blending 
is possible as long as synthetic fuel matches the characteristics of petrol- or diesel-
based crude oil.

3.1  Production of fuels and chemicals from gasification of biomass/coal or 
reforming of natural gas

The feedstock must be gasified when beginning with a solid feedstock, such as 
biomass or coal. It may be necessary to ground or pulverize the feedstock before 
gasification (usually carbon). The particle fineness depends on the gasification 
type. For most biomass gasification plants, drying is required as the next step. The 
drying is integrated into a gasifier reactor vessel by certain gasifiers [7].

Following gasification, the product is a gas, known as producer gas, filled with 
impurities that must be removed. Prior to synthesis, the producer of gas usually also 
needs the ratio from H2 to CO. H2:CO Both.

3.2 Gasification

All hydrocarbon feed resources like coal, heavy oils, or combustible biomass can 
be gasified as synthesis gas. Several reactions occur in the gasificator, but the total 
reaction can be summarized by Eqs. (1) and (2).

  Biomass +  O  2   → CO +  H  2   +  CO  2   +  H  2   O +  CH  4    (1)
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By-products: tar, char, ashes.
Reaction conditions:

• High temperature (800–1000°C) and low pressure (1–20 bar)

• H2/CO ratio within 0.5 and 1.8, depending on the technologies

The reaction also can be expressed as:

  CaHbOcNd +  O  2   /  H  2   O /  N  2   → CO +  H  2   + CxHyOz +  CO  2   +  H  2   O +  NH  3   +  N  2        (2)

The solid carbon is partially oxidized with oxygen (O2), air, steam (H2O), or a 
combination of all gasification agents. CxHyOz is mostly made of methane with 
a few low percent of hydrocarbon, including ethane and ethylene (Table 1). For 
most gasifiers, gas may also contain heavier hydrocarbons such as benzene, toluene, 
and naphthalenes, depending on the feedstock and the operational parameters. 
Hydrocarbons, which are heavier than benzene, are often known as tars (Figure 2).

This is an important factor in determining the technical mechanism and the 
economic feasibility of the gasification system. Efficiencies in gasification are based 
on the biomass type used, its particle size, its ER value, and the reactor design [8].

The gasification efficiency is usually determined on the lower heating value  
basis. The efficiency is calculated as the ratio of the total energy in the producer 
gas (sensible and chemical) and the chemical energy in the feedstock (the heating 
value). Depending on type and design of the gasifier as well as on the characteristics 
of the fuel, mechanical gasifier efficiency may vary between 60 and 75%. A useful 
definition of the gasification efficiency (%) used for engine applications is as follows:

   η  m   =    H  g   ×  Q  g   _  H  s   ×  M  s  
   × 100  

where ηm is the gasification efficiency (%) (mechanical), Hg is the heating 
value of the gas (kJ/m3), Qg is the volume flow of gas (m3/s), Hs is the lower heating 
value of gasifier fuel (kJ/kg), and Ms is the gasifier solid fuel consumption (kg/s).

3.3 The yield of syngas

The syngas yield is measured by the mass of the produced in cubic meters  
per the mass of the feedstock provided to the system The yield is directly commen-
surate with the difference in ER and with the gas residence time in the reduction 
area [9]. The biomass ash content also has a considerable impact and limits the yield 
of the gas producer.

Table 1. 
Composition of producer gas [8].
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3.4 Cleaning and cooling of producer gas

The combustible gas can be used as a feedstock for the production of chemicals 
like methanol or in internal combustion engines for direct heat uses.

4. Fischer-Tropsch diesel production

One of the commercially accessible methods of manufacturing clean synthetic 
fuel from syngas is Fischer-Tropsch technique. Industrially speaking, coal/pet-coke/
biomass emits huge quantities of carbon dioxide that can be used to enhance the 
fuel production.

Because of the increased level of carbon dioxide in atmosphere and also the 
depletion of conventional fuels, scientific researches recommend the chemical 
recycling of carbon dioxide into renewable fuel and more added-value  
chemicals [8].

The production of synthetic fuel from syngas is favorable process owing to its 
portability as well as to its large quantity of chemical energy, saved without further 
processing and easy to use.

The raw syngas undergoes multiple energy intensive processes to fulfill the 
stoichiometric requirements (2.05 < H2/CO < 2.15) for Fischer-Tropsch, includ-
ing removal of carbon dioxide for subsequent sequestrating, to mitigate negative 
carbon dioxide emission impacts. Absorption techniques with mono- and diethyl 
amines are the most popular technology for the removal of carbonic gases from 
syngas. These procedures are energy intensive owing to the intermediate steps of 
absorption, desorption, and compression.

The main Fischer-Tropsch reaction is to produce aliphatic long-chain saturated 
hydrocarbons from syngas (Eq. (3)). There are a lot of side reactions that occur on 
active sites accompanying the main reaction (Eq. (4)).

Original FT reaction:

  nCO +  2nH  2   →  ( CH  2  ) n +  nH  2   O; ΔH298 K = − 152  kJmol   −1   (3)

Figure 2. 
The gasificator [8].
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• H2/CO ratio within 0.5 and 1.8, depending on the technologies

The reaction also can be expressed as:

  CaHbOcNd +  O  2   /  H  2   O /  N  2   → CO +  H  2   + CxHyOz +  CO  2   +  H  2   O +  NH  3   +  N  2        (2)

The solid carbon is partially oxidized with oxygen (O2), air, steam (H2O), or a 
combination of all gasification agents. CxHyOz is mostly made of methane with 
a few low percent of hydrocarbon, including ethane and ethylene (Table 1). For 
most gasifiers, gas may also contain heavier hydrocarbons such as benzene, toluene, 
and naphthalenes, depending on the feedstock and the operational parameters. 
Hydrocarbons, which are heavier than benzene, are often known as tars (Figure 2).

This is an important factor in determining the technical mechanism and the 
economic feasibility of the gasification system. Efficiencies in gasification are based 
on the biomass type used, its particle size, its ER value, and the reactor design [8].

The gasification efficiency is usually determined on the lower heating value  
basis. The efficiency is calculated as the ratio of the total energy in the producer 
gas (sensible and chemical) and the chemical energy in the feedstock (the heating 
value). Depending on type and design of the gasifier as well as on the characteristics 
of the fuel, mechanical gasifier efficiency may vary between 60 and 75%. A useful 
definition of the gasification efficiency (%) used for engine applications is as follows:

   η  m   =    H  g   ×  Q  g   _  H  s   ×  M  s  
   × 100  

where ηm is the gasification efficiency (%) (mechanical), Hg is the heating 
value of the gas (kJ/m3), Qg is the volume flow of gas (m3/s), Hs is the lower heating 
value of gasifier fuel (kJ/kg), and Ms is the gasifier solid fuel consumption (kg/s).

3.3 The yield of syngas

The syngas yield is measured by the mass of the produced in cubic meters  
per the mass of the feedstock provided to the system The yield is directly commen-
surate with the difference in ER and with the gas residence time in the reduction 
area [9]. The biomass ash content also has a considerable impact and limits the yield 
of the gas producer.

Table 1. 
Composition of producer gas [8].

27

Syngas Production, Properties, and Its Importance
DOI: http://dx.doi.org/10.5772/intechopen.89379

3.4 Cleaning and cooling of producer gas

The combustible gas can be used as a feedstock for the production of chemicals 
like methanol or in internal combustion engines for direct heat uses.

4. Fischer-Tropsch diesel production
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Because of the increased level of carbon dioxide in atmosphere and also the 
depletion of conventional fuels, scientific researches recommend the chemical 
recycling of carbon dioxide into renewable fuel and more added-value  
chemicals [8].
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portability as well as to its large quantity of chemical energy, saved without further 
processing and easy to use.
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stoichiometric requirements (2.05 < H2/CO < 2.15) for Fischer-Tropsch, includ-
ing removal of carbon dioxide for subsequent sequestrating, to mitigate negative 
carbon dioxide emission impacts. Absorption techniques with mono- and diethyl 
amines are the most popular technology for the removal of carbonic gases from 
syngas. These procedures are energy intensive owing to the intermediate steps of 
absorption, desorption, and compression.

The main Fischer-Tropsch reaction is to produce aliphatic long-chain saturated 
hydrocarbons from syngas (Eq. (3)). There are a lot of side reactions that occur on 
active sites accompanying the main reaction (Eq. (4)).

Original FT reaction:

  nCO +  2nH  2   →  ( CH  2  ) n +  nH  2   O; ΔH298 K = − 152  kJmol   −1   (3)

Figure 2. 
The gasificator [8].
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Carbon dioxide is also a Fischer-Tropsch waste product and considered to 
effect the targeted yield of the produced liquid hydrocarbons, and also the pres-
ence of carbon dioxide can lead to a substantial reduction in the catalytic reaction 
activity [10]. This is due to the water-gas-shift (WGS) reaction (Eq. (4)) by which 
the hydrogen lack is overcome and releases a large quantity of carbon dioxide 
during the reaction.

Water-gas-shift reaction:

  CO +  H  2   O ⇌  CO  2   +  H  2  ; ΔH298 K = − 41.2  kJmol   −1   (4)

It was reported that the carbon dioxide found in syngas plays the role of an oxi-
dizing agent on reduced Co/γ-Al2O3, which effects the conversion of carbon mon-
oxide and C5+ hydrocarbons selectivity. Another role for the carbon dioxide was 
proposed as an inert gas in cobalt-based catalysts [10]. Another approach described 
the formation of dioxide during the Fischer-Tropsch reaction that will reduce 
with the using of syngas-containing carbon dioxide as the equilibrium tends to be 
directed in the inverse direction without affecting the Fischer-Tropsch process.

The change in equilibrium of carbon dioxide is the first step in Fischer-Tropsch 
(Eq. (6)), resulting in an enhanced proportion of oxygen atoms in carbon mon-
oxide, which is retrieved by water over iron-based carboxylic catalysts comprising 
syngas. The produced carbon monoxide from this shift is further processed in the 
Fischer-Tropsch technique.

Boudouard reaction:

  2CO ⇌  CO  2   + C (s) ; ΔH298 K = − 172.5  kJmol   −1   (5)

Modified CO2-FT reaction:

   CO  2   +  H  2   ⇌ CO →  2nH  2   →  ( CH  2  ) n +  nH  2   O +  H  2   O  (6)

Direct CO2 hydrogenation:

   nCO  2   +  2nH  2   →  ( CnH  2   n) n = 2–4 +  nH  2   O  (7)

The low selectiveness of 10Co5Fe supported on carbon nanofiber catalyst to 
produce methane during Fischer-Tropsch reaction. The increase in carbon dioxide 
levels in syngas produces only 22% of C5+ hydrocarbons.

Fe3O4 catalyzes the transformation of carbon dioxide into carbon monoxide 
through the inverse response of the water-gas-shift system, while χ-Fe5C2 is 
involved in hydrocarbon production.

Catalytic transformation of syngas was demonstrated with the use of bifunc-
tional Fe-Co, backed on hierarchical HZSM-5, of 16% (mol%) carbon dioxide in 
hydrogen deficiencies. 1Fe:2Co (wt%) is the most effective bimetallic mixture of 
several combinations of iron and cobalt.

5. Conclusion

• The synthesis gas is defined as a gas with H2 and CO as the main components 
of fuel.

• The flammability limit of the syngas and the laminar flame velocity are the 
major syngas properties.
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• Syngas can be produced from gasification of biomass/coal or reforming of 
natural gas, and the yield is measured by the mass of the produced in cubic 
meters per the mass of the feedstock.

• Fischer-Tropsch technique is one of the commercially accessible methods of 
manufacturing clean synthetic fuel from syngas.
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Abstract

Industrial globalization and urbanization has placed man on a path for the quest
of energy. Conspicuously there are various types and forms of energy with
established technologies on harnessing and utilization wherein fossil fuel still
remains the cheapest with straightforward application. Although, conventional fos-
sil fuel resources are depleting because of population growth, unconventional res-
ervoirs are exploited daily with limited production due to inadequate and expensive
technology making them stand at approximately 9.1 trillion barrels poised to quell
the world’s energy insecurity for the next 100 years. The underlying basis for the
high-cost of unconventional reservoirs upgrading is the hydrogen required to seal
the alkyl chain after cracking to form low molecular weight hydrocarbons. There-
fore, in this chapter we aim to provide a comprehensive review of in-situ generation
of hydrogen from syngas via water gas shift reaction for the catalytic upgrading of
heavy crude oil and bitumen by analyzing the gas chromatography results of
gaseous effluents for the presence of syngas in the various works cited. Although,
heavy crude oil and bitumen are non-renewable the upgrading method selected is
tenable, appropriately the overall technology is partially sustainable.

Keywords: fuel, syngas, water gas shift reaction, heavy crude oil, bitumen,
hydrogen, gas chromatography, sustainability

1. Introduction

Synthesis gas (Syngas) is a gas mixture containing carbon monoxide (CO) and
hydrogen (H2) in dissimilar proportions produced from gasification of a carbon-
containing material to gaseous products [1]. Also, water gas reaction (WGR) is a
mixture of carbon monoxide and hydrogen produced by passing steam over red-hot
coke in an endothermic reaction (Eq. 1).

CþH2O ! COþH2 (1)

Cþ CO2 ! 2CO (2)

COþH2O $ CO2 þH2 (3)
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1. Introduction

Synthesis gas (Syngas) is a gas mixture containing carbon monoxide (CO) and
hydrogen (H2) in dissimilar proportions produced from gasification of a carbon-
containing material to gaseous products [1]. Also, water gas reaction (WGR) is a
mixture of carbon monoxide and hydrogen produced by passing steam over red-hot
coke in an endothermic reaction (Eq. 1).

CþH2O ! COþH2 (1)

Cþ CO2 ! 2CO (2)

COþH2O $ CO2 þH2 (3)
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Reaction 3 in the above mechanism is foremost in order to shift the carbon
monoxide entirely to hydrogen in the presence of an oxide based catalyst. This
reaction can be applied separately and it is called the water gas shift reaction
(WGSR) [2]. Detailed reaction mechanism for syngas production is displayed in
Table 1 to depict where all these fit in.

Reactions in syngas production follows series of steps subdivided into;
reforming, oxidation and carbon forming with water gas shift passing off as a very
rapid equilibrium reaction step. These three distinct reactions are independent in
their own right and characterized by the reaction condition or active ingredient.
Reforming reaction is partial combustion of methane or other hydrocarbon sources
in the presence of water to form carbon monoxide and hydrogen, while oxidation
reaction is the partial combustion of methane in oxygen to give carbon monoxide,
carbon dioxide and hydrogen. On the other hand, carbon forming reaction is the
reversible pyrolysis of methane or other hydrocarbon sources and disproportion-
ation of carbon monoxide to carbon dioxide to form carbon and syngas.

Moreover, reports of current depletion of conventional fossil fuel reservoirs
[3, 4] and increasing discoveries of heavy crude oil and bitumen deposits around
the world [5, 6] has threatened global industrialization. However, this energy inse-
curity perceived in the near future could be averted with unconventional reservoirs
upgrading which currently stands at 9.1 trillion barrels making it 70% of the world
total oil resources [5].

Conversely, syngas is a promising fuel [7]. In the past it has been used to provide
hydrogen for various industrial applications [8], and fuel sources in the case of fuel
cells [9] and methanol synthesis [10]. In Fischer-Tropsch synthesis, it is used to
manufacture liquid fuels from gas, coal or biomass [11]. Recently, it has found
application as a direct fuel in hydrogen internal combustion engines for land and air
transportations [12].

In this chapter we attempt to review the sustainable application of syngas in
heavy crude oil and bitumen upgrading via water gas shift reaction. Various works
on this area were critically discussed to ascertain the participation of syngas in the
upgrading process via gas chromatography analysis of the gaseous product which
shows high proportions of carbon dioxide and hydrogen when the starting materials
are simply water in a neutral environment with a suitable catalyst and the heavy
crude oil/bitumen hydrocarbon. Although, these hydrocarbons are non-renewable
the upgrading method selected in this chapter is tenable, as a consequence the
overall technology is partially sustainable.

Reforming reactions
CH4 þH2O $ COþ 3H2

CnHm þmH2O $ nCOþ nþ 1=2m
� �

H2

+206 kJ/mol
Endothermic

Steam methane reforming (SMR)

Oxidation reactions
CH4 þ 1=2O2 ! COþ 2H2

CH4 þ O2 ! COþH2OþH2

CH4 þ 3=2O2 ! COþ 2H2O
CH4 þ 2O2 ! CO2 þ 2H2O

�36 kJ/mol
�278 kJ/mol
�519 kJ/mol
�802 kJ/mol

Partial combustion

Carbon forming reactions
CH4 $ Cþ 2H2

2CO $ Cþ CO2

COþH2 $ CþH2O
CnHm $ nCþ 1=2m H2

+75 kJ/mol
�172 kJ/mol
�131 kJ/mol
Endothermic

Boudouard reaction

Table 1.
Reactions in syngas production.
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2. Heavy oil upgrading

Heavy crude oil and bitumen upgrading technologies can be classified into;
carbon rejection, hydrogen addition (hydrocracking) and separation processes
[13, 14]. Hydrocracking is a process of upgrading heavy crude oil in the presence of
hydrogen and a suitable catalyst, whereby the latter is usually dual functional with
the hydrogenating and cracking sites, while the former inhibits secondary reactions
that produce coke [15]. However, hydrocracking as simply defined above has been
established to be the most suitable technology for heavy crude oil and bitumen
upgrading [16]. Consequently, various methods abound for hydrocracking pro-
cesses with distinct strategy along the lines of temperature and pressure operating
conditions, type of reactors, composition and type of catalysts, and ultimately the
methods of providing hydrogen.

Hydrogen can be supplied directly as a pure gas [17–20], produced in-situ from
chemical compounds and biological species [21–24], or extracted from syngas pro-
cess in-situ via water gas shift reaction [20, 25–28]. In the first case, a significant
amount of hydrogen proceed to hydrogen sulfide (H2S) [18, 20] and the process is
over the odds [19]. The impediment of the second method is low conversion [22]
and inability to operate at relatively higher reaction conditions due to biological
species [23, 24]. However, supply of hydrogen via syngas is inexpensive [25], has
high conversion rate [26–28] and the reaction could be operated between low water
gas shift reaction (200–350°C) [28, 29] and high water gas shift reaction conditions
(350–450°C) [20, 27]. In addition, higher upgrading has been reported with pro-
cesses where hydrogen was obtained via syngas to pure hydrogen gas [26].

2.1 Catalytic reaction in neutral environment

In heavy crude oil and bitumen upgrading where the hydrogen is supplied from
syngas, the source is usually from water in-situ [13] or introduced into the reactor
alongside feedstock [20, 25–31]. Irrespective of the method of providing water, the
reactor would be pressurized in a neutral environment, usually nitrogen to mimic
reservoir conditions.

Fumoto et al. [32] studied the suppression of coke generation in upgrading of
bitumen by examining the time factor (W/F) of the catalyst and mixture of steam
and nitrogen as feedstock at 500°C and atmospheric pressure. Meanwhile, Chao
et al. [33] developed a new type of difunctional catalyst in heavy oil upgrading. The
starting materials include; 100 g of heavy crude oil and water in a designed mass
ratio, catalyst and nitrogen gas at 240°C and 3 MPa. Similarly, the role of water in
the redox reaction between bitumen and water in the presence of a suitable catalyst
was studied by Dejhosseini et al. [25]. They observed that bitumen cracking was
supported either through oxidation of active oxygen species generated from water
or hydrogen via the redox (syngas) reaction (Figure 1).

2.2 Production of syngas

Syngas process follows a series of endothermic and exothermic reaction steps,
subdivided into three major units (not in order of occurrence); reforming, oxida-
tion and carbon forming reactions as shown in Table 1 [34].

It is suitable to state here that only at temperatures above 700°C would the SMR
dominate carbon formation reactions, also the other steps of syngas production are
reversible reactions except oxidation reactions which only goes in the forward
direction.
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upgrading process via gas chromatography analysis of the gaseous product which
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the upgrading method selected in this chapter is tenable, as a consequence the
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Reforming reactions
CH4 þH2O $ COþ 3H2

CnHm þmH2O $ nCOþ nþ 1=2m
� �

H2

+206 kJ/mol
Endothermic

Steam methane reforming (SMR)

Oxidation reactions
CH4 þ 1=2O2 ! COþ 2H2

CH4 þ O2 ! COþH2OþH2

CH4 þ 3=2O2 ! COþ 2H2O
CH4 þ 2O2 ! CO2 þ 2H2O

�36 kJ/mol
�278 kJ/mol
�519 kJ/mol
�802 kJ/mol

Partial combustion

Carbon forming reactions
CH4 $ Cþ 2H2

2CO $ Cþ CO2

COþH2 $ CþH2O
CnHm $ nCþ 1=2m H2

+75 kJ/mol
�172 kJ/mol
�131 kJ/mol
Endothermic

Boudouard reaction

Table 1.
Reactions in syngas production.
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2. Heavy oil upgrading

Heavy crude oil and bitumen upgrading technologies can be classified into;
carbon rejection, hydrogen addition (hydrocracking) and separation processes
[13, 14]. Hydrocracking is a process of upgrading heavy crude oil in the presence of
hydrogen and a suitable catalyst, whereby the latter is usually dual functional with
the hydrogenating and cracking sites, while the former inhibits secondary reactions
that produce coke [15]. However, hydrocracking as simply defined above has been
established to be the most suitable technology for heavy crude oil and bitumen
upgrading [16]. Consequently, various methods abound for hydrocracking pro-
cesses with distinct strategy along the lines of temperature and pressure operating
conditions, type of reactors, composition and type of catalysts, and ultimately the
methods of providing hydrogen.

Hydrogen can be supplied directly as a pure gas [17–20], produced in-situ from
chemical compounds and biological species [21–24], or extracted from syngas pro-
cess in-situ via water gas shift reaction [20, 25–28]. In the first case, a significant
amount of hydrogen proceed to hydrogen sulfide (H2S) [18, 20] and the process is
over the odds [19]. The impediment of the second method is low conversion [22]
and inability to operate at relatively higher reaction conditions due to biological
species [23, 24]. However, supply of hydrogen via syngas is inexpensive [25], has
high conversion rate [26–28] and the reaction could be operated between low water
gas shift reaction (200–350°C) [28, 29] and high water gas shift reaction conditions
(350–450°C) [20, 27]. In addition, higher upgrading has been reported with pro-
cesses where hydrogen was obtained via syngas to pure hydrogen gas [26].

2.1 Catalytic reaction in neutral environment

In heavy crude oil and bitumen upgrading where the hydrogen is supplied from
syngas, the source is usually from water in-situ [13] or introduced into the reactor
alongside feedstock [20, 25–31]. Irrespective of the method of providing water, the
reactor would be pressurized in a neutral environment, usually nitrogen to mimic
reservoir conditions.

Fumoto et al. [32] studied the suppression of coke generation in upgrading of
bitumen by examining the time factor (W/F) of the catalyst and mixture of steam
and nitrogen as feedstock at 500°C and atmospheric pressure. Meanwhile, Chao
et al. [33] developed a new type of difunctional catalyst in heavy oil upgrading. The
starting materials include; 100 g of heavy crude oil and water in a designed mass
ratio, catalyst and nitrogen gas at 240°C and 3 MPa. Similarly, the role of water in
the redox reaction between bitumen and water in the presence of a suitable catalyst
was studied by Dejhosseini et al. [25]. They observed that bitumen cracking was
supported either through oxidation of active oxygen species generated from water
or hydrogen via the redox (syngas) reaction (Figure 1).

2.2 Production of syngas

Syngas process follows a series of endothermic and exothermic reaction steps,
subdivided into three major units (not in order of occurrence); reforming, oxida-
tion and carbon forming reactions as shown in Table 1 [34].

It is suitable to state here that only at temperatures above 700°C would the SMR
dominate carbon formation reactions, also the other steps of syngas production are
reversible reactions except oxidation reactions which only goes in the forward
direction.
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To ascertain the process of syngas during hydrocracking reactions, researchers
usually utilize gas chromatography to analyze the produced gas. Results obtained
show that in the presence of water and a suitable catalyst, these gases contain a
considerable amount of carbon dioxide, carbon monoxide and low quantity of
hydrogen assuming majority have been consumed by free alkyl chain molecules to
form light oils [20, 25].

Certainly, heavy crude oil or bitumen reactivity and hydrogen availability are
the two major factors responsible for the extent of upgrading [35]. Accordingly, the
latter is the bedrock of upcoming technologies since the former is inflexible. In
other respect, syngas could directly be injected into the upgrading process with the
intention that on contacting carbon monoxide with the catalyst additional hydrogen
would be generated for the upgrading reaction [36]. Bitumen can also be upgraded
in supercritical water, hydrogen and carbon dioxide mixtures with the hydrogen
and carbon dioxide species produced via decomposition of a carboxylic acid in the
presence of water [37].

GC-MS analysis of the produced gas after upgrading with and without catalysts
in the presence of water was used to measure the extent of upgrading and partici-
pation of water gas shift reaction in the overall process. Figure 2 displays the GC-
MS chromatogram of upgrading of heavy crude oil in the presence of alkyl ester
sulfonate copper catalyst and water, where (a) is without catalysts and (b) with
catalysts [33]. The first peak is carbon dioxide with abundance almost twice as
much with catalysts than without catalysts. Since carbon dioxide is a product of
water gas shift reaction alongside hydrogen in 1:1 stoichiometric molar ratio, it is
reasonable to conclude that syngas is involved in the catalytic upgrading of heavy
oil in the presence of water actively reducing the viscosity by 90%.

Fumoto et al. [38] exploit syngas in the form of water gas shift reaction for
oxidative cracking of residual oil to produce useful light hydrocarbon fuels. Analysis
of the gaseous product of the cracking process depicts carbon dioxide predominates.
In the experiment without catalysts, methane and other lower saturates and alkenes
constituted the gaseous effluents. Active hydrogen and oxygen species were formed
from water via syngas which are consumed in the process thereby producing excess
carbon dioxide and hydrogen as shown in Figure 3. In a similar manner, Ajumobi
et al. [39] analyzed the gaseous effluents of the upgrading of oil sand bitumen via

Figure 1.
Gas composition after the reaction of bitumen in presence and absence of cubic CeO2 nanoparticles at 450°C in
supercritical water [25].
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ceria-based catalysts in steam environment and reported higher compositions of
carbon dioxide and hydrogen in the experiments with catalysts as against that
without catalyst resulting in higher light oil yields of approximately 60 mol%
carbon. Therefore, it is evident from the foregoing that without the presence of a
suitable catalyst to provide active hydrogen from water components the upgrading
process would be impaired. Hosseinpour et al. [40] observed that the maltenes
transforms to coke during vacuum residue upgrading in supercritical water.

3. Application of syngas

Syngas dates back to energy but over the years goes by different names
depending on its starting material; producer gas, town gas, blue water gas, water
gas, synthesis gas, syngas and so on. Earlier in this chapter it has been shown that
water gas shift reaction is a pertinent step in syngas production.

Figure 2.
GC-MS spectra of the pyrolytic gas after reaction (a) without and (b) with the difunctional catalyst [33].

Figure 3.
(a) Liquid product yield and (b) gas compositions after the sequence of the reaction of residual oils with steam
over Zr/FeOx and Zr/Al-FeOx catalyst and regeneration [38].
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Owing to its significance and age, extensive research has been dedicated to the
study of syngas ranging from production to application. On the whole, syngas can
be produced from gas, oil, coal or biomass via steam reforming, partial oxidation or
gasification. The as-synthesized syngas can be applied in Fischer-Tropsch synthesis
to produce synfuels, methanol synthesis to produce methanol or water gas shift
reaction to produce hydrogen.

3.1 Syngas to synfuels

Liquid fuels can be manufactured from syngas with one of three processes; gas-
to-liquids (GTL), coal-to-liquids (CTL), and biomass-to-liquids (BTL) via the
Fischer-Tropsch synthesis [41]. The synthesis was developed in 1923 as a series of
catalyzed chemical reactions which could be summarized to the basic reaction
(Eq. 4),

nCO gð Þ þ nþm=2½ �H2 gð Þ ! CnHm þ nH2O gð Þ (4)

with the liquid fuel hydrocarbon building from the methylene group attaching
sequentially on a carbon chain. Although there have been extensive work on the
Fischer-Tropsch synthesis, the reaction mechanism is still vague. Generally, the
process requires a cobalt or iron catalyst [42, 43] to convert any carbonaceous raw
material into synthetic natural gas, liquefied petroleum gas, light and heavy petro-
leum, middle distillate, kerosene, Diesel, and waxes [44, 45].

3.2 Syngas to methanol

Methanol is an important industrial intermediate and doubles as a medium for
hydrogen storage. The synthesis is as old as wood fires, as history tells that the
methanol used in World War I was derived from destructive distillation of wood
[46]. Unlike the Fischer-Tropsch synthesis, there is established reaction mechanism
for catalytic production of methanol from syngas as far back as 1977, later modified
by the same authors in 1991 [47]. In their scheme they considered the formation of
surface species on the catalyst and production of ethanol as by-product. They
further suggested that the chain addition of methylene group to the surface
adsorbed aldehydes (species I–IV) are important steps as shown in Figure 4. In
2003, Reubroycharoen et al. [48] proposed a more simplified mechanism with Cu-
based oxide catalyst using alcohol as catalytic solvent. They successfully produced
methanol from syngas with a semi-batch autoclave reactor operating at 170°C and
50 bar reporting a one-pass yield of 47% and a selectivity of 98.9%.

3.3 Syngas to hydrogen

The importance and various application of hydrogen cannot be overemphasized.
Hydrogen has found application as industrial chemical in manufacture of fertilizers
[41], metal work [44], glass and steel production [46], and coolant in electricity
generation [47]. However, its large scale application is still in the energy sector [49]
where it is applied directly or indirectly. Direct application of hydrogen is in inter-
nal combustion engines [50] and fuel cells [51]. Indirectly hydrogen is used to
produce liquid fuel [52], methanol [53], and upgrading of heavy crude oil and
bitumen [54].

The best method of heavy crude oil and bitumen upgrading in line with sustain-
ability is in-situ generation of hydrogen considering economic and environmental
footprint [55–57]. Applications of syngas by way of water gas shift reaction have
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produced tremendous results in heavy oil upgrading. In the first place, sufficient
reaction mechanisms have been used to explain the process [58, 59], also successful
field tests have been conducted [60], and lastly there are ample reports of obtaining
better upgrading when hydrogen is supplied via water gas shift reaction as against
pure hydrogen gas [13, 27, 61].

Kapadia et al. [62] studied the in-situ generation of hydrogen from bitumen
gasification in the presence of methane via water gas shift reaction. They included

Figure 4.
Reaction steps for methanol synthesis from syngas [47].
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in their scheme; thermal cracking, low and high temperature oxidation reactions,
coke gasification, water gas shift reaction, methanation, and hydrogen and carbon
monoxide combustion reactions and solved the following elementary steps
Eqs. (5)–(17) derived from various literatures [62, 63];

Thermal cracking reactions

Maltenes ! 0:372164 Asphaltenes (5)

Asphaltenes ! 83:23 Coke (6)

Asphaltenes ! 25:2965 CxHyOz (7)

Low temperature oxidation reactions

Maltenesþ 0:43O2 ! 0:4726 Asphaltenes (8)

Asphaltenesþ 7:51275O ! 101:539 Coke (9)

High temperature coke oxidation reaction

Cokeþ 1:232O2 ! 0:8995CO2 þ 0:1COþ 0:564H2O (10)

High temperature gas oxidation reactions

CH4 þ 2O2 ! CO2 þ 2H2O (11)

CxHyOz þ 2O2 ! 0:9695CO2 þ 2H2O (12)

Hydrogen generation reactions

CokeþH2O $ COþH2 (13)

COþH2O $ CO2 þH2 (14)

Hydrogen consumption reactions

Cokeþ 2H2 $ CH4 (15)

H2 þ 0:5O2 ! H2O (16)

Carbon monoxide combustion reaction

COþ 0:5O2 ! CO2 (17)

and successfully predicted hydrogen production, bitumen pyrolysis and
aquathermolysis when compared with experimental data. They observed that at
higher temperatures the mechanism favors coke gasification and water gas shift
reaction resulting in high concentration of carbonaceous gases and ultimately
hydrogen.

A comparable experimental investigation was made in the upgrading of heavy
crude oil using Co-Mo/Al2O3 catalysts. On the one hand steam was supplied as
feedstock and on the other hand pure nitrogen was used to pressurize the reactor to
observe the effect of steam and ultimately water gas shift reaction [64]. Their
results showed that 92% viscosity reduction was obtained in the steam environment
as against 85% in nitrogen. The coke content of the product was also decreased to
11 wt% in steam as against 27 wt% obtained with nitrogen. This goes on to show that
water gas shift reaction plays an important role in the catalytic upgrading of heavy
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crude oil to produce required hydrogen needed to prevent the secondary reaction of
the carbon-carbon bond scission products during cracking to coke. This hydrogen
also come in play to reduce the recombination of active chains formed by cleavage
of C–C, C–S, C–N, and C–O bonds to form large molecules [65]. They deduce a
simple reaction steps to depict the effect of water Eqs (18)–(20).

heavy oilþH2O ! Light hydrocarbon þ gases C1 � C5;H2;CO; etc:ð Þ þ active chains
(18)

active chainsþ active H2 ! low molecular weight compound (19)

active chainsþ active chains ! high molecular weight compound (20)

An Agilent gas chromatograph refinery gas analyzer was used to determine the
composition of the produced gases from the nitrogen feedstock and those of varying
steam-oil ratio (SOR) as shown in Table 2. It could be observed that the total gas
produced with nitrogen reaction 6.61142 vol% is twice that produced in the various
SOR reactions 3.61152, 3.00644 and 3.64143 vol%. It is learnt that during heavy
crude oil cracking, hydrogen is formed from subtraction of excited saturated to
unsaturated hydrocarbons and C–H bond cleavage as shown in Eqs. (21)–(23).

2RHsaturated ! 2Runsaturated þH2 (21)

RH ! R0 þH0 (22)

RH þH0 ! R0 þH2 (23)

Gas No steam (vol%) SOR (0.1) (vol%) SOR (0.05) (vol%) SOR (0.02) (vol%)

Methane 2.33 1.15 1.27 1.46

Hydrogen 2.4 1.37 1.1 1.41

Ethane 0.82 0.06 0.033 0.03

Carbon dioxide 0.03 0.07 0.064 0.054

Ethene 0.03 0.07 0.08 0.073

Propane 0.23 0.21 0.15 0.113

Propene 0.14 0.10 0.07 0.068

i-Butane 0.12 0.14 0.03 0.062

n-Butane 0.06 0.14 0.03 0.073

i-Butene 0.051 0.035 0.034 0.044

cis-2-Butene 0.00 0.037 0.029 0.038

trans-2-Butene 0.02 0.033 0.00 0.023

n-Pentane 0.19 0.11 0.064 0.11

i-Pentane 0.17 0.07 0.034 0.064

Carbon monoxide 0.02 0.016 0.018 0.019

Hydrogen sulfide 0.00042 0.00052 0.00044 0.00043

Total 6.61142 3.61152 3.00644 3.64143

Table 2.
Produced gas composition during catalytic upgrading reaction in nitrogen atmosphere only and in combination
with steam [64].
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With the steam reaction having more advantage of generating extra hydrogen
via water gas shift reaction, it is unexpected to record lower hydrogen composition
compared to nitrogen environment. However, it is easy to perceive that the unac-
counted hydrogen for the steam experiments have been consumed during hydro-
genation, hydrodesulfurization and de-coking as reported earlier. On the contrary,
one would expect that the high composition of hydrogen reported in the experiment
without steam would increase the upgrading, lower coke formation or improve
olefin saturation. Nevertheless, it has been reported that the proton formed via
water gas shift reaction has higher hydrogenating reactivity than others [13].

Another observation in Table 2 is the high volume of methane recorded in the
reaction without steam. In the presence of water and a suitable catalyst, methane
undergoes steam-methane reforming (SMR) to produce syngas according to
Eq. (24).

CH4 þH2O ! 3H2 þ CO (24)

In a bid to further explore the resourcefulness of syngas in hydrocracking of
heavy crude oil and bitumen, hydrogenation could progress either through the
forward water gas shift reaction (Eq. 3) or reverse water gas shift reaction (Eq. 25).

CO2 þH2 ! COþH2O (25)

A comprehensive research structure was used to demonstrate this in
hydrodesulfurization of dibenzothiophene using NiMo/Al2O3 catalysts at 673 K and
30 MPa [61]. Four different mixtures; hydrogen-water, carbon monoxide-water,
carbon dioxide-hydrogen-water, and HCOOH-water were used as hydrogen
sources, and conversion were obtained in the order; carbon monoxide-water, car-
bon dioxide-hydrogen-water, HCOOH-water and hydrogen-water. It would be
observed that the carbon monoxide-water and carbon dioxide-hydrogen-water
combinations are the forward and reverse water gas shift reactions respectively.
Product analysis of the carbon dioxide-hydrogen-water mixture revealed trace
amount of carbon monoxide a product of reverse water gas shift reaction (Eq. 25).

Basically, there are two mechanisms postulated for the water gas shift reaction;
the regenerative mechanism and the associative mechanism. In the regenerative
mechanism, the redox reaction on the surface of the catalysts is responsible for the
hydrogen production [66]. It is proposed that the catalysts surface is oxidized by
water to produce hydrogen followed by reduction of the surface to convert carbon
monoxide to carbon dioxide as seen in Eqs. (26) and (27).

H2Oþ red ! H2 þ ox (26)

COþ ox ! CO2 þ red (27)

For the associative mechanism, an adsorption-desorption model was proposed
which involves intermediate and eventual desorption to carbon dioxide and hydro-
gen (see Eq. 28).

COþH2O ! intermediateð Þ ! CO2 þH2 (28)

4. Sustainability

Syngas is acclaimed to be the energy of the future [7]. Hydrogen on the other
hand has found application as a direct fuel in hydrogen internal combustion engine,
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an improvement from its initial application in fuel cells and energy storage. The
sustainability of syngas as a fuel could be argued in accordance with its starting
material, environmental footprint and economic implication. Interestingly, syngas
can be produced from petroleum residua, coal, biomass and a number of opportu-
nity fuels such as industrial and municipal wastes. The negative environmental
impacts of these materials cannot be overstressed as much as the positive environ-
mental impact of burning pure hydrogen coupled with growing technology of
carbon capture, ultimately leading to the green technology of syngas as alternative
fuel. However, the use of biomass and carbonaceous waste as feedstock would
require tar removal [44], coupled with the fact that the reaction mechanism of the
Fischer-Tropsch synthesis is still not well understood would negatively impact the
economic implication of producing liquid fuel from syngas.

Alternatively, heavy crude oil and bitumen resources and technology for
upgrading them is copious. Moreover, the literature is stacked with established
reaction mechanisms for supplying hydrogen to aid hydrocracking via water gas
shift reaction (or syngas). Although, they are finite non-renewable energy
resources; their abundance makes them inexpensive, utilizing in-situ water gas shift
reaction is economical and produce far less environmental footprint than supplying
pure hydrogen, and their technology is comprehensible and accessible. In essence,
syngas coupled with heavy crude oil and bitumen upgrading could provide near-
term global energy independence, while facilitating the transition to a more sus-
tainable syngas fuel.

5. Conclusion

Water gas shift reaction is an important step in the production of syngas. Inter-
estingly, the sustainability of syngas span across the raw materials, process and
application in fuel production as alternative to current and future energy demands.
Worthy of note is its application in upgrading over 8 trillion barrels heavy crude oil
and bitumen resources via water gas shift reaction to produce low molecular weight
hydrocarbon separated into gases, liquefied petroleum gas (LPG), gasoline, naph-
tha, kerosene, diesel, gas oil, lubricating oil, greases and so on in a conventional
refinery. For this purpose, hydrogen is produced in-situ from syngas with a suitable
oxide catalysts and water from dehydrated or non-dehydrated crude. Upgrading via
syngas gave lower viscosity and higher saturates. The process is also economically
viable and environmentally friendly because of the absence of hydrogen gas in the
feedstock and lower hydrogen sulfide in the gaseous product stream respectively.
Although, heavy crude oil and bitumen are non-renewable fossil fuels, their abun-
dant reserves and method of in-situ hydrogen generation during upgrading qualifies
them as future alternative fuel and sustainable resource respectively.
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Chapter 4

Syngas Fuel Production from 
Carbonaceous Feedstocks Using 
Hybrid Porous Media
Mario Toledo Torres and Nicolás Ripoll Kameid

Abstract

During the last years, hybrid porous media reactors have been developed 
aiming to partially oxidize solid and gaseous fuels to produce reducing gases. The 
gases produced are mainly composed of hydrogen (H2) and carbon monoxide, 
among other products of gasification. This hybrid process combines inert porous 
media (IPM) combustion and gasification of solid fuels by replacing a fraction 
of the inert solid volume with a solid fuel. The gaseous mixture is produced from 
carbon-rich reactants exposed to the high temperatures of filtration combustion. 
Experimental results from different solid fuels (coal, biomass, and others) and 
gaseous fuels (natural gas (NG), propane, and others) are presented, with detailed 
analysis of high temperatures (between 900 and 1800 K), velocities, and product 
gas composition of the combustion waves, which is able to produce [H2]/[CO] 
ratios from 0.2 to 10.

Keywords: hydrogen production, solid and gaseous fuels, porous media, 
hybrid filtration combustion

1. Introduction

Hydrogen (H2) and syngas production technology development has been 
concentrating most of current efforts toward more efficient and responsible use 
of fossil carbonaceous feedstocks [1, 2]. Moreover, these technologies can utilize 
energy more efficiently, supply ultraclean fuels, eliminate pollutant emissions at 
end-use systems, and significantly reduce greenhouse gases emissions, particularly 
carbon dioxide (CO2) [2]. H2 and syngas are currently mostly produced by steam 
reforming, partial oxidation, and autothermic reforming which is also known as 
oxidative steam reforming [2]. For example, H2 is mainly produced by steam meth-
ane reforming (SMR), a process that inherently releases huge amounts of green-
house gases. The primary energy sources to produce hydrogen are hydrocarbon 
feedstocks (methane, oil, and coal) with 96% of the supply, while the rest (4%) is 
attained through water electrolysis [3]. However, in past years, it has been challeng-
ing to properly forecast the availability of hydrocarbon feedstocks, which in turn 
adds to its uncertainty as a main feedstock in the H2 production chain. Therefore, 
the development of novel techniques aimed to diversify H2 and syngas production 
presents itself as highly necessary, where the gasification of biomass, for example, 
poses as a promising effort to significantly compete against fossil feedstocks [4, 5], 
with a carbon-neutral alternative.
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Several applications, processes, and configurations have been developed to 
thermochemically transform solid fuels into a gaseous fuel through a process called 
gasification. This process consists on the transformation of solid substances that 
contain carbon such as biomass, coal, or waste into a combustible gaseous product 
in the presence of air, water steam (H2O(g)), oxygen (O2), CO2, or a mixture of these 
gasifying agents. The conversion of these substances occurs at high temperatures 
(~800°C) and moderated pressures (from atmospheric pressure of up to 70 barg) 
[6–8]. The conventional gasifiers are classified based on the type of bed and direc-
tion of the gas flow [9]; the description of their functioning principles and main 
features can be extensively found in technical literature [10]. In particular, biomass 
gasification differs from coal gasification, mainly because biomass is a carbon-
neutral and sustainable energy source and because biomass is more reactive and 
features a higher volatile content than coal, which results in a lower gasification 
temperature. This reduces heat loss, undesired emissions, and material problems 
associated with high temperatures. Biomass also has a low sulfur content, which 
results in less SOX emissions, but due to its high alkali contents, like sodium and 
potassium, slagging and fouling are common problems in biomass gasification 
equipment [11]. There are several studies regarding solid fuel gasification, such as 
the results reported by [12–14]. On the other hand, disadvantages of catalytic gas-
ification include increased material costs for the catalyst (often rare metals), as well 
as diminishing catalyst performance over time. The relative difficulty in reclaiming 
and recycling the catalyst can also be a disadvantage [8].

In general terms, gasification as a process still requires further optimizations to 
enhance its energy efficiency by overcoming the main aforementioned challenges, 
such as tar production and moisture content of the biomass. Although new technolo-
gies have been developed as effective ways to utilize even toxic and wet biomass for 
power generation [15] and conventional techniques have been proven to provide a 
feasible option to reform solid fuels, there are still limitations on the characteristics 
of the fuel that restrict the use to certain feedstocks. Fixed bed gasifiers may work 
with solid fuels containing up to 50% of humidity, while fluidized bed gasifiers can 
work with solid fuels with up to 60% of humidity in the most advanced develop-
ments [16]. The products obtained in the different configurations of gasifier devices 
are mainly composed of H2, CO, CO2, H2O, N2, heavier hydrocarbons (C2–C6), ashes, 
tar, oils, and small solid carbon particles, among others. Finally, the main disadvan-
tages of conventional autothermic gasification technology are related to the produc-
tion of undesired species such as particulate matter, tar, and char. The emissions of 
these species are highly associated to the operational parameters of the process such 
as temperature, pressure, time and heating speed, solid fuel particle size, and resi-
dence time [17]. For these reasons, researchers have studied the technology of inert 
porous media (IPM) combustion detecting many important advantages, such as low 
pollutant emissions, high thermal stability, increased reaction temperature due to its 
internal heat recirculation, and extended flammability limits, among others [18–21].

The main objective of this chapter is to present the use of IPM technology for 
achieving high-temperature gasification of solid fuel in a hybrid porous media 
reactor.

2. Hybrid filtration combustion for solid fuels

IPM is a thermochemical process proven to be a feasible option to address 
current global requirements for cleaner energy sources and processes [22]. This 
technology is known to be able to produce H2 from several feedstocks and allows 
the direct use of liquid and gaseous fuels that interact with an inert solid matrix. 
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The common approaches to use the technology are the stationary and transient 
configurations.

A relation between IPM combustion and solid fuel gasification converges into 
hybrid filtration combustion (HFC), a process that combines the properties of the 
aforesaid processes by replacing a fraction of the inert solid’s volume with a solid 
fuel. In this case, a reaction wave is produced by a flow that can contain hot air, 
H2O(g), or a gaseous fuel-air mixture that propagates along the reactor reform-
ing the solid fuel inside within a wide-power-range, high-efficiency, high energy 
concentration per unit of volume and stable combustion over a wide range of 
equivalence ratios [23]. Several experimental studies on HFC for syngas and H2 
production have been conducted [24–35], showing that the technology presents a 
strong and feasible option for syngas production from gaseous and solid fuels in a 
batch configuration.

In [24] three types of algae were analyzed, showing that an increase of volume 
algae fraction in the hybrid bed and an increase of moisture content in the algae 
used increased both combustion temperature and hydrogen yields. Different gasify-
ing agents were used on experiments with biomass pellets and alumina spheres 
using equal volumetric fractions [25]. While operating with natural gas (NG), the 
combustion wave temperature increased only using insignis pine, whereas the usage 
of cereal plantation residuals enhanced the syngas production. Using steam, the 
combustion wave temperature presented a slight decrease as the steam presence 
increased. In the case of natural gas in a porous medium composed of coal and 
alumina particles [26], the flame temperature decreased with an increase of coal 
fraction, and hydrogen and carbon monoxide were dominant partial oxidation 
products. Further experimental studies [29, 31] consistently reported that hydrogen 
and carbon monoxide are dominant partial oxidation products for atmospheric 
hybrid combustion waves.

Industrial applications of HFC have been successfully implemented in Northern-
European countries, such as Finland and Russia, where two reactors capable of 
processing up to 15,000 ton/yr of municipal solid wastes (MSW) were engineered 
by the IPCP-RAS (Russia) and developed by Europrofile Ltd. in Lappeenranta 
(Finland) and Moscow (Russia) [36, 37].

3. Experimental results by hybrid filtration combustion

Figure 1 shows the experimental setup generally used in hybrid porous media 
reactors. The filtration combustion system consists of a tube, usually made of 
quartz, filled with uniformly mixed aleatory ceramic spheres and solid fuel par-
ticles. To compensate for the different thermal expansion rates of the packed bed 
and tube, the inside diameter of the tube is covered with an insulation blanket 
(ceramic fiber). Heat losses due to conduction through the tube wall are minimized 
with an additional insulation layer covering the outside of the tube. Air, fuel, and/or 
steam, metered using mass flow controllers, are premixed before entering the reac-
tor and introduced into the reactor from its bottom. The upstream or downstream 
propagating combustion wave is ignited using a lighter at the reactor exit or reactor 
bottom. System diagnostics are required to assess the temperature profile in the 
reactor and the chemical composition of the output gases. The axial temperature 
distribution of the reactor is measured by thermocouples. These thermocouples are 
housed in a multi-bored ceramic shell. A data acquisition system is used to read and 
record the temperatures. The digital conversion of the resultant analog signals is 
performed with a data acquisition board. Finally, the chemical composition of the 
flue gases is measured using a gas chromatograph.
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Several applications, processes, and configurations have been developed to 
thermochemically transform solid fuels into a gaseous fuel through a process called 
gasification. This process consists on the transformation of solid substances that 
contain carbon such as biomass, coal, or waste into a combustible gaseous product 
in the presence of air, water steam (H2O(g)), oxygen (O2), CO2, or a mixture of these 
gasifying agents. The conversion of these substances occurs at high temperatures 
(~800°C) and moderated pressures (from atmospheric pressure of up to 70 barg) 
[6–8]. The conventional gasifiers are classified based on the type of bed and direc-
tion of the gas flow [9]; the description of their functioning principles and main 
features can be extensively found in technical literature [10]. In particular, biomass 
gasification differs from coal gasification, mainly because biomass is a carbon-
neutral and sustainable energy source and because biomass is more reactive and 
features a higher volatile content than coal, which results in a lower gasification 
temperature. This reduces heat loss, undesired emissions, and material problems 
associated with high temperatures. Biomass also has a low sulfur content, which 
results in less SOX emissions, but due to its high alkali contents, like sodium and 
potassium, slagging and fouling are common problems in biomass gasification 
equipment [11]. There are several studies regarding solid fuel gasification, such as 
the results reported by [12–14]. On the other hand, disadvantages of catalytic gas-
ification include increased material costs for the catalyst (often rare metals), as well 
as diminishing catalyst performance over time. The relative difficulty in reclaiming 
and recycling the catalyst can also be a disadvantage [8].

In general terms, gasification as a process still requires further optimizations to 
enhance its energy efficiency by overcoming the main aforementioned challenges, 
such as tar production and moisture content of the biomass. Although new technolo-
gies have been developed as effective ways to utilize even toxic and wet biomass for 
power generation [15] and conventional techniques have been proven to provide a 
feasible option to reform solid fuels, there are still limitations on the characteristics 
of the fuel that restrict the use to certain feedstocks. Fixed bed gasifiers may work 
with solid fuels containing up to 50% of humidity, while fluidized bed gasifiers can 
work with solid fuels with up to 60% of humidity in the most advanced develop-
ments [16]. The products obtained in the different configurations of gasifier devices 
are mainly composed of H2, CO, CO2, H2O, N2, heavier hydrocarbons (C2–C6), ashes, 
tar, oils, and small solid carbon particles, among others. Finally, the main disadvan-
tages of conventional autothermic gasification technology are related to the produc-
tion of undesired species such as particulate matter, tar, and char. The emissions of 
these species are highly associated to the operational parameters of the process such 
as temperature, pressure, time and heating speed, solid fuel particle size, and resi-
dence time [17]. For these reasons, researchers have studied the technology of inert 
porous media (IPM) combustion detecting many important advantages, such as low 
pollutant emissions, high thermal stability, increased reaction temperature due to its 
internal heat recirculation, and extended flammability limits, among others [18–21].

The main objective of this chapter is to present the use of IPM technology for 
achieving high-temperature gasification of solid fuel in a hybrid porous media 
reactor.

2. Hybrid filtration combustion for solid fuels

IPM is a thermochemical process proven to be a feasible option to address 
current global requirements for cleaner energy sources and processes [22]. This 
technology is known to be able to produce H2 from several feedstocks and allows 
the direct use of liquid and gaseous fuels that interact with an inert solid matrix. 
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In Figure 2, the experimental results for measured combustion temperatures 
and propagation rates, and hydrogen and carbon monoxide concentrations, in the 
form of the ratio [H2]/[CO], are displayed for a range of equivalence ratio (φ) of 
0.3 < φ < 2.6. This particular graph displays profiles belonging to three different 
gaseous and solid fuel mixtures in hybrid process as natural gas and wood, propane 
and polyethylene, and butane and wood. All experiments were conducted on a 
hybrid bed composed of 50% of solid fuel and 50% inert alumina spheres.

In Figure 2A, the combustion temperatures range is from 1,000 to 1,300 K for 
lean mixtures (φ < 1.0), from 1,100 to 1,200 K in rich mixtures (1.0 < φ < 1.65), and 
from 1,200 to 1,500 K in ultrarich mixtures (φ > 1.3). The high stable combustion 
temperatures evidenced in the range of 1,000 < φ < 1,500 show that hybrid process 
feasibility is almost independent of the gaseous and solid fuels for the equivalence 
ratio experimented. The high overall combustion temperature represents that 
the reactors provide suitable conditions for the combustion chemistry to convert 
simultaneously gaseous and solid fuels into synthesis gas. This figure reveals some 
interesting characteristics of transient filtration combustion waves depicting the 
regions of wave propagating counter or concurrent to the unburned gas. At φ < 0.4 
upstream superadiabatic wave is observed. If more gaseous fuel is added in the 
mixtures, stable underadiabatic waves are developed. Underadiabatic waves are 
established from approximately φ = 0.4 to φ = 2.4. Further addition of gaseous fuels 
develops upstream superadiabatic waves at φ > 2.4.

In Figure 2B, the products of combustion comparatively show [H2]/[CO] ratio. It 
was observed that lean mixtures with higher oxygen content in the oxidizer stream 

Figure 1. 
Typical experimental setup.
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generate higher amounts of [H2]/[CO] ratios. The overall region of high ratio is 
between 0.3 < φ < 1.0. In rich and ultrarich mixtures, the [H2]/[CO] ratios are less than 
1. Of utmost importance in this chapter is the adequate ratio in the combustion prod-
ucts, since it will determine the usefulness of the obtained syngas in the desired applied 
process. From lean to rich regimes, the products of combustion are controlled by 
temperature and residence time. The process can be characterized as gaseous and solid 
fuel reforming rather than combustion such that a stable thermal process exists with a 
concentration of oxygen. This type of hybrid system is possible by the unconstrained 
movement of the combustion zone to recuperate its energy from the porous matrix.

An important operational parameter of the hybrid filtration combustion reactor 
is the mass fraction of solid fuels in the inert porous matrix. Figure 3 shows experi-
mental results for temperatures, combustion waves, and [H2]/[CO] ratios. It was 
found that the combustion temperature remains higher (900–1,700 K) in all the range 

Figure 2. 
Effect of varying the equivalence ratio on (A) maximum recorded temperatures inside the reactor (dashed 
lines) and combustion wave propagation rates (solid lines) and (B) [H2]/[CO] ratios (solid lines), for three 
different experimental sets: (1) ultralean natural gas and air mixtures with wood pellets [30], (2) rich 
propane-air mixtures with polyethylene [31], and (3) rich and ultrarich butane-air mixtures with wood 
pellets [29].
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of mass fraction presented. In high mass fraction (> 60%), temperature decreases 
because heat is necessary to convert solid fuels into syngas. The combustion waves 
for (1) and (2) were found to be totally superadiabatic over the whole range of mass 
fraction tested. With different gaseous and solid fuels, the [H2]/[CO] ratios formed 
are between 0.4 and 2.0, in all the range of mass fraction reported (Figure 3B).

4. Conclusion

In this chapter, experimental results were presented for hybrid filtration com-
bustion of different gaseous and solid fuels. Results are focused in combustion 
temperatures, waves, and [H2]/[CO] ratios with varying equivalence ratio and mass 
fraction of solid fuels in the inert porous matrix.

Figure 3. 
Effect of varying the mass fraction of different carbonaceous fuels in the porous matrix on the (A) peak 
recorded temperatures (dashed, dotted, and dash-dotted lines) and combustion wave propagation rate (solid 
lines) and (B) [H2]/[CO] ratios for three different experimental sets: (1) ultrarich natural gas and air mixture 
with bituminous coal [26], (2) steam-air mixtures with bituminous coal [23], and (3) charcoal with different 
fractions of [H2O]/[O2] [38]: (1) 1.0; (2) 2.5; and (3) 4.5.
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Depending on operational parameters, the range of high combustion tempera-
ture is between 900 and 1,800 K. Considering that the [H2]/[CO] ratios are from 
0.2 to 10, the applications for the hybrid reactor will depend on the use of this ratio 
in the next applied process.
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Abstract

The long, stable operation of Jinshi and Tianqing programs proved the feasibility 
of Lurgi gasification by using Jincheng anthracite as raw material. Compared to other 
types of coal, Lurgi gasification by using Jincheng anthracite as raw material showed 
advantages including environmental protection, water consumption, effluent 
disposal, etc. By analyzing the characteristics of Lurgi gasification by using Jincheng 
anthracite as raw material, we discussed the choice of technical route and confirmed 
that the route of industrial gas, coal chemical products, and natural gas could exploit 
the advantage to the full. Finally, techno-economic evaluation of fuel gas prepared 
by Lurgi gasification with anthracite as raw material was discussed, and the result 
showed that industrial fuel gas produced by Lurgi gasification with anthracite as raw 
material could become an alternative to natural gas in industrial fuel gas field.

Keywords: fuel gas, Lurgi gasification, anthracite, techno-economic evaluation

1. Introduction

As a large corporate group, Jincheng Anthracite Coal Mining Group Corporation 
Limited (JAMG) mainly deals with the exploitation and sale of anthracite. In the 
past, when new coal gasification technology had not been industrialized, United 
Gas Improvement Company gasification (UGI) technology was the major gasifica-
tion technology in coal chemical industry. Since the beginning of twenty-first 
century, many types of gasification technology designed for other types of coal has 
gradually industrialized and matured, such as HT-L gasification technology [1], 
SE pulverized coal gasification technology [2], GSP gasification technology [3], 
shell gasification technology [4], opposed multi-burner coal water slurry gasifica-
tion technology [5], and Texaco coal-water slurry gasification technology [6]. The 
monopolistic status of anthracite as raw material in chemical industry has been 
broken. Expanding the application of anthracite has become the key issue for the 
sustainable development of JAMG.

In China, industrial fuel gas, which was produced by two-stage coal gasification 
technology and fluidized-bed coal gasification technology, is mainly applied in 
glass industry, ceramics industry, nonferrous metal industry, etc. However, with 
the development of society, the mode of production is no longer suitable eager for 
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transformation and sustainable development. Production mode with characteristics 
of environment-friendly, supply-stable, and low cost is the development trend of 
industrial fuel gas [7, 8].

Natural gas, which is recognized as the cleanest fossil energy resource, has been 
vigorously promoted by the government in industrial fuel gas field. But as the 
characteristics of resource endowment in China are “rich coal, lack of oil, and less 
gas,” the supply of natural gas in industrial fuel gas field is far from enough. How to 
acquire other types of industrial fuel gas which can meet with the development trend 
has become the key issue for the sustainable development of glass industry, ceramics 
industry, nonferrous metal industry, etc. [7–9].

In China, the resource endowment is rich in coal and lack of oil and gas. It is a 
good way to make full use of abundant coal resources to produce industrial fuel gas. 
According to the movement state of coal and gasifier in the gasifier, coal gasifica-
tion technology has three kinds: fixed bed gasification technology, fluidized bed 
gasification technology, and entrained bed gasification technology [10, 11].

Fixed bed gasification technology mainly includes intermittent atmospheric 
fixed bed (UGI), Lurgi, BGL, etc. Intermittent atmospheric fixed bed is being 
phased out worldwide because of its high pollution and energy consumption. Lurgi 
furnace is made of crushed (lump) coal as raw material. The content of effective 
gas (CO + H2) and methane is about 65 and 8–10%, respectively. It is suitable for 
producing industrial fuel gas. Compared with other kinds of coal, the tar, phenol, 
and ammonia produced from anthracite are less difficult to treat, and the amount of 
waste water is also less [10–12].

The representative types of fluidized bed are high temperature Winkler gasifica-
tion technology and ash fusion gasification technology of Shanxi Coal Chemical 
Institute. Because the technology has many problems, such as low effective com-
ponent, high impurity (high carbon content, difficult separation), high activity of 
coal, and high ash melting point, it is seldom used in China [10, 11].

At present, the entrained flow bed is the main choice for large-scale produc-
tion. The representative furnace type is shell, space furnace (HT-L), Texaco, etc. Its 
characteristics are high reaction temperature (1500–2000°C) and high conversion 
efficiency. Its effective gas composition (CO + H2) is as high as 85–92%, while CH4 
composition is very low or almost no, and its calorific value is relatively low, so it is 
not suitable for the production of industrial fuel gas [10, 11, 13].

So, the application as an industrial fuel gas by taking Lurgi gasification, which used 
anthracite as raw material can expand consumption field of anthracite, simultane-
ously, offers a sustainable alternative choice for industrial fuel gas industry [7, 8, 13].

2. Feasibility of producing industrial fuel gas from anthracite

2.1 Status of industrial fuel gas in China

Fuel gas mainly includes natural gas, biogas, liquid gas, coke-oven gas, blast 
furnace gas, producer gas, and so on, which is widely applied in glass processing 
industry, ceramics production, non-ferrous metal smelting and melting, steel roll-
ing, refractory production, etc. The source of fuel gas is multifarious and specifica-
tion is complicated, but the market capacity is broad.

From the development of industrial fuel gas, many types of fuel were applied in 
industrial fuel gas, such as coal, electricity, heavy oil, coke oven gas, blast furnace 
tail gas, syngas, and natural gas. At present, the proportion of syngas (producer 
gas) is the largest. However, with the increasing pressure of environmental protec-
tion and publication of coal to natural gas policy, the proportion of producer gas 
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is gradually decreasing and the proportion of natural gas is gradually increasing. 
Table 1 shows specifications of fuel gases that are produced by different production 
technologies and with different raw materials.

The development of fuel gas derived from coal is shown as follows: first of all, UGI 
gasification technology, which was introduced in China in the 1930s, became the earli-
est technology for fuel gas derived from coal and the most widely applied technology 
for industrial fuel gas; because of its best adaptable to UGI gasifier, anthracite became 
the favorite raw material. Then, with the rise in price of anthracite, many enterprises 
transformed one-stage gasifier to two-stage gasifier and used low-rank lump bitumi-
nous coal as raw material to reduce production cost; simultaneously, fluidized-bed 
gasification technology sprung up and gradually promoted in industrial fuel gas, which 
led to occupy a certain proportion of the market. Now, with the development of society 
and improvement of environmental consciousness, Chinese government vigorously 
advocates the application of natural gas in fuel gas field, for its properties of being 
green, having low carbon, and being recognized as the cleanest fossil energy resource.

At present, problems such as low efficiency and high pollution generally exist 
in coal gasification technology in operation and the projects face with elimination. 
Many local governments require fuel gas industry to switch to natural gas, but 
downstream industries prefer to fuel gas derived from coal through our research. 
The reasons are shown as follows:

1. For its high price and unstable supply, the quantity of natural gas cannot  
be guaranteed at the peak of consumption.

2. For its high calorific value, high local temperature during combustion  
results in high content of nitrogen oxides, and the cost of denitrification  
is 1–3 times higher than that of coal gas.

Considering all aspects, stable supply, friendly environment, and low price are 
the future development directions of industrial fuel gas.

2.2  Choice of technical route by taking Lurgi gasification which used anthracite 
as raw material

In JAMG, the product of anthracite is primarily divided into two varieties, 
lump coal having particle size over 13 mm and slack coal having particle size below 
13 mm [16]. Lump coal is widely used in ammonia synthesis and slightly used in 
civil combustion. In 2016, the sales of lump coal in coal chemistry were 1058 × 104 
MT, which accounted for 80% of anthracite lump coal sales in JAMG. When new 
coal gasification technology has not been industrialized, anthracite lump coal was 
the high-quality raw material for chemical plant. For its scarcity and monopoly, 
anthracite lump coal had much higher price over other kinds of coal, which formed 
core competence for JAMG.

Since the beginning of twenty-first century, many types of gasification technol-
ogy designed for other types of coal has gradually industrialized and matured, such 
as HT-L gasification technology, SE pulverized coal gasification technology, GSP 
gasification technology, shell gasification technology, opposed multi-burner coal 
water slurry gasification technology, and Texaco coal water slurry gasification tech-
nology. The monopolistic status of anthracite as raw material of chemical industry 
has been broken. Simultaneously, the gradual withdrawal of UGI furnace from 
chemical industry market has become a general trend and is difficult to reverse for 
its own technical defects. If we cannot expand new application fields, anthracite 
lump coal will face the market risk of falling volume and price.
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The 13th Five-Year Plan of JAMG pointed out: till 2020, JAMG will build a 100 
million MT coal production base and anthracite raw coal output will reach 80 
million MT per year. With the gradual operation of a series of integrated coal mines, 
the output of anthracite lump coal will increase year by year. The mismatch between 
continuously increasing output of anthracite lump coal and shrinking consumption 
of anthracite lump coal is becoming the main contradiction, which perplexes the 
development of JAMG. Actively exploiting application field of anthracite lump coal 
has become the key to solve the above contradiction. Application as industrial fuel 
gas by taking Lurgi gasification, which used anthracite as raw material positively, 
responds to the above proposition.

The long-term, stable operation of Jinshi and Tianqing projects proved the 
feasibility of Lurgi gasification by using anthracite as raw material. Compared to 
other types of coal, Lurgi gasification by using Jincheng anthracite as raw material 
showed advantages including environmental protection, water consumption, efflu-
ent disposal, etc. By analyzing the characteristics of Lurgi gasification which used 
Jincheng anthracite as raw material, the choice of technical route was discussed and 
confirmed that the route of industrial gas, coal chemical products coupled with 
natural gas could exploit the advantage to the full.

Fuel gases derived from 
different sources

H2 
(%)

CO 
(%)

CH4 
(%)

C2 
(%)

C3 
(%)

C4 
(%)

C5+ (%) Calorific value 
(kcal/Nm3)

Natural gas — — 97 1.5 0.5 8200–8700

Heavy oil — — — — — — — 10,000–11,000 kcal/
kg

Liquefied 
petroleum 
gas (LPG)

Beijing — — 1.5 1.0 13.5 80.2 3.8 10,800–12,000 kcal/
kgDaqing — — 1.3 0.2 22.4 61.7 12.6

Gas from 
oil

Catalytic cracking 58.1 10.5 16.6 5 — — — 4500

Thermal cracking 31.5 2.7 28.5 26.4 5.7 — — 10,000

Syngas 
from coal

Coke oven gas 59.2 8.6 23.4 — — — — 4000–4500

Converter gas 2–3 60–70 — — — — — 2000–2200

Blast furnace tail gas 1.5–3 25–30 0.2–
0.5

— — — — 800–950

One-stage 
gasification

7–10 23–27 1.5–3 — — — — 1250–1400

Two-stage 
gasification

11–15 27–31 1.5–3 — — — — 1450–1600

Oxygen enrichment 
gasification

30–35 30–35 1.5–2 — — — — 1600–1800

Lurgi gasification 
with anthracite as 

raw coal

35–40 25–27 7.5–9.5 — — — — 2400–2600

Fluidized-bed 
gasification

39 29 — — — — — 1300–2000

Dry-pulverized 
gasification

19.9 66.3 — — — — — 2450–2650

Coal water slurry 
gasification

35–36 44–51 — — — — — 2100–2400

Note: fuel gas derived from coal to syngas refers to crude syngas at the outlet of gasifier without any treatment.

Table 1. 
Specifications of fuel gases produced by different production technologies and with different raw materials [14, 15].
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2.2.1 Operational aspect of Lurgi gasification by using anthracite as raw material

Jinshi project had a total ammonia production capacity of 30 × 104 MT per year, 
which equipped with four Lurgi gasifiers (three open, one standby). Lurgi gasifiers 
were Mark-IV type, which were designed by Saiding Engineering Co., Ltd. Gasifier’s 
specification was Φ 4000 × 12,500 mm and operation pressure was 3.0 MPa. The 
designed dry syngas output of gasifier was 38,000 Nm3/h, and designed raw mate-
rial was no. 15 anthracite (coal quality data are shown in Table 2).

It was the first time in China to produce synthetic ammonium feed gas, which 
used Lurgi gasification technology with anthracite as designed raw material. The 
project started in March 2008 and implemented the whole process in May 2014. 
Through two-and-a-half-year operation, the feasibility of long-term and stable 
operation of Lurgi gasifier with anthracite as raw material was proved. When the 
ratio of steam to oxygen was 5.1, the components of crude syngas were shown as 
follows: CO 27.8%, H2 38.4%, CH4 7.5%, CO2 24.8%, O2 0.2%, and others 1.3% and 
feed consumption was as follows: 0.53 MT raw coal/kNm3 crude syngas, 550 kg 
steam/kNm3 crude syngas, and 169 Nm3O2/kNm3 crude syngas.

Based on the Jinshi project, JAMG founded Tianqing company in Qinyang city, 
Henan province and implemented a project that had ammonia production capacity 
of 30 × 104 MT and 500 million cubic meters of natural gas per year. The project 
equipped with six Lurgi gasifiers (five open, one standby). Lurgi gasifiers were 
Mark-IV type, which were designed by Saiding Engineering Co., Ltd. Gasifier’s 
specification was Φ4000 mm × 13,000 mm, and operation pressure was 4.0 MPa. 
The designed dry syngas output of gasifier was 42,000 Nm3/h, and designed raw 
material was no. 15 anthracite.

Since coming into operation in November 2014, the project has achieved long-term 
and stable operation. When the ratio of steam to oxygen was 4.1, the components of 
crude syngas were shown as follows: CO 23.6%, H2 42.3%, CH4 8.3%, CO2 24.2%, and 
others 1.6%, and feed consumption was as follows: 0.45 MT raw coal/kNm3 crude 
syngas, 566 kg steam/kNm3 crude syngas, and 166 Nm3O2/kNm3 crude syngas.

On the basis of implementation of two above projects, JAMG set up a scientific 
and technical program which named “research and industrial demonstration of pres-
surized movable bed gasification technology for anthracite.” The research and devel-
opment mainly focused on gasifier structure, cooling process from chilling process 
to waste boiler process, and coal gas water treatment system. The program aimed to 
reduce project investment, reduce operation cost, improve energy efficiency, and 
enhance market competitiveness of Lurgi gasifier with anthracite as raw material.

2.2.2 Characteristics of Lurgi gasification by using anthracite as raw material

Compared with other types of coal, Lurgi gasification by using anthracite as raw 
material has the following advantages:

1. Because of high hardness, crush ratio and value loss are lower than that of 
other types of coal while transporting.

Industrial analysis (%) Element analysis (%) Qgr,ad 
(MJ/
kg)

Qnet,ad 
(MJ/
kg)

Characteristics 
of char residue 

(CRC)

Caking 
index 
(GRI)Mar Mad Aad Vad Cad Had Oad Nad St,ad

6.12 2.46 18.98 6.54 71.78 1.90 1.92 0.52 2.44 26.92 25.53 1 0

Table 2. 
Analytic index of no. 15 anthracite.
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2. Because of low content of volatile, there are fewer refractory organic wastes 
such as tar and phenol in crude syngas than that of other types of coal. Some 
tar and phenol separation devices in traditional Lurgi gasification technol-
ogy can be removed, and the investment can be reduced. There are almost 
no organic impurities such as tar and phenol detected in coal gas water of the 
outlet gasification section; the NH3-N and COD contents in waste water are 
200 and 400 mg/L, respectively [17], which induced the easiness of waste 
water treatment and reduction of processing cost.

3. Because of high ash melting point, the process point of gasifier is higher than 
that of other types of coal. Although the oxygen consumption is slightly higher 
than that of low-rank coal, gasification efficiency can be greatly improved. The 
coal gas yield of anthracite is the highest; the effective gas (which is consisted 
by CO, H2, and CH4) content ranges from 73 to 75%; and the calorific value of 
crude syngas is about 2500 kJ/Nm3.

With the increase of gasification temperature, the ratio of steam to oxygen 
can be decreased greatly and coal gas water treatment capacity can be reduced. 
Simultaneously, the content of organic compounds in coal gas water will decrease 
and waste water will be easier to treat.

The above advantages make Lurgi gasifier with anthracite as raw material to 
show obvious competitiveness over that of other types of coal in environmental 
protection, water consumption, effluent disposal, etc.

Certainly, compared with other types of coal, Lurgi gasification by using anthra-
cite as raw material has the following disadvantages:

1. Because of low volatile content, the content of CH4 in crude syngas is lower 
than that of other types of coal.

2. Because of low volatile content, the by-products, such as tar, middle distillate, 
phenol, and naphtha, are lower than that of other types of coal, which lead to 
low economic benefits.

The above disadvantages, to a certain extent, reduce the economy of Lurgi 
gasification device with anthracite as raw material. So, to get advantaged position 
in the fierce market competition, Lurgi gasification with anthracite as raw material 
needs to optimize the choice of technical route and identify its own position.

2.2.3  Choice of technical route by taking Lurgi gasification with anthracite as raw 
material

As indicated by research findings [18], the cost of large-scale project of coal to 
natural gas, which takes Lurgi gasification by using anthracite as raw material, is 
higher than that of other types of coal, such as Datang and Qinghua projects. Under 
current international and domestic energy landscape, the project of anthracite coal 
to natural gas is basically not profitable.

Under current economic development background, technical route of Lurgi 
gasification with anthracite as raw material has the following choices:

1. Syngas obtained from Lurgi gasification with anthracite as raw material has 
advantages such as higher calorific value, better environment protection, and 
cheaper price than natural gas, so as to expand its application in industrial fuel gas 
fields, such as glass industry, ceramics industry, and nonferrous metal industry.
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2. Syngas obtained from Lurgi gasification with anthracite as raw material has unique 
component characteristics, which should give full play and take product route of 
coal chemical products coupled with natural gas. Coal chemical route should take 
methane and ethylene glycol as products; natural gas should be sold as a high-
priced non-civil product such as vehicle fuel and industrial gas in accordance with 
the national guidelines for the development of natural gas distributed energy.

2.3  Techno-economic evaluation of fuel gas prepared by Lurgi gasification with 
anthracite as raw material

2.3.1 Process flow

Through optimized design for anthracite, mainly on gasifier structure, cooling 
process from chilling process to waste boiler process, and coal gas water treat-
ment system, Lurgi gasification by using anthracite as raw material can exploit the 
advantage and enhance market competitiveness to the full. The flow chart is shown 
in Figure 1.

2.3.2 Process index

The key factors affecting the gasification process are particle size, cohesion, 
mechanical strength, operating pressure, and temperature of the gasifier (Table 3, 
the process date of Jinshi and Tianqing projects).

2.3.3 Techno-economic evaluation

Based on the average price of raw material in the past 3 years (shown in Table 4), 
the economics of industrial fuel gas, which was produced by Lurgi gasification with 
anthracite as raw material, is discussed (shown in Table 5). Production capacity of 
crude syngas is 10 × 104 Nm3/h. In response to this, production capacity of refined 
syngas is 7.4 × 104 Nm3/h.

The result shows that total production cost of crude syngas is 653.5 ¥/kNm3, 
which is equivalent to 2.56 × 10–4 ¥/kcal.

Correspondingly, total production cost of refined syngas is 960.5 ¥/kNm3, which 
is equivalent to 2.78 × 10–4 ¥/kcal. Simultaneously, the average price of domestic 
pipeline natural gas is 2.6 ¥/Nm3, and the equivalent cost is 3.06 × 10–4 ¥/kcal. 
Therefore, fuel gas produced by Lurgi gasification with anthracite as raw material 
shows certain advantages over natural gas in cost.

Figure 1. 
Flow chart of Lurgi gasification by taking anthracite as raw material.
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Furthermore, fuel gas produced by Lurgi gasification with anthracite as raw 
material has incomparable advantages over natural gas in terms of stable supply and 
environment friendliness (hydrogen sulfide content is less than 1 mg/Nm3), which 
fully correspond to the future development direction of industrial fuel gas industry.

2.3.4  Industrial application of fuel gas produced by Lurgi gasification with 
anthracite as raw material

Shahe city is the capital of flat glass in China, where production capacity of flat 
glass accounts for about 20% of the total production capacity in China and a lot 
amount of industrial fuel gas is consumed yearly. Currently, the production mode 
of industrial fuel gas in Shahe city basically is shown as follows: each company has 
its own production device of industrial fuel gas, which produces hot coal gas with 
calorific value of about 1500 kcal/Nm3 by taking two-stage coal gasifier with low-
rank coal as raw material. This production mode will induce serious environmental 
pollution for technical defects and scattered allocation. Under the background of 

Raw material Free on board (FOB) Freight Average price

Anthracite 800 (¥/MT) 150(¥/MT) (vehicle distance < 300 km; train 
distance < 750 km)

950 (¥/MT)

Fuel coal 450 (¥/MT) 150(¥/MT) (vehicle distance < 300 km; train 
distance < 750 km)

600 (¥/MT)

Electricity – – 0.5 (¥/kwh)

Table 4. 
Average price of raw material in the past 3 years.

Name of process index Value of process index

Type of gasifier Mark-IV

Reactor temperature 900°C

Residence time 1 h

Process pressure 4.0 MPa

Capacity of single gasifier 500 MT/d

Particle size of raw coal 6–50 mm

Gasification agent Oxygen and steam

Coal consumption 450 kg/kNm3 crude syngas

Oxygen consumption 166 kNm3/kNm3 crude syngas

Steam consumption 402 kg/kNm3 crude syngas

Composition of crude syngas CO 25

H2 40

CH4 9

CO2 24

Calorific value of crude syngas 2550 kcal/kNm3

Calorific value of refined syngas 3450 kcal/kNm3

Table 3. 
Process index of Lurgi gasification by taking anthracite as raw material.
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increasingly stringent environmental policies, a large-scale, centralized industrial 
fuel gas production project is planned to construct, which can supply the need of flat 
glass production in Shahe area and meet with the need of environment protection.

Through investigation and demonstration, Zemag Slagging Gasification (BGL) 
technology and Lurgi gasification technology with Shenfu coal as raw material 
are rejected and Lurgi gasification technology with anthracite as raw material is 
applied in Shahe project, which validates the technical and economic feasibility of 
producing industrial fuel gas by Lurgi gasification with anthracite as raw material. 
The scale of project is 1.6 billion Nm3 per year, and annual consumption is 1.9 mil-
lion tons of anthracite and 0.6 billion of fuel coal, respectively, which can broadly 
expand the utilization of anthracite. Now, the project construction is proceeding in 
an orderly manner.

Furthermore, our group has established extensive contacts with many projects 
to produce news types of fuel gas, such as glass production base located in Dezhou, 
Shandong province, ceramics production base located in Linyi, Shandong province, 
and economic development zone located in Cangzhou, Hebei province. When the 
conditions are ripe, our group will follow up rapidly.

3. Conclusions

Compared to natural gas, industrial fuel gas produced by Lurgi gasification with 
anthracite as raw material has the same environmental friendliness, while stable 
supply and cost are dominant, which has outstanding technical and economic fea-
sibility. The implementation and promotion of Shahe, Dezhou, and other projects 
have also proved the above feasibility in practical applications.

Under current resource endowment of “rich coal, lack of oil and less gas” in 
China, development of industrial fuel gas produced by Lurgi gasification with 
anthracite as raw material has shown outstanding technical and economic feasibil-
ity, which can become an alternative to natural gas in industrial fuel gas field.

Index Crude syngas as product Refined syngas as product

Consumption of anthracite (t/kNm3) 0.51 0.69

Cost of anthracite (¥/kNm3) 484.5 655.5

Consumption of fuel coal (t/kNm3) 0.12 0.2

Cost of fuel coal (¥/kNm3) 72 120

Consumption of electricity (t/kNm3) 50 100

Cost of electricity (¥/kNm3) 25 50

Cost of accessories (¥/kNm3) 5 15

Variable cost (¥/kNm3) 586.5 840.5

Labor cost (¥/kNm3) 10 14

Depreciation and repair costs (¥/kNm3) 25 40

Financial cost (¥/kNm3) 35 56

Selling expenses management cost (¥/kNm3) 7 10

Fixed cost (¥/kNm3) 67 120

Total cost (¥/kNm3) 653.5 960.5

Table 5. 
Economics of industrial fuel gas that was produced by Lurgi gasification with anthracite as raw material.
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Abstract

Gasification is one of the most effective methods for upgrading different wastes, 
such as plastics and biomass, because the gas produced can be used directly as a fuel 
or as a renewable raw material for the production of chemicals and fuels. The coni-
cal spouted bed reactor (CSBR) has demonstrated to perform well in gasification 
process due to its specific features, such as (i) the cyclic and vigorous particle move-
ment that avoids bed defluidization (a limitation in fluidized beds), (ii) capability 
for handling irregular or sticky solids, (iii) high heat transfer rates between phases, 
and (iv) bed stability in a wide range of gas flow rates. However, the conventional 
CSBR is characterized by its short residence time, which involves serious problems 
for minimizing tar formation. The incorporation of a fountain confiner in the CSBR 
is key to increasing the gas residence time and improving the contact between the 
gas and heat carrier particles, thereby promoting tar cracking reactions and so 
enhancing carbon conversion efficiency from 81.5% (without confiner) to 86.1% 
under fountain enhanced regime. The quality of the syngas is clearly improved 
as the H2 concentration increases from 36 to 42% with and without the fountain 
confiner, whereas that of CO decreases from 34 to 29%, respectively.

Keywords: gasification, conical spouted bed, fountain confinement, syngas, 
biomass, plastic waste

1. Introduction

Gasification is a thermochemical process that transforms carbonaceous mate-
rials (coal, oil and its derivatives, biomass, post-consumer and industrial solid 
wastes) into syngas, with CO and H2 being its major components. The gasification 
process takes place at high temperatures (generally in the 600–900°C range or even 
higher) in the presence of a gasifying agent (air, oxygen, steam, CO2, or mixtures 
of these components) at a lower ratio than that stoichiometrically required for 
combustion. Syngas production is essential due to the increasing interest in gas to 
liquid (GTL) processes through the synthesis of methanol, dimethyl ether, and 
Fischer-Tropsch. In addition, the valorization of syngas can be integrated with 



73

Chapter 6

Development of the Conical 
Spouted Bed Technology for 
Biomass and Waste Plastic 
Gasification
Jon Alvarez, Gartzen Lopez, María Cortazar, 
Laura Santamaria, Enara Fernandez and Martin Olazar

Abstract

Gasification is one of the most effective methods for upgrading different wastes, 
such as plastics and biomass, because the gas produced can be used directly as a fuel 
or as a renewable raw material for the production of chemicals and fuels. The coni-
cal spouted bed reactor (CSBR) has demonstrated to perform well in gasification 
process due to its specific features, such as (i) the cyclic and vigorous particle move-
ment that avoids bed defluidization (a limitation in fluidized beds), (ii) capability 
for handling irregular or sticky solids, (iii) high heat transfer rates between phases, 
and (iv) bed stability in a wide range of gas flow rates. However, the conventional 
CSBR is characterized by its short residence time, which involves serious problems 
for minimizing tar formation. The incorporation of a fountain confiner in the CSBR 
is key to increasing the gas residence time and improving the contact between the 
gas and heat carrier particles, thereby promoting tar cracking reactions and so 
enhancing carbon conversion efficiency from 81.5% (without confiner) to 86.1% 
under fountain enhanced regime. The quality of the syngas is clearly improved 
as the H2 concentration increases from 36 to 42% with and without the fountain 
confiner, whereas that of CO decreases from 34 to 29%, respectively.

Keywords: gasification, conical spouted bed, fountain confinement, syngas, 
biomass, plastic waste

1. Introduction

Gasification is a thermochemical process that transforms carbonaceous mate-
rials (coal, oil and its derivatives, biomass, post-consumer and industrial solid 
wastes) into syngas, with CO and H2 being its major components. The gasification 
process takes place at high temperatures (generally in the 600–900°C range or even 
higher) in the presence of a gasifying agent (air, oxygen, steam, CO2, or mixtures 
of these components) at a lower ratio than that stoichiometrically required for 
combustion. Syngas production is essential due to the increasing interest in gas to 
liquid (GTL) processes through the synthesis of methanol, dimethyl ether, and 
Fischer-Tropsch. In addition, the valorization of syngas can be integrated with 



Sustainable Alternative Syngas Fuel

74

energy recovery systems, by means of turbines, combined cycle units, or fuel cells. 
The gasification technology has been extensively developed for coal and oil prod-
ucts and is gaining increasing interest for biomass [1, 2] in which catalysts play an 
essential role [3]. Furthermore, the upgrading of post-consumer solid wastes by 
gasification is becoming a short-term promising strategy [4].

Gasification involves several steps and complex chemical reactions, which may 
be grouped as follows: drying, pyrolysis, cracking and reforming reactions in the 
gas phase, and heterogeneous char gasification. The significance of these steps on 
the process performance and their kinetics depends on the feedstock characteristics 
and gasification conditions. The pyrolysis step involves a series of complex chemical 
reactions of endothermic nature and leads to volatiles (gases and tars) and a solid 
residue or char. The homogeneous gasification reactions include a wide variety of 
reactions, with the balance and the extent of these reactions depending mainly 
on the gasifying agent used, its ratio with respect to the feed (S/feed ratio), and 
temperature. These reactions are as follows:

    Steam reforming of hydrocarbons :   
                                     C  n    H  m   +  nH  2   O →  (n + m / 2)   H  2   + nCO ΔH >0  (1)

  Methane reforming :  CH  4   +  H  2   O ⇔  3H  2   + CO ΔH = 206 kJ  mol   −1   (2)

  Char steam gasification : C +  H  2   O →  H  2   + CO ΔH = 131 kJ  mol   –1   (3)

        Dry reforming of hydrocarbons :   
                                    C  n    H  m   +  nCO  2   →  (m / 2)   H  2   + 2nCO ΔH > 0  (4)

  Boudouard reaction : C +  CO  2   ⇔ 2CO ΔH = 172 kJ  mol   −1   (5)

  Water − gas shift reaction :  H  2   O + CO ⇔  H  2   +  CO  2   ΔH = − 41 kJ  mol   −1   (6)

It should be noted that gasification reactions are only those involving H2O 
and CO2, because O2 only promotes combustion and partial oxidation reactions 
that produce CO, CO2, and H2O. In addition, the exothermic nature of oxidation 
reactions provides the energy required for the highly endothermic steam and CO2 
reforming (Eqs. (1)–(4)) and Boudouard (Eq. (5)) reactions. Steam improves H2 
production by means of steam reforming reactions (Eqs. (1) and (2)) and also 
by enhancing the water-gas shift (Eq. (6)) equilibrium. High temperatures are 
required for promoting char gasification, especially CO2 gasification, whose kinet-
ics is between 2 and 5 times slower than under steam atmosphere and does not occur 
below 730°C [5].

The main drawback of the syngas produced is the presence of certain impurities, 
such as fine particles, organic tars, NOx, and SO2, which need to be removed before 
its application in subsequent processes [6]. In particular, tar is the main contami-
nant in the gas produced, and its content ranges from 5 to 100 g Nm−3, depending 
on the type of gasifier. However, its maximum allowable content is 5 mg Nm−3 in gas 
turbines and 100 mg Nm−3 in internal combustion engines [7, 8]. Tar is described 
as a complex mixture of condensable hydrocarbons, ranging from single-ring to 
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five-ring aromatic compounds along with other oxygen-containing hydrocarbons 
and complex polycyclic aromatic hydrocarbons (PAHs) [9]. These compounds may 
cause several operational problems, such as condensation and the subsequent plug-
ging of downstream equipment, clogging filters, and metal corrosion, which lead to 
unacceptable levels of maintenance for engines and turbines.

All the methods available for tar reduction may be classified into two groups, 
depending on where tar is removed: in situ (or primary) methods and post-
gasification (or secondary) methods. Regardless of the strategy followed, the 
optimum operating conditions, appropriate additives or catalysts, and a suitable 
reactor configuration should be established in order to obtain a gas stream with a 
maximum tar content of 2 g Nm−3 and a low content of PAH compounds [10, 11]. It 
should be noted that tar formation depends on the gasification conditions, particu-
larly on temperature, so preventive treatments are recommended to operate above 
1000°C. Aznar et al. [12] suggest injecting a secondary air stream into the freeboard 
to reduce the content of tar.

In situ catalytic cracking is one of the most promising techniques, as it allows 
reducing the need for expensive downstream operations [3, 13]. Natural minerals, 
such as olivine [14, 15] and dolomite [16], have been widely used in steam gasifica-
tion because, apart from being active for the cracking and reforming of heavy 
aromatic compounds, they are inexpensive and abundant. In addition, Ni catalysts 
have received great attention in gasification due to their higher effectiveness for 
converting tar into H2-rich gas [17, 18].

Moreover, apart from temperature and catalysts, reactor design also plays a 
critical role in gasification. Different reactor configurations are commonly used for 
the steam gasification process, which according to their hydrodynamic behavior 
can be classified as follows: fixed bed, fluidized bed, entrained flow, and rotary kiln 
reactors, among others [4]. Fluidized beds are the most commonly used due to their 
advantages, such as versatility for using different types of wastes (agroforestry, 
post-consumer, and industrial), high heat and mass transfer rates between phases, 
and bed isothermicity, which allow the scaling-up of the process to the industrial 
level [19–21]. Nevertheless, biomass or waste particles of irregular texture require a 
large amount of inert solid (sand) to promote their fluidization. In addition, small 
particle sizes (Geldart A and B) are the best for fluidization, and therefore high 
amounts of energy are required to grind and sieve the feedstock. Nevertheless, 
there is an alternative to conventional fluidized beds, namely, the conical spouted 
bed reactor (CSBR), which may handle residues of different densities and sizes 
without significant segregation in the bed. This technology allows handling larger 
particles than those in fluidized beds, including those with an irregular texture, fine 
materials, and sticky solids, with no agglomeration or segregation problems [22]. 
Moreover, the highly vigorous movements of the solids lead to high heat and mass 
transfer rates between phases [23]. Other advantages of the CSBR over the fluid-
ized bed are its simpler design (no distributor plate) and the lower sand/feed ratio 
required for the same capacity.

The main drawback of this technology for gasification is the short gas 
residence time, which hinders tar cracking reactions. Accordingly, certain 
modifications have been developed in order improve its performance in the 
gasification process by changing reactor hydrodynamics, which are as follows: 
the confinement of the fountain and the use of draft tubes. The fountain con-
finement device is a tube welded to the lid of the reactor that allows operating 
under stable conditions with fine particles and increasing the gas residence time 
by lengthening the path followed by the gas [24]. Therefore, gas-solid (catalyst) 
contact in the fountain is greatly improved, and tar cracking and reforming 
reactions are therefore promoted. Moreover, the draft tube also enables to widen 
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energy recovery systems, by means of turbines, combined cycle units, or fuel cells. 
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the process performance and their kinetics depends on the feedstock characteristics 
and gasification conditions. The pyrolysis step involves a series of complex chemical 
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such as fine particles, organic tars, NOx, and SO2, which need to be removed before 
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turbines and 100 mg Nm−3 in internal combustion engines [7, 8]. Tar is described 
as a complex mixture of condensable hydrocarbons, ranging from single-ring to 
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All the methods available for tar reduction may be classified into two groups, 
depending on where tar is removed: in situ (or primary) methods and post-
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without significant segregation in the bed. This technology allows handling larger 
particles than those in fluidized beds, including those with an irregular texture, fine 
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Moreover, the highly vigorous movements of the solids lead to high heat and mass 
transfer rates between phases [23]. Other advantages of the CSBR over the fluid-
ized bed are its simpler design (no distributor plate) and the lower sand/feed ratio 
required for the same capacity.

The main drawback of this technology for gasification is the short gas 
residence time, which hinders tar cracking reactions. Accordingly, certain 
modifications have been developed in order improve its performance in the 
gasification process by changing reactor hydrodynamics, which are as follows: 
the confinement of the fountain and the use of draft tubes. The fountain con-
finement device is a tube welded to the lid of the reactor that allows operating 
under stable conditions with fine particles and increasing the gas residence time 
by lengthening the path followed by the gas [24]. Therefore, gas-solid (catalyst) 
contact in the fountain is greatly improved, and tar cracking and reforming 
reactions are therefore promoted. Moreover, the draft tube also enables to widen 
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the operation range and improve the reactor’s hydrodynamic behavior [24]. 
Thus, this chapter summarizes the main results obtained in the application of 
the conical spouted bed reactor in the steam gasification of biomass and waste 
plastics. Moreover, the influence of different primary catalysts and the incor-
poration of novel modifications in the reactor design, such as fountain confiner 
and draft tube, are also discussed.

2. Material and methods

2.1 Feedstock characterization

The HDPE was supplied by Dow Chemical (Tarragona, Spain) in the form 
of chippings (4 mm), with the following properties: average molecular weight, 
46.2 kg mol−1; polydispersity, 2.89; and density, 940 kg m−3.

The biomass used in this study is forest pinewood waste (Pinus insignis). The 
sawdust has been sieved to obtain a particle size between 1 and 2 mm. This material 
has been dried at room temperature to a moisture content below 10 wt%. Ultimate 
and proximate analyses have been carried out in a LECO CHNS-932 elemental 
analyzer and in a TGA Q500IR thermogravimetric analyzer, respectively. The high 
heating value (HHV) for both biomass and HDPE was measured in a Parr 1356 
isoperibolic bomb calorimeter. The main features of both the raw biomass and the 
HDPE are summarized in Table 1.

2.2 Equipment

Steam gasification runs have been carried out in a bench-scale plant, whose 
scheme is shown in Figure 1. The main element of the plant is the conical spouted 
bed reactor (CSBR), whose design is based on previous hydrodynamic studies [25] 
and on the application of this technology to the pyrolysis of different solid wastes, 
such as biomass [26–28], plastics [29], and waste tires [30].

Biomass HDPE

Ultimate analysis (wt%)

Carbon 49.33 85.71

Hydrogen 6.06 14.29

Nitrogen 0.04 —

Oxygen 44.57 —

Proximate analysis (wt%)

Volatile matter 73.4 99.7

Fixed carbon 16.7 0.3

Ash 0.5 —

Moisture 9.4 —

HHV (MJ kg−1) 19.8 43.1

Table 1. 
Characterization of the biomass and HDPE used in this study.
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The plant is provided with a system for continuous feeding of the biomass or 
plastic. The system for solid feeding consists of a vessel equipped with a vertical 
shaft connected to a piston placed below the material bed. The plastic/sawdust is 
fed into the reactor by raising the piston at the same time as the whole system is 
vibrated by an electric engine.

Water has been fed by means of a Gibson 307 pump that allows a precise mea-
suring of the flow rate. The water stream has been vaporized by means of an electric 
cartridge placed inside the forced convection oven and prior to the entrance of the 
reactor.

The reactor is located within an oven, which is in turn placed in a forced convec-
tion oven maintained at 270°C to avoid the condensation of steam and tars before 
the condensation system. A high-efficiency cyclone and a sintered steel filter (5 μm) 
are also placed inside this oven in order to retain the fine sand particles entrained 
from the bed and the soot or char particles formed in the gasification process.

The gases leaving the forced convection oven circulate through a volatile 
condensation system consisting of a condenser, a Peltier cooler, and a coalescence 
filter. The Peltier cooler consists of a 150 mL tank and a refrigerator that lowers the 
temperature to around 2°C, thereby efficiently condensing the volatile products. 
The condenser is a double-shell tube cooled by tap water.

Figure 1. 
Scheme of the bench-scale biomass gasification plant equipped with a conical spouted bed reactor.
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The plant is provided with a system for continuous feeding of the biomass or 
plastic. The system for solid feeding consists of a vessel equipped with a vertical 
shaft connected to a piston placed below the material bed. The plastic/sawdust is 
fed into the reactor by raising the piston at the same time as the whole system is 
vibrated by an electric engine.

Water has been fed by means of a Gibson 307 pump that allows a precise mea-
suring of the flow rate. The water stream has been vaporized by means of an electric 
cartridge placed inside the forced convection oven and prior to the entrance of the 
reactor.

The reactor is located within an oven, which is in turn placed in a forced convec-
tion oven maintained at 270°C to avoid the condensation of steam and tars before 
the condensation system. A high-efficiency cyclone and a sintered steel filter (5 μm) 
are also placed inside this oven in order to retain the fine sand particles entrained 
from the bed and the soot or char particles formed in the gasification process.

The gases leaving the forced convection oven circulate through a volatile 
condensation system consisting of a condenser, a Peltier cooler, and a coalescence 
filter. The Peltier cooler consists of a 150 mL tank and a refrigerator that lowers the 
temperature to around 2°C, thereby efficiently condensing the volatile products. 
The condenser is a double-shell tube cooled by tap water.

Figure 1. 
Scheme of the bench-scale biomass gasification plant equipped with a conical spouted bed reactor.
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2.2.1 Conventional spouted bed reactor

The spouted bed reactor is the core of the gasification plant. The total height 
of the reactor is 298 mm, with that of the conical section (angle of 30°) being 
73 mm. The diameters of the cone base and cylindrical section are 12.5 and 60.3 mm, 
respectively. The gas inlet diameter is 7.6 mm. Despite the endothermic nature of the 
steam gasification process, bed isothermicity is ensured by the vigorous solid circula-
tion of the sand in this reactor, which also promotes high heat transfer rates [23]. The 
CSBR is placed inside a 1250 W radiant oven. Two K-type thermocouples are located 
inside the reactor, one in the bed annulus and the other one close to the wall.

2.2.2 Fountain-enhanced spouted bed reactor

This reactor is an improved version of that described in Section 2.2.1, which has 
been specifically designed for gasification process. Thus, a fountain confiner was 
welded to the lid in order to increase the residence time, narrow its distribution, 
and improve the gas-solid contact in the fountain region (Figure 2). Thus, several 

Figure 2. 
Main dimensions (in mm) of the spouted bed gasifier, fountain confiner, and draft tube.
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modifications were introduced in order to optimize its performance. For example, 
the height of the reactor was increased in order to increase the residence time of 
the gas and promote tar cracking. This reactor may also operate in the conventional 
spouting regime by using a lid without confiner. It is noteworthy that its design 
allows using draft tubes to widen the application range of the spouting regime and 
improve bed stability [31, 32]. In fact, the nonporous draft tube promotes high 
fountains [32] by diverting most of the inlet gas stream through the draft tube, 
which also enhances solid cross-flow from the annulus into the spout and therefore 
leads to additional gas-solid contact in the fountain.

The main dimensions of this spouted bed reactor, the fountain confiner, and the 
draft tube used are depicted in Figure 2. According to a previous hydrodynamic 
study conducted under gasification conditions [33], a draft tube with 8 mm in 
external diameter (5.5 mm in internal diameter) and 15 mm entrainment zone 
height was determined as the optimum one. Thus, these geometric factors allow 
operating under enhanced fountain regime, with low steam flow rates ensuring 
great turbulence and a well-developed fountain region with a great hydrodynamic 
stability.

2.3 Primary catalysts

γ-Al2O3 has been provided by Alfa Aesar and olivine by Minelco. Olivine has 
been calcined at 900°C for 10 h prior to use in the gasification reaction to enhance 
its reactivity for tar cracking. The conditions mentioned for olivine calcination have 
been determined as optimum by Devi et al. [14] in order to maximize tar cracking 
activity. The BET surface area has been measured by N2 adsorption-desorption 
(Micromeritics ASAP 2010). Calcined olivine has a limited porosity, with a surface 
area of only 0.18 m2 g−1. However, γ-Al2O3 has a much higher porous development, 
with a surface area of 159 m2 g−1.

2.4 Product analysis

The volatile stream leaving the gasification reactor has been analyzed online by 
means of a GC Agilent 6890 provided with a HP-PONA column and a flame ionization 
detector (FID). The sample has been injected into the GC by means of a line thermo-
stated at 280°C, once the reactor outlet stream has been diluted with an inert gas. The 
purpose of this system is to avoid the condensation of tars in the transfer line. The tars 
collected in the condensation system have been identified in a gas chromatograph/
mass spectrometer (GC/MS, Shimadzu UP-2010S provided with a HP-PONA column). 
The non-condensable gases have been injected into a micro-GC (Varian 4900).

2.5 Experimental procedure

Temperature and steam/biomass ratio are the operating parameters studied 
in the gasification of biomass and plastics in this reactor. Additionally, biomass 
gasification was also performed with different primary catalysts (in situ), and the 
influence of using the fountain confiner was evaluated. In all runs, water flow rate 
was 1.5 mL min−1, corresponding to a steam flow rate of 1.86 L min−1, which is 
approximately 1.5 times that corresponding to the minimum spouting velocity in 
order to ensure bed stability.

The effect of temperature has been studied at 800, 850, and 900°C by feeding a 
mass flow rate of 1.5 g min−1 of biomass or HDPE and using a steam/feed ratio of 1.

The effect of the steam/feed ratio has been studied between 0 and 2 (in mass), 
and the temperature has been maintained at 900°C. For a ratio of 2, the biomass or 
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modifications were introduced in order to optimize its performance. For example, 
the height of the reactor was increased in order to increase the residence time of 
the gas and promote tar cracking. This reactor may also operate in the conventional 
spouting regime by using a lid without confiner. It is noteworthy that its design 
allows using draft tubes to widen the application range of the spouting regime and 
improve bed stability [31, 32]. In fact, the nonporous draft tube promotes high 
fountains [32] by diverting most of the inlet gas stream through the draft tube, 
which also enhances solid cross-flow from the annulus into the spout and therefore 
leads to additional gas-solid contact in the fountain.

The main dimensions of this spouted bed reactor, the fountain confiner, and the 
draft tube used are depicted in Figure 2. According to a previous hydrodynamic 
study conducted under gasification conditions [33], a draft tube with 8 mm in 
external diameter (5.5 mm in internal diameter) and 15 mm entrainment zone 
height was determined as the optimum one. Thus, these geometric factors allow 
operating under enhanced fountain regime, with low steam flow rates ensuring 
great turbulence and a well-developed fountain region with a great hydrodynamic 
stability.

2.3 Primary catalysts

γ-Al2O3 has been provided by Alfa Aesar and olivine by Minelco. Olivine has 
been calcined at 900°C for 10 h prior to use in the gasification reaction to enhance 
its reactivity for tar cracking. The conditions mentioned for olivine calcination have 
been determined as optimum by Devi et al. [14] in order to maximize tar cracking 
activity. The BET surface area has been measured by N2 adsorption-desorption 
(Micromeritics ASAP 2010). Calcined olivine has a limited porosity, with a surface 
area of only 0.18 m2 g−1. However, γ-Al2O3 has a much higher porous development, 
with a surface area of 159 m2 g−1.

2.4 Product analysis

The volatile stream leaving the gasification reactor has been analyzed online by 
means of a GC Agilent 6890 provided with a HP-PONA column and a flame ionization 
detector (FID). The sample has been injected into the GC by means of a line thermo-
stated at 280°C, once the reactor outlet stream has been diluted with an inert gas. The 
purpose of this system is to avoid the condensation of tars in the transfer line. The tars 
collected in the condensation system have been identified in a gas chromatograph/
mass spectrometer (GC/MS, Shimadzu UP-2010S provided with a HP-PONA column). 
The non-condensable gases have been injected into a micro-GC (Varian 4900).

2.5 Experimental procedure

Temperature and steam/biomass ratio are the operating parameters studied 
in the gasification of biomass and plastics in this reactor. Additionally, biomass 
gasification was also performed with different primary catalysts (in situ), and the 
influence of using the fountain confiner was evaluated. In all runs, water flow rate 
was 1.5 mL min−1, corresponding to a steam flow rate of 1.86 L min−1, which is 
approximately 1.5 times that corresponding to the minimum spouting velocity in 
order to ensure bed stability.

The effect of temperature has been studied at 800, 850, and 900°C by feeding a 
mass flow rate of 1.5 g min−1 of biomass or HDPE and using a steam/feed ratio of 1.

The effect of the steam/feed ratio has been studied between 0 and 2 (in mass), 
and the temperature has been maintained at 900°C. For a ratio of 2, the biomass or 
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plastic feed rate was reduced to 0.75 g min−1 in order to maintain the same steam 
flow rate (1.5 g min−1). The reactor contains 70 g of sand in the bed in all runs, and 
therefore the residence time of the products in the reactor and the hydrodynamic 
behavior are similar. In order to study the steam/feed ratio of 0, the steam was 
replaced with a N2 flow rate of 2 L min−1.

In the experiments to assess the effect of the primary catalyst on product 
distribution, the bed contains 70 g of sand or olivine (with particle diameter in the 
0.35–0.4 mm range). However, given that γ-Al2O3 has a much lower density, the bed 
of this material contained 25 g with a particle size greater than that of sand, in the 
0.4–0.8 mm range, in order to attain a similar hydrodynamic behavior in all cases. 
The experiments were carried out at 900°C, with a feed rate of 1.5 g min−1 of HDPE 
or sawdust and with a steam/feed ratio of 1.

In the experiments performed with the fountain-confined spouted bed, the 
biomass feed rate was 0.75 g min−1, with a steam/biomass ratio of 2. The bed 
contained 100 g of olivine, and two particles sizes have been used, i.e., 90–150 and 
250–355 μm. These olivine particle size ranges are those corresponding to the opti-
mum hydrodynamic performance of the reactor, as the minimum spouting veloc-
ity depends strongly on particle size [33]. Thus, the gas velocity in the runs with 
the coarse olivine fraction corresponds to approximately 1.5 times the minimum 
spouting velocity (so the reactor operated under conventional spouting regime), 
whereas in the experiments performed with the fine olivine, the gas velocity used is 
approximately four times higher than the minimum spouting velocity (4 ums), and 
the fountain-enhanced regime was therefore attained.

Furthermore, operation was carried out in two regimes in the same reactor in 
order to ascertain the influence the confinement system (in the standard spout-
ing regime) has on the biomass gasification process. Thus, experiments with and 
without the fountain confiner were carried out at 850°C and S/B of 2, using coarse 
olivine (250–355 μm), with gas velocity corresponding in both cases to approxi-
mately 1.5 times ums (conventional spouting regime). The results obtained with the 
confiner under conventional spouting regime were compared with those obtained 
with this device but operating in the enhance fountain spouting regime under 
the same conditions and replacing the coarse olivine with the fine one in the bed. 
Therefore, the role of the vigorous gas-catalyst contact in the fountain-enhanced 
regime was assessed.

All the runs were performed in continuous mode for 20 min in order to ensure 
a steady-state process. The char yield was determined by weighing the mass in the 
reactor, as well as those retained in the cyclone and in the sintered steel filter. The 
char yield is given by mass unit of the whole amount of solid fed into the reactor 
(approximately 30 g). All the runs have been repeated several times (at least three) 
under the same conditions in order to guarantee reproducible results.

3. Results and discussion

3.1 HDPE gasification

In this work, steam gasification of HDPE has been studied in the conventional 
conical spouted bed pilot plant described in Section 2.2. The effect of temperature 
(in the 800–900°C range) and steam/plastic (S/P) ratio (between 0 and 2) on the 
gas yield, tar content, carbon conversion efficiency, and H2 production is shown 
in Table 2. The reaction indices have been defined as follows: (i) gas yield as the 
volumetric gas production (on a dry basis) per kg of biomass in the feed (on a wet 
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basis), (ii) tar yield expressed as the tar mass per syngas m3 (on a dry basis),  
(iii) carbon conversion efficiency as the ratio between the carbon units contained in 
the syngas and those contained in the biomass in the feed, and (iv) H2 production as 
the mass percentage of the H2 produced per biomass mass unit.

The gaseous fraction is composed of H2, CO, and CO2, together with C2−C5 
hydrocarbons (mainly C3−). The tar is defined as the amount of organic compounds 
with a molecular weight and boiling point higher than that of benzene, a criterion 
that is commonly used by most authors [11, 14, 34]. The char is a carbonaceous 
product collected after the reaction in the reactor, sintered steel filter, and cyclone. 
The mass balance closure in all the experiments was above 95%.

As observed in Table 2, an increase in temperature leads to higher gas yields and 
lower tar and char yields, thus improving the efficiency of the whole process. The 
gas yield increases from 2.5 m3 kg−1 of HDPE at 800°C to 3.4 m3 kg−1 of HDPE at 
900°C. Furthermore, the carbon conversion efficiency at 800°C is 86%, increases to 
91% at 850°C, and then remains constant with further increases in temperature to 
900°C.

Tar content decreases from 29.5 g Nm−3 at 800°C to 16.7 g Nm−3 at 900°C due to 
the enhancement of thermal cracking. Other authors have also observed a positive 
effect of temperature on the tar cracking in the gasification of waste plastics by 
using both steam [35] and air [36] as gasifying agents. In fact, according to certain 
authors, the destruction of tar aromatic hydrocarbons only occurs at temperatures 
above 850°C [13].

The influence of temperature on product yields has also been studied with dif-
ferent gasification technologies, and most of the authors agree that higher tempera-
tures enhance syngas yield and decrease that of tar and char [37–39]. Higher char 
yields than those shown in Table 2 have been reported in the literature [35, 40], 
which may be attributed to the characteristics of the gas-solid contact in the conical 
spouted bed reactor, which mitigate the limitations in the physical steps prior to 
gasification, which are as follows: (i) plastic melting, (ii) coating of sand particles, 
and (iii) pyrolysis.

Table 2 also displays the reaction indices for different S/P values. As observed, 
as S/P ratio is increased from 1 to 2, the carbon conversion increases from 91.0 to 
93.6%. Note that the performance is poor when operating with a S/P = 0 (pyroly-
sis), given that carbon conversion efficiency is as low as 68.6% due to the high tar 
and char yields. The lack of steam in the reactor at high temperatures promotes the 
formation of aromatic compounds, leading to a tar content as high as 29.5 g Nm−3. 
The presence of steam in the reaction medium increases the gas yield and decreases 
that of tar. When operating only with N2 as a fluidizing agent, the tar concentration 

Temperature 
(°C)

S/P 
ratio

Tar content 
(g Nm−3)

Carbon 
conversion 

(%)

Gas yield 
(m3 kg−1)

H2 
production 

(wt%)

Char 
yield 

(wt%)

800 1 29.5 86.1 2.5 12.7 1.4

850 1 13.8 91.1 3.2 17.0 0.6

900 1 16.7 91.1 3.4 18.4 0.5

900 2 9.6 93.6 3.6 19.9 0.4

900 0 207.8 68.6 0.9 2.7 5.6

Table 2. 
Effect of gasification temperature and S/P ratio on the gas yield, tar content, carbon conversion efficiency, and 
H2 production.
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plastic feed rate was reduced to 0.75 g min−1 in order to maintain the same steam 
flow rate (1.5 g min−1). The reactor contains 70 g of sand in the bed in all runs, and 
therefore the residence time of the products in the reactor and the hydrodynamic 
behavior are similar. In order to study the steam/feed ratio of 0, the steam was 
replaced with a N2 flow rate of 2 L min−1.

In the experiments to assess the effect of the primary catalyst on product 
distribution, the bed contains 70 g of sand or olivine (with particle diameter in the 
0.35–0.4 mm range). However, given that γ-Al2O3 has a much lower density, the bed 
of this material contained 25 g with a particle size greater than that of sand, in the 
0.4–0.8 mm range, in order to attain a similar hydrodynamic behavior in all cases. 
The experiments were carried out at 900°C, with a feed rate of 1.5 g min−1 of HDPE 
or sawdust and with a steam/feed ratio of 1.

In the experiments performed with the fountain-confined spouted bed, the 
biomass feed rate was 0.75 g min−1, with a steam/biomass ratio of 2. The bed 
contained 100 g of olivine, and two particles sizes have been used, i.e., 90–150 and 
250–355 μm. These olivine particle size ranges are those corresponding to the opti-
mum hydrodynamic performance of the reactor, as the minimum spouting veloc-
ity depends strongly on particle size [33]. Thus, the gas velocity in the runs with 
the coarse olivine fraction corresponds to approximately 1.5 times the minimum 
spouting velocity (so the reactor operated under conventional spouting regime), 
whereas in the experiments performed with the fine olivine, the gas velocity used is 
approximately four times higher than the minimum spouting velocity (4 ums), and 
the fountain-enhanced regime was therefore attained.

Furthermore, operation was carried out in two regimes in the same reactor in 
order to ascertain the influence the confinement system (in the standard spout-
ing regime) has on the biomass gasification process. Thus, experiments with and 
without the fountain confiner were carried out at 850°C and S/B of 2, using coarse 
olivine (250–355 μm), with gas velocity corresponding in both cases to approxi-
mately 1.5 times ums (conventional spouting regime). The results obtained with the 
confiner under conventional spouting regime were compared with those obtained 
with this device but operating in the enhance fountain spouting regime under 
the same conditions and replacing the coarse olivine with the fine one in the bed. 
Therefore, the role of the vigorous gas-catalyst contact in the fountain-enhanced 
regime was assessed.

All the runs were performed in continuous mode for 20 min in order to ensure 
a steady-state process. The char yield was determined by weighing the mass in the 
reactor, as well as those retained in the cyclone and in the sintered steel filter. The 
char yield is given by mass unit of the whole amount of solid fed into the reactor 
(approximately 30 g). All the runs have been repeated several times (at least three) 
under the same conditions in order to guarantee reproducible results.

3. Results and discussion

3.1 HDPE gasification

In this work, steam gasification of HDPE has been studied in the conventional 
conical spouted bed pilot plant described in Section 2.2. The effect of temperature 
(in the 800–900°C range) and steam/plastic (S/P) ratio (between 0 and 2) on the 
gas yield, tar content, carbon conversion efficiency, and H2 production is shown 
in Table 2. The reaction indices have been defined as follows: (i) gas yield as the 
volumetric gas production (on a dry basis) per kg of biomass in the feed (on a wet 
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basis), (ii) tar yield expressed as the tar mass per syngas m3 (on a dry basis),  
(iii) carbon conversion efficiency as the ratio between the carbon units contained in 
the syngas and those contained in the biomass in the feed, and (iv) H2 production as 
the mass percentage of the H2 produced per biomass mass unit.

The gaseous fraction is composed of H2, CO, and CO2, together with C2−C5 
hydrocarbons (mainly C3−). The tar is defined as the amount of organic compounds 
with a molecular weight and boiling point higher than that of benzene, a criterion 
that is commonly used by most authors [11, 14, 34]. The char is a carbonaceous 
product collected after the reaction in the reactor, sintered steel filter, and cyclone. 
The mass balance closure in all the experiments was above 95%.

As observed in Table 2, an increase in temperature leads to higher gas yields and 
lower tar and char yields, thus improving the efficiency of the whole process. The 
gas yield increases from 2.5 m3 kg−1 of HDPE at 800°C to 3.4 m3 kg−1 of HDPE at 
900°C. Furthermore, the carbon conversion efficiency at 800°C is 86%, increases to 
91% at 850°C, and then remains constant with further increases in temperature to 
900°C.

Tar content decreases from 29.5 g Nm−3 at 800°C to 16.7 g Nm−3 at 900°C due to 
the enhancement of thermal cracking. Other authors have also observed a positive 
effect of temperature on the tar cracking in the gasification of waste plastics by 
using both steam [35] and air [36] as gasifying agents. In fact, according to certain 
authors, the destruction of tar aromatic hydrocarbons only occurs at temperatures 
above 850°C [13].

The influence of temperature on product yields has also been studied with dif-
ferent gasification technologies, and most of the authors agree that higher tempera-
tures enhance syngas yield and decrease that of tar and char [37–39]. Higher char 
yields than those shown in Table 2 have been reported in the literature [35, 40], 
which may be attributed to the characteristics of the gas-solid contact in the conical 
spouted bed reactor, which mitigate the limitations in the physical steps prior to 
gasification, which are as follows: (i) plastic melting, (ii) coating of sand particles, 
and (iii) pyrolysis.

Table 2 also displays the reaction indices for different S/P values. As observed, 
as S/P ratio is increased from 1 to 2, the carbon conversion increases from 91.0 to 
93.6%. Note that the performance is poor when operating with a S/P = 0 (pyroly-
sis), given that carbon conversion efficiency is as low as 68.6% due to the high tar 
and char yields. The lack of steam in the reactor at high temperatures promotes the 
formation of aromatic compounds, leading to a tar content as high as 29.5 g Nm−3. 
The presence of steam in the reaction medium increases the gas yield and decreases 
that of tar. When operating only with N2 as a fluidizing agent, the tar concentration 
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(°C)

S/P 
ratio

Tar content 
(g Nm−3)

Carbon 
conversion 

(%)

Gas yield 
(m3 kg−1)

H2 
production 

(wt%)

Char 
yield 

(wt%)

800 1 29.5 86.1 2.5 12.7 1.4

850 1 13.8 91.1 3.2 17.0 0.6

900 1 16.7 91.1 3.4 18.4 0.5

900 2 9.6 93.6 3.6 19.9 0.4

900 0 207.8 68.6 0.9 2.7 5.6

Table 2. 
Effect of gasification temperature and S/P ratio on the gas yield, tar content, carbon conversion efficiency, and 
H2 production.
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is 207.8 g Nm−3, but this concentration is drastically reduced to 16.7 g Nm−3and 
9.6 g Nm−3 when operating with S/P ratios of 1 and 2, respectively. These results 
suggest that an increase in S/P ratio enhances the cracking of tar compounds, as 
reported by Herguido et al. [41] in the steam gasification of biomass.

The presence of steam in the reaction environment also improves H2 production, 
increasing significantly from 2.7 to 18.4 wt% when the S/P ratio is increased from 
0 to 1. However, the increase in H2 production (19.9 wt%) is moderate when a S/P 
value of 2 is used. Similarly, gas yield increases slightly from 3.4 m3 kg−1 HDPE to 
3.6 m3 kg−1 HDPE when the S/P ratio is raised from 1 to 2. The following aspects can 
explain these results: (i) promotion of hydrocarbon reforming reactions (Eq. (1)) as 
steam concentration is higher and (ii) low tar and char formation rate, although this 
effect is of lower significance. A similar trend has been reported in the literature, 
although some authors attain a saturating trend, i.e., a higher steam/tire ratio than 
the optimum one does not increase the gas yield [42, 43].

Moreover, Figure 3 displays the composition of the gases formed at different 
temperatures (Figure 3a) and S/P ratios (Figure 3b). As observed in Figure 3a, 
an increase in temperature leads to an increase in the concentrations of H2, CO, 
and CH4 in the gaseous stream, which are 60.3, 28.2, and 7.2% vol., respectively, at 
900°C. Temperature has an opposite effect on C2–C5 hydrocarbons (made up mainly 
of olefins, with ethylene being the major one), whereas that on CO2 was almost 
negligible (the concentration is almost steady).

The higher concentration of H2 and CO can be explained by the endothermic 
nature of steam and dry reforming reactions (Eqs. (1) and (4)), which are pro-
moted at higher temperatures, whereas that of CH4 is due to the endothermicity 
of HDPE cracking reactions. On the contrary, the C2–C5 hydrocarbons formed are 
probably reformed, and therefore their yield decreases as temperature is higher. 
It should be noted that the water-gas shift reaction (Eq. (6)) is exothermic, and 
therefore thermodynamic equilibrium shifts toward the formation of CO at high 
temperatures.

Regarding the gas composition (Figure 3b), an increase in S/P ratio from 1 to 
2 does not lead to a significant change, but the composition of the gas when only 
pyrolysis is performed (S/P = 0) is very different. As observed, the presence of steam 
favors H2 and CO2 formation but reduces that of CO and CH4 because the higher 
concentration of steam in the reactor enhances both water-gas shift and methane 
reforming reactions. Other authors have observed a similar effect of S/P ratio on the 
gas composition in the gasification of different polymeric materials [42, 43].

Figure 3. 
Effect of gasification temperature (a) and S/P ratio (b) on the gaseous fraction composition.
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3.2 Biomass gasification

3.2.1 Effect of temperature and S/B ratio

The same reaction indices in plastic gasification, i.e., the gas yield, tar content, 
carbon conversion efficiency, and H2 production, have been analyzed in this section 
(Table 3). Temperature is one of the more influential variables in steam gasifica-
tion, and its effect has been studied in the 800–900°C range for a steam/biomass 
ratio of 1. Moreover, the effect of steam/biomass ratio has been studied in the 0–2 
range at 900°C. Note that no steam was fed into the reactor in the runs carried out 
with a S/B ratio of 0, but the sawdust contained a moisture content of approxi-
mately 10%, and water is formed during the thermal degradation of biomass. 
Therefore, some steam reforming will occur even in the runs without water in the 
feed (runs with S/B = 0).

As observed in Table 3, the temperature plays a crucial role in the efficiency of 
the gasification process. An increase in the gasification temperature reduces the 
tar content in the gaseous product from 364.4 g Nm−3 at 800°C to 142.5 g Nm−3 
at 900°C. The gas yield also increases from 0.7 m3 kg−1 of biomass at 800°C to 
1 m3 kg−1 of biomass at 900°C, whereas that of char decreases from 8.9% at 800°C 
to 4.5% at 900°C. In the same line, the carbon conversion efficiency in the process 
is considerably higher as temperature is increased, and char yield is therefore lower. 
In fact, char gasification kinetics is enhanced by temperature due to the highly 
endothermic nature of char steam gasification (Eq. (3)) and Boudouard (Eq. (4)) 
reactions. The increase in char conversion with temperature is related to the shift 
in equilibrium in both reactions [44]. However, this result depends on the char 
residence time in the reactor. Thus, char gasification reaction kinetics is slow, even 
above 800°C.

Although the content of tar is reduced to 142.5 g Nm−3 operating at 900°C due 
to the positive effect of temperature on tar cracking and reforming reactions, this 
value is still high for syngas applications. It should be noted that no defluidization 
problems are observed in the steam gasification, which is due to the vigorous solid 
cyclic movement in the conical spouted bed. However, the conventional spouted 
bed regime leads to short residence times (below 0.5 s), which are beneficial to 
increase the yield of bio-oil in pyrolysis processes, but in gasification they are 
responsible for the limited tar cracking, whose concentration in the gaseous stream 
is rather high, as observed in Table 3.

Given that the tar yield is highly dependent on several parameters, such as 
residence time, temperature, and S/B ratio, the results showed in the literature vary 
greatly depending on the technology used, but all of them evidence a significant 
decrease in tar content in the gaseous product stream with temperature [45–47].

With respect to the experiments carried out with different S/B ratios (Table 3), 
an increase in this parameter improves the gasification performance by increasing 
the gas yield and carbon efficiency and lowering that of tar. For example, tar con-
centration has been reduced from 154 g Nm−3 with a S/B = 0 to 142.5 g Nm−3 with a 
S/B = 1, given that an increase in the S/B ratio promotes tar cracking and reforming 
reactions (Eq. (1)). However, a further increase in the S/B ratio from 1 to 2 only 
reduces slightly the tar content of the gaseous product. Likewise, the gas yield 
increases from S/B 0 to 1 (from 0.9 to 1 m3 kg−1 of biomass) but hardly changes as 
S/B is increased from 1 to 2.

The reduction in the tar and char content leads to an increase in the carbon con-
version efficiency, attaining the maximum value of 70% with a S/B = 2. Although 
gasification efficiency is improved in terms of biomass conversion, the energy effi-
ciency of the process is lower when high S/B ratios are used, given that more water 
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is 207.8 g Nm−3, but this concentration is drastically reduced to 16.7 g Nm−3and 
9.6 g Nm−3 when operating with S/P ratios of 1 and 2, respectively. These results 
suggest that an increase in S/P ratio enhances the cracking of tar compounds, as 
reported by Herguido et al. [41] in the steam gasification of biomass.

The presence of steam in the reaction environment also improves H2 production, 
increasing significantly from 2.7 to 18.4 wt% when the S/P ratio is increased from 
0 to 1. However, the increase in H2 production (19.9 wt%) is moderate when a S/P 
value of 2 is used. Similarly, gas yield increases slightly from 3.4 m3 kg−1 HDPE to 
3.6 m3 kg−1 HDPE when the S/P ratio is raised from 1 to 2. The following aspects can 
explain these results: (i) promotion of hydrocarbon reforming reactions (Eq. (1)) as 
steam concentration is higher and (ii) low tar and char formation rate, although this 
effect is of lower significance. A similar trend has been reported in the literature, 
although some authors attain a saturating trend, i.e., a higher steam/tire ratio than 
the optimum one does not increase the gas yield [42, 43].

Moreover, Figure 3 displays the composition of the gases formed at different 
temperatures (Figure 3a) and S/P ratios (Figure 3b). As observed in Figure 3a, 
an increase in temperature leads to an increase in the concentrations of H2, CO, 
and CH4 in the gaseous stream, which are 60.3, 28.2, and 7.2% vol., respectively, at 
900°C. Temperature has an opposite effect on C2–C5 hydrocarbons (made up mainly 
of olefins, with ethylene being the major one), whereas that on CO2 was almost 
negligible (the concentration is almost steady).

The higher concentration of H2 and CO can be explained by the endothermic 
nature of steam and dry reforming reactions (Eqs. (1) and (4)), which are pro-
moted at higher temperatures, whereas that of CH4 is due to the endothermicity 
of HDPE cracking reactions. On the contrary, the C2–C5 hydrocarbons formed are 
probably reformed, and therefore their yield decreases as temperature is higher. 
It should be noted that the water-gas shift reaction (Eq. (6)) is exothermic, and 
therefore thermodynamic equilibrium shifts toward the formation of CO at high 
temperatures.

Regarding the gas composition (Figure 3b), an increase in S/P ratio from 1 to 
2 does not lead to a significant change, but the composition of the gas when only 
pyrolysis is performed (S/P = 0) is very different. As observed, the presence of steam 
favors H2 and CO2 formation but reduces that of CO and CH4 because the higher 
concentration of steam in the reactor enhances both water-gas shift and methane 
reforming reactions. Other authors have observed a similar effect of S/P ratio on the 
gas composition in the gasification of different polymeric materials [42, 43].

Figure 3. 
Effect of gasification temperature (a) and S/P ratio (b) on the gaseous fraction composition.
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3.2 Biomass gasification

3.2.1 Effect of temperature and S/B ratio

The same reaction indices in plastic gasification, i.e., the gas yield, tar content, 
carbon conversion efficiency, and H2 production, have been analyzed in this section 
(Table 3). Temperature is one of the more influential variables in steam gasifica-
tion, and its effect has been studied in the 800–900°C range for a steam/biomass 
ratio of 1. Moreover, the effect of steam/biomass ratio has been studied in the 0–2 
range at 900°C. Note that no steam was fed into the reactor in the runs carried out 
with a S/B ratio of 0, but the sawdust contained a moisture content of approxi-
mately 10%, and water is formed during the thermal degradation of biomass. 
Therefore, some steam reforming will occur even in the runs without water in the 
feed (runs with S/B = 0).

As observed in Table 3, the temperature plays a crucial role in the efficiency of 
the gasification process. An increase in the gasification temperature reduces the 
tar content in the gaseous product from 364.4 g Nm−3 at 800°C to 142.5 g Nm−3 
at 900°C. The gas yield also increases from 0.7 m3 kg−1 of biomass at 800°C to 
1 m3 kg−1 of biomass at 900°C, whereas that of char decreases from 8.9% at 800°C 
to 4.5% at 900°C. In the same line, the carbon conversion efficiency in the process 
is considerably higher as temperature is increased, and char yield is therefore lower. 
In fact, char gasification kinetics is enhanced by temperature due to the highly 
endothermic nature of char steam gasification (Eq. (3)) and Boudouard (Eq. (4)) 
reactions. The increase in char conversion with temperature is related to the shift 
in equilibrium in both reactions [44]. However, this result depends on the char 
residence time in the reactor. Thus, char gasification reaction kinetics is slow, even 
above 800°C.

Although the content of tar is reduced to 142.5 g Nm−3 operating at 900°C due 
to the positive effect of temperature on tar cracking and reforming reactions, this 
value is still high for syngas applications. It should be noted that no defluidization 
problems are observed in the steam gasification, which is due to the vigorous solid 
cyclic movement in the conical spouted bed. However, the conventional spouted 
bed regime leads to short residence times (below 0.5 s), which are beneficial to 
increase the yield of bio-oil in pyrolysis processes, but in gasification they are 
responsible for the limited tar cracking, whose concentration in the gaseous stream 
is rather high, as observed in Table 3.

Given that the tar yield is highly dependent on several parameters, such as 
residence time, temperature, and S/B ratio, the results showed in the literature vary 
greatly depending on the technology used, but all of them evidence a significant 
decrease in tar content in the gaseous product stream with temperature [45–47].

With respect to the experiments carried out with different S/B ratios (Table 3), 
an increase in this parameter improves the gasification performance by increasing 
the gas yield and carbon efficiency and lowering that of tar. For example, tar con-
centration has been reduced from 154 g Nm−3 with a S/B = 0 to 142.5 g Nm−3 with a 
S/B = 1, given that an increase in the S/B ratio promotes tar cracking and reforming 
reactions (Eq. (1)). However, a further increase in the S/B ratio from 1 to 2 only 
reduces slightly the tar content of the gaseous product. Likewise, the gas yield 
increases from S/B 0 to 1 (from 0.9 to 1 m3 kg−1 of biomass) but hardly changes as 
S/B is increased from 1 to 2.

The reduction in the tar and char content leads to an increase in the carbon con-
version efficiency, attaining the maximum value of 70% with a S/B = 2. Although 
gasification efficiency is improved in terms of biomass conversion, the energy effi-
ciency of the process is lower when high S/B ratios are used, given that more water 
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need to be vaporized and the unreacted steam needs to be recovered after being 
condensed. Kaushal and Tyagi [48] suggest optimum S/B ratios between 0.6 and 
0.85, which guarantee the thermal efficiency of the process and, at the same time, 
the presence of enough steam in the gasifier to promote steam reforming reactions.

The composition of the gases (on a dry basis) formed at different temperatures 
and different S/B ratios is displayed in Figure 4. As observed in Figure 4a, an 
increase in temperature enhances H2 formation due to the endothermic nature 
of the reactions involved (Eqs. (1)–(5)). Moreover, the inorganic species of the 
biomass retained in the char have a positive effect on the water-gas shift reaction 
(Eq. (6)) at higher temperatures [46]. Accordingly, H2 concentration increases 
from 28% at 800°C to 38% at 900°C, whereas that of CO decreases from 41.5 to 
32.5% in the same range of temperature. Besides, concentration of methane and 
the other gaseous hydrocarbons (C2 to C4) decreases as temperature is raised due to 
the enhancement of hydrocarbon reforming reactions. As in HDPE gasification, the 
effect of temperature on CO2 is not of significance, as its concentration increases 
slightly between 800 and 900°C.

Figure 4b shows the composition of the gaseous stream for different S/B ratios. 
Given that the WGS reaction and methane and hydrocarbon reforming reactions 
(Eqs. (1) and (2)) are promoted at high S/B ratios, the formation of H2 and CO2 is 
enhanced, whereas that of CO and hydrocarbons is hindered. It is to note that this 
effect is more remarkable when the S/B ratio is increased from 0 to 1.

Temperature 
(°C)

S/P 
ratio

Tar 
content 

(g Nm−3)

Carbon 
conversion 

(%)

Gas yield 
(m3 kg−1)

H2 
production 

(wt%)

Char 
yield 

(wt%)

800 1 364.2 50.4 0.7 1.9 8.9

850 1 243.1 59.1 0.8 2.5 6.3

900 1 142.5 69.8 1.0 3.2 4.5

900 2 142.0 70.0 1.0 3.6 3.6

900 0 154.0 50.4 0.9 2.3 10.7

Table 3. 
Effect of gasification temperature and S/B ratio on product fraction yields, carbon conversion efficiency, and 
tar concentration, at 900°C.

Figure 4. 
Gas composition (on a dry basis) for the steam gasification at different temperatures (a) and S/B ratios (b).
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3.2.2 Effect of primary catalyst

The experiments with different bed materials have been carried out at a tem-
perature of 900°C and a S/B ratio of 1. Table 4 shows the effect of the primary 
catalysts used (olivine and γ-alumina) on reaction indices (gas yield, tar content, H2 
production, and carbon conversion) and compares the results with those obtained 
using inert sand as bed material. As observed, both olivine and γ-alumina cause 
a great decrease in tar content (30.1 and 22.4 g Nm−3, respectively) compared to 
the runs carried out with inert sand (142.5 g Nm−3). Accordingly, both catalysts 
improve the gasification performance, with tar reduction being slightly higher for 
γ-alumina (84%) than that for olivine (79%). Moreover, the carbon conversion 
efficiency has a drastic increase when a primary catalyst is used, attaining a value 
of 86.8% for olivine and 87.6% for γ-alumina. It is noteworthy that H2 production 
peaks at 4.5 wt% when the γ-alumina is used.

As mentioned above, tar formation leads to operational problems in the gasifica-
tion and subsequent units for syngas processing; thus, the use of a catalyst, such 
as olivine and γ-alumina, improves process efficiency, especially the latter, which 
significantly reduces tar content. Nevertheless, olivine is cheaper and more available 
because it is a natural material [49]. Other papers in the literature also report consid-
erable improvements in gasification efficiency by using primary catalysts [45, 50].

The effect primary catalysts have on gas composition is displayed in Figure 5. 
As observed, γ-alumina has a greater influence on gas composition than olivine. 
The presence of catalysts leads to an increase in H2 and CO2 concentrations and a 

Sand Olivine γ-Alumina

Tar content (g Nm−3) 142.5 30.2 22.4

Carbon conversion (%) 69.7 86.8 87.6

Gas yield (m3 kg−1) 1.0 1.1 1.2

H2 production (wt%) 3.2 3.7 4.5

Char yield (g Nm−3) 4.5 4.3 4.3

Table 4. 
Effect of the primary catalysts on reaction indices.

Figure 5. 
Effect of primary catalysts on the composition of the gaseous fraction.
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need to be vaporized and the unreacted steam needs to be recovered after being 
condensed. Kaushal and Tyagi [48] suggest optimum S/B ratios between 0.6 and 
0.85, which guarantee the thermal efficiency of the process and, at the same time, 
the presence of enough steam in the gasifier to promote steam reforming reactions.

The composition of the gases (on a dry basis) formed at different temperatures 
and different S/B ratios is displayed in Figure 4. As observed in Figure 4a, an 
increase in temperature enhances H2 formation due to the endothermic nature 
of the reactions involved (Eqs. (1)–(5)). Moreover, the inorganic species of the 
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32.5% in the same range of temperature. Besides, concentration of methane and 
the other gaseous hydrocarbons (C2 to C4) decreases as temperature is raised due to 
the enhancement of hydrocarbon reforming reactions. As in HDPE gasification, the 
effect of temperature on CO2 is not of significance, as its concentration increases 
slightly between 800 and 900°C.

Figure 4b shows the composition of the gaseous stream for different S/B ratios. 
Given that the WGS reaction and methane and hydrocarbon reforming reactions 
(Eqs. (1) and (2)) are promoted at high S/B ratios, the formation of H2 and CO2 is 
enhanced, whereas that of CO and hydrocarbons is hindered. It is to note that this 
effect is more remarkable when the S/B ratio is increased from 0 to 1.

Temperature 
(°C)

S/P 
ratio

Tar 
content 

(g Nm−3)

Carbon 
conversion 

(%)

Gas yield 
(m3 kg−1)

H2 
production 

(wt%)

Char 
yield 

(wt%)

800 1 364.2 50.4 0.7 1.9 8.9

850 1 243.1 59.1 0.8 2.5 6.3

900 1 142.5 69.8 1.0 3.2 4.5

900 2 142.0 70.0 1.0 3.6 3.6

900 0 154.0 50.4 0.9 2.3 10.7

Table 3. 
Effect of gasification temperature and S/B ratio on product fraction yields, carbon conversion efficiency, and 
tar concentration, at 900°C.

Figure 4. 
Gas composition (on a dry basis) for the steam gasification at different temperatures (a) and S/B ratios (b).
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3.2.2 Effect of primary catalyst

The experiments with different bed materials have been carried out at a tem-
perature of 900°C and a S/B ratio of 1. Table 4 shows the effect of the primary 
catalysts used (olivine and γ-alumina) on reaction indices (gas yield, tar content, H2 
production, and carbon conversion) and compares the results with those obtained 
using inert sand as bed material. As observed, both olivine and γ-alumina cause 
a great decrease in tar content (30.1 and 22.4 g Nm−3, respectively) compared to 
the runs carried out with inert sand (142.5 g Nm−3). Accordingly, both catalysts 
improve the gasification performance, with tar reduction being slightly higher for 
γ-alumina (84%) than that for olivine (79%). Moreover, the carbon conversion 
efficiency has a drastic increase when a primary catalyst is used, attaining a value 
of 86.8% for olivine and 87.6% for γ-alumina. It is noteworthy that H2 production 
peaks at 4.5 wt% when the γ-alumina is used.

As mentioned above, tar formation leads to operational problems in the gasifica-
tion and subsequent units for syngas processing; thus, the use of a catalyst, such 
as olivine and γ-alumina, improves process efficiency, especially the latter, which 
significantly reduces tar content. Nevertheless, olivine is cheaper and more available 
because it is a natural material [49]. Other papers in the literature also report consid-
erable improvements in gasification efficiency by using primary catalysts [45, 50].

The effect primary catalysts have on gas composition is displayed in Figure 5. 
As observed, γ-alumina has a greater influence on gas composition than olivine. 
The presence of catalysts leads to an increase in H2 and CO2 concentrations and a 

Sand Olivine γ-Alumina

Tar content (g Nm−3) 142.5 30.2 22.4

Carbon conversion (%) 69.7 86.8 87.6

Gas yield (m3 kg−1) 1.0 1.1 1.2

H2 production (wt%) 3.2 3.7 4.5

Char yield (g Nm−3) 4.5 4.3 4.3

Table 4. 
Effect of the primary catalysts on reaction indices.

Figure 5. 
Effect of primary catalysts on the composition of the gaseous fraction.
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reduction in that of CO due to the promotion of the water-gas shift reaction (Eq. (6)).  
In addition, the higher concentration of H2 by the presence of this type of catalyst is 
also related to the enhancement of tar cracking and reforming reactions (Eq. (1)). 
Moreover, γ-alumina also seems to promote methane and light hydrocarbon reform-
ing (Eq. (3)), which can be deduced from their lower concentration in the presence 
of this catalyst.

3.2.3 Effect of fountain confinement on biomass gasification

Runs have been carried out with a S/B ratio of 2 and at a temperature of 850°C 
with different spouting regimes and gas flow patterns developed in conical spouted 
beds, such as (i) standard spouting regime without fountain confiner, (ii) standard 
spouting regime with fountain confiner, and (iii) enhanced fountain regime with 
fountain confiner. Table 5 compares the gas yield, tar content, carbon conversion 
efficiency, char yield, and H2 production results obtained for the three configura-
tions mentioned.

As observed in Table 5, the incorporation of the fountain confiner leads to a 
decrease in tar content in the syngas from 49.2 g Nm−3 without fountain confiner to 
34.6 g Nm−3 when this device is inserted. The volatiles in the conventional spouted 
bed gasifier leave quickly from the reaction zone through the outlet located in the 
gasifier upper section. Thus, the short residence time of the volatiles limits the 
contact of tars and other gaseous products with the catalyst, which hinders crack-
ing and reforming reactions and therefore lowers conversion efficiency. On the 
contrary, the fountain confiner prevents the premature leaving of the gases at an 
initial stage in the biomass gasification and causes a downward gas flow inside the 
confiner, which favors the contact between the volatile stream and the catalyst. 
Furthermore, the confined fountain and the use of draft tubes lead to a highly 
stable hydrodynamic regime, which allows operating with finer materials (lower 
particle sizes of olivine) and higher fountain heights [24].

In order to analyze the influence on the gasification performance by changing 
the gas-catalyst contact in the reactor, especially in the fountain region, runs with 
the fountain confiner were performed under similar residence times (same reactor 
geometry and gas flow rate) as in conventional conical spouted beds. As observed 
in Table 5, the promotion of steam reforming of tars and gaseous hydrocarbons 
using the confinement system improved the gas yield and H2 production from 1.1 to 
1.2 m3 kg−1 and from 3.5 to 4.6 wt%, respectively. In the same line, the carbon con-
version efficiency also increased when the confinement system was used, given that 
a value of 83.6% was obtained instead of 81.5% without this system. It should be 
remarked that these values are slightly higher than those reported by other authors 
in fluidized bed reactors under similar conditions [51, 52].

Without 
confiner

With confiner (standard 
spouting)

With confiner (enhanced 
fountain)

Tar content (g Nm−3) 49.2 34.6 20.6

Carbon conversion (%) 81.5 83.6 86.1

Gas yield (m3 kg−1) 1.1 1.2 1.3

H2 production (wt%) 3.5 4.6 5.0

Char yield (g Nm−3) 6.5 6.2 6.0

Table 5. 
Influence of the confinement system and spouting regime on the reaction indices.
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Table 5 also shows that the results are greatly improved under fountain-
enhanced regime by decreasing olivine particle size and increasing the fountain 
height. In fact, the tar content in the gas is reduced from 34.6 g Nm−3 under con-
ventional spouting regime up to 20.6 g Nm−3 under enhanced fountain regime. This 
improvement is associated with the better gas-catalyst contact and heat transfer 
rates in the fountain region due to the higher fountain height. Furthermore, the 
smaller particle size of olivine increased the catalyst surface area available for crack-
ing and reforming reactions [14]. Moreover, gas composition with and without 
confiner (under conventional and fountain-enhanced regime) is shown in Figure 6.

As observed in Figure 6, H2 concentration increases from 36 to 42% with and 
without the fountain confiner, whereas that of CO decreases. The effect on CO2 
is not so remarkable, but its concentration is slightly higher when the fountain 
confiner is introduced. Furthermore, the concentration of methane and the other 
gaseous hydrocarbons decreased due to the higher extent of steam reforming 
reactions involving methane (Eq. (2)) and tar (Eq. (1)), as well as of water-gas 
shift (Eq. (6)) reactions when the fountain confiner was used. This improvement 
is related to the increase in the gas residence time and the better contact of the gas 
with the catalyst attained when the fountain confiner is used. It is noteworthy that 
effect of the fountain-enhanced regime on the gas composition is rather limited. 
The most significant change is that regarding H2 concentration, whose value 
increases to 43.2%.

4. Conclusions

The conical spouted bed reactor is an interesting technology for the continuous 
steam gasification of biomass and waste plastics due to the high heat transfer rates 
for a highly endothermic process (as is gasification) as well as to the absence of 
defluidization problems. An increase in gasification temperature improves process 
efficiency in terms of conversion to gases, with the maximum carbon conversion 
being of 70 and 91.1% at 900°C for biomass and HDPE, respectively. Furthermore, 
steam/feed ratio has a positive effect on the composition of the gas by increasing the 
H2 concentration from 32 to 61% in the HDPE gasification and from 28 to 42% in 
that of biomass when steam/feed ratio is increased from 0 to 2. In fact, higher steam 
concentrations in the reaction environment enhance both tar cracking and char 

Figure 6. 
Influence of the confinement system and spouting regime on gas composition.
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reduction in that of CO due to the promotion of the water-gas shift reaction (Eq. (6)).  
In addition, the higher concentration of H2 by the presence of this type of catalyst is 
also related to the enhancement of tar cracking and reforming reactions (Eq. (1)). 
Moreover, γ-alumina also seems to promote methane and light hydrocarbon reform-
ing (Eq. (3)), which can be deduced from their lower concentration in the presence 
of this catalyst.

3.2.3 Effect of fountain confinement on biomass gasification

Runs have been carried out with a S/B ratio of 2 and at a temperature of 850°C 
with different spouting regimes and gas flow patterns developed in conical spouted 
beds, such as (i) standard spouting regime without fountain confiner, (ii) standard 
spouting regime with fountain confiner, and (iii) enhanced fountain regime with 
fountain confiner. Table 5 compares the gas yield, tar content, carbon conversion 
efficiency, char yield, and H2 production results obtained for the three configura-
tions mentioned.

As observed in Table 5, the incorporation of the fountain confiner leads to a 
decrease in tar content in the syngas from 49.2 g Nm−3 without fountain confiner to 
34.6 g Nm−3 when this device is inserted. The volatiles in the conventional spouted 
bed gasifier leave quickly from the reaction zone through the outlet located in the 
gasifier upper section. Thus, the short residence time of the volatiles limits the 
contact of tars and other gaseous products with the catalyst, which hinders crack-
ing and reforming reactions and therefore lowers conversion efficiency. On the 
contrary, the fountain confiner prevents the premature leaving of the gases at an 
initial stage in the biomass gasification and causes a downward gas flow inside the 
confiner, which favors the contact between the volatile stream and the catalyst. 
Furthermore, the confined fountain and the use of draft tubes lead to a highly 
stable hydrodynamic regime, which allows operating with finer materials (lower 
particle sizes of olivine) and higher fountain heights [24].

In order to analyze the influence on the gasification performance by changing 
the gas-catalyst contact in the reactor, especially in the fountain region, runs with 
the fountain confiner were performed under similar residence times (same reactor 
geometry and gas flow rate) as in conventional conical spouted beds. As observed 
in Table 5, the promotion of steam reforming of tars and gaseous hydrocarbons 
using the confinement system improved the gas yield and H2 production from 1.1 to 
1.2 m3 kg−1 and from 3.5 to 4.6 wt%, respectively. In the same line, the carbon con-
version efficiency also increased when the confinement system was used, given that 
a value of 83.6% was obtained instead of 81.5% without this system. It should be 
remarked that these values are slightly higher than those reported by other authors 
in fluidized bed reactors under similar conditions [51, 52].
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With confiner (standard 
spouting)

With confiner (enhanced 
fountain)

Tar content (g Nm−3) 49.2 34.6 20.6

Carbon conversion (%) 81.5 83.6 86.1

Gas yield (m3 kg−1) 1.1 1.2 1.3

H2 production (wt%) 3.5 4.6 5.0

Char yield (g Nm−3) 6.5 6.2 6.0

Table 5. 
Influence of the confinement system and spouting regime on the reaction indices.
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Table 5 also shows that the results are greatly improved under fountain-
enhanced regime by decreasing olivine particle size and increasing the fountain 
height. In fact, the tar content in the gas is reduced from 34.6 g Nm−3 under con-
ventional spouting regime up to 20.6 g Nm−3 under enhanced fountain regime. This 
improvement is associated with the better gas-catalyst contact and heat transfer 
rates in the fountain region due to the higher fountain height. Furthermore, the 
smaller particle size of olivine increased the catalyst surface area available for crack-
ing and reforming reactions [14]. Moreover, gas composition with and without 
confiner (under conventional and fountain-enhanced regime) is shown in Figure 6.

As observed in Figure 6, H2 concentration increases from 36 to 42% with and 
without the fountain confiner, whereas that of CO decreases. The effect on CO2 
is not so remarkable, but its concentration is slightly higher when the fountain 
confiner is introduced. Furthermore, the concentration of methane and the other 
gaseous hydrocarbons decreased due to the higher extent of steam reforming 
reactions involving methane (Eq. (2)) and tar (Eq. (1)), as well as of water-gas 
shift (Eq. (6)) reactions when the fountain confiner was used. This improvement 
is related to the increase in the gas residence time and the better contact of the gas 
with the catalyst attained when the fountain confiner is used. It is noteworthy that 
effect of the fountain-enhanced regime on the gas composition is rather limited. 
The most significant change is that regarding H2 concentration, whose value 
increases to 43.2%.

4. Conclusions

The conical spouted bed reactor is an interesting technology for the continuous 
steam gasification of biomass and waste plastics due to the high heat transfer rates 
for a highly endothermic process (as is gasification) as well as to the absence of 
defluidization problems. An increase in gasification temperature improves process 
efficiency in terms of conversion to gases, with the maximum carbon conversion 
being of 70 and 91.1% at 900°C for biomass and HDPE, respectively. Furthermore, 
steam/feed ratio has a positive effect on the composition of the gas by increasing the 
H2 concentration from 32 to 61% in the HDPE gasification and from 28 to 42% in 
that of biomass when steam/feed ratio is increased from 0 to 2. In fact, higher steam 
concentrations in the reaction environment enhance both tar cracking and char 
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gasification and so increase carbon conversion efficiency. Nevertheless, the concen-
tration of the tars attained is still high for its direct application. The use of primary 
catalysts, such as olivine and γ-alumina, has shown an excellent performance for 
tar elimination as their content is being reduced by up to 30.1 and 22.4 g Nm−3 with 
olivine and γ-alumina, respectively.

The incorporation of a fountain confiner in the CSBR allows modifying bed 
hydrodynamics, i.e., increase the residence time of the volatiles and improve their 
contact with the catalyst in order to promote gasification performance and favor tar 
cracking. Hence, H2 productions and carbon conversion efficiencies increase when 
the fountain confiner is introduced from 3.5 to 4.6 wt% and from 81.5 to 83.6%, 
respectively. Moreover, the H2 concentration increases from 36 to 42%, whereas 
that of CO decreases from 34 to 29% with and without the fountain confiner. 
This device allows operating under enhanced fountain regime by reducing olivine 
particle size, which leads to a better contact between olivine and the gases, and 
therefore tar content is further reduced, and the carbon conversion efficiency 
increases up to 86.1%.
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contact with the catalyst in order to promote gasification performance and favor tar 
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