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Abstract: This review considers the selective studies on environmentally friendly, combustion-free,
allothermal, atmospheric-pressure, noncatalytic, direct HyO/CO, gasification of organic feedstocks
like biomass, sewage sludge wastes (SSW) and municipal solid wastes (MSW) to demonstrate the
pros and cons of the approaches and provide future perspectives. The environmental friendliness of
H,0/CO; gasification is well known as it is accompanied by considerably less harmful emissions
into the environment as compared to O, /air gasification. Comparative analysis of the various
gasification technologies includes low-temperature H,O/CO, gasification at temperatures up to
1000 °C, high-temperature plasma- and solar-assisted H,O/CO, gasification at temperatures above
1200 °C, and an innovative gasification technology applying ultra-superheated steam (USS) with
temperatures above 2000 °C obtained by pulsed or continuous gaseous detonations. Analysis shows
that in terms of such characteristics as the carbon conversion efficiency (CCE), tar and char content,
and the content of harmful by-products the plasma and detonation USS gasification technologies are
most promising. However, as compared with plasma gasification, detonation USS gasification does
not need enormous electric power with unnecessary and energy-consuming gas—plasma transition.

Keywords: organic wastes; allothermal gasification; atmospheric pressure; ultra-superheated steam;
carbon dioxide; solar heating; plasma heating; detonation heating; detonation gun

1. Introduction

Modern society is faced with the problem of clean processing/utilization of or-
ganic wastes. Thermal processing of these materials is considered the most suitable
solution due to relatively low environmental impact and partial recovery of energy and
material resources. Available technologies of thermal processing are based on combus-
tion/incineration, pyrolysis, and gasification, as well as on their combinations [1-4]. Com-
bustion is the transformation of the matter due to overall exothermic self-accelerating
chemical reactions induced by molecular/turbulent mass and energy transport. Pyrolysis
and gasification usually involve endothermic thermal degradation of the matter in the
absence/presence of gasifying agent, respectively. A mild form of pyrolysis, torrefaction, is
another emerging technology aimed at improving the energy density, calorific value, and
grindability of feedstocks by their heating in the temperature range of 200-300 °C [5].

Combustion of wastes results in the formation of airborne gaseous pollutants, like
polyaromatic hydrocarbons (PAH), NOx, SOx, HCI, furans, dioxins, as well as organic
and inorganic aerosol particulate, fly ash, ashes, etc. Thus, biomass consists of lignin,
carbohydrates, extractives, and inorganic fractions that are present in different amounts.
In the wood smoke, such toxic compounds as PAH, polychlorinated dibenzo-p-dioxins
(PCDDs), polychlorinated dibenzofurans (PCDFs), and polychlorinated biphenyls (PCBs)
are detected. Alkalis (potassium, calcium, silicon, etc.) present in the biomass can react
with other minerals and cause fouling and slagging [6]. The same relates to SSW. The
main groups of organic solids in SSW are carbohydrates, proteins, fats, and oils. During
combustion/incineration of SSW, dioxins, and furans, as well as nitrogen, chlorine, and
sulfur compounds are released as gaseous pollutants in various forms. As for MSW,
it is heterogeneous and contains a variety of materials (paper, wood, yard trimmings,
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food, plastics, metals, glass, and possibly hazardous materials) with a high fraction of
organic compounds (over 70-80%), which implies a possibility of appropriate separation
before incineration. Recent studies show that burning biomass, SSW, and MSW with fossil
fuels (coal) has a positive impact both on the environment and the economics of power
generation [7,8]. This necessitates cleaning of the flue gas to meet strict emission limits.

Pyrolysis and gasification of wastes can potentially reduce the production of the vari-
ous pollutants due to the absence or reduced amount of oxygen. However, for providing
the required heat for pyrolysis and gasification reactions, the existing autothermal and
allothermal technologies usually use the combustion of fossil fuels and/or feedstock or
apply air/O; as gasifying agents [9,10]. The use of combustion processes is then again
related to harmful pollutants, whereas the use of air/O, as gasifying agents promotes the
formation of dioxins and furans. In view of it, the use of other substances as gasifying
agents, like steam [11,12] and/or CO; [13,14] looks very attractive, especially when the
heat required for gasification is obtained by environmentally clean technologies (solar [15],
microwave (MW) [16,17], plasma [18,19], etc.) different from combustion. Pyrolysis and
gasification are usually implemented at temperatures 400-1000 °C and result in production
of gases like Hp, CO, CO,, light hydrocarbons, tar, and char [20,21]. The technologies
based on gasification of solids and liquids (coal, lignin, biomass, plastics, crude oil, etc.),
especially with steam as a gasifying agent, are used for the production of Hy, syngas (a
mixture of Hy and CO), olefins, etc. [22,23]. Large-scale coal gasification plants usually use
high-pressure O,- or air-blown technologies [24]. However, for decentralized gasification of
organic wastes atmospheric-pressure HyO/CO, gasification is considered as promising al-
ternative. In the small and medium-scale range of gasification plants, atmospheric-pressure
H,O/CO; gasification of organic wastes provides a significantly higher syngas quality
than air-blown gasification. Np-free syngas possesses higher heating values and H; content
over 60vol%. This makes such technologies appropriate for the conversion of biomass,
SSW, and MSW into synthetic fuels such as methanol, dimethyl ether, substitute natural gas
(SNG), and Fischer-Tropsch (FT) diesel [25]. The conversion efficiency and gas yields are
known to significantly increase with the pyrolysis/gasification temperature, whereas the
yields of harmful substances are known to significantly decrease in these conditions. When
the process temperatures exceed 1200 °C, further conversion steps are not needed anymore
as the production of H; and CO tends to maximum, and other side by-products do not
form at all [26]. Furthermore, the conversion efficiency depends on the availability of
catalytically active material, which is in some cases contained in biomass ash, and in other
cases is present in gasifier bed material or purposely added to the process. The gasification
of wastes with supercritical water (at above 374 °C and 22.1 MPa), despite many potential
advantages, requires very high operation pressures, thus making the technology costly [27].
There is also interest in co-gasification of various carbon containing materials (CCMs)
with different physical properties, e.g., wood and plastics, MSW and coal, etc., due to
synergy effects.

Thus, there is a need for the technologies based on combustion-free, atmospheric pres-
sure HyO/CO, gasification of organic wastes with temperatures above 1200 °C. Processing
of organic wastes in such an environment will be accompanied by their complete gasifica-
tion to the syngas of high quality. The target value of the H, /CO ratio is always possible to
adjust [14,28]. The resultant syngas could be used as a fuel gas for producing heat and/or
electricity for other purposes. The S and Cl containing wastes will be transformed to the
corresponding liquid acids (after steam condensation [29]), while solid inorganic materials
will be transformed to the molten slag consisting of simple oxides and salts, an excellent
construction material.

One of the known technological solutions in this respect is atmospheric-pressure
plasma-based gasification, in particular steam-blown plasma gasification [30], known for
its capability of treating complex feedstocks such as SSW and MSW while producing
syngas of high purity and energy content. In this case, the heat required for gasification
reactions comes solely from electricity to produce plasma torches in so-called plasma guns.
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In plasma gasifiers, tar is thermally decomposed into H, and CHy4 and ash is converted
into vitrified and inert slag [31-33] due to high (over 1300 °C) effective temperatures of a
heat carrier gas and availability of very chemically active species enhancing gasification
reactions. However, for running plasma guns with such high temperatures enormous
electricity consumption is required [31]. Other challenges are the need for advanced
refractory materials for reactor casing and electrodes [34-36].

Another solution is based on using the USS with a temperature above 2000 °C obtained
by burning environmentally clean H,—O, mixture [37]. Combustion of a mixture of syngas
with steam and O, to obtain such a temperature could be an alternative solution [38].
Due to the wide flammability limits of Hy, the amount of CO, (greenhouse gas, GHG) in
the combustion products could be considerably less than in the combustion products of
fossil fuel. Such technologies are competitive to the plasma-based technologies as they do
not involve energy losses due to unnecessary and energy-consuming transformation of
electric energy to the thermal energy of a heat carrier gas through the state of plasma. Such
technologies are capable of providing efficient processing of wastes of arbitrary chemical
and morphological composition with full utilization of available resources without harmful
emissions into water bodies and atmosphere. However, these technologies have not yet
been implemented due to problems with the thermal insulation of combustors and gasifiers.

In our patent [39], we proposed a new method and devices for obtaining USS with
temperatures above 2000 °C at atmospheric pressure, in which the problems of thermal
insulation of combustion devices and reactors are solved by substituting conventional
combustion by detonation in a pulse- or continuous-detonation steam superheaters (so-
called pulsed or continuous USS guns) by means of cyclic or continuously rotating gaseous
detonations of ternary fuel gas-oxidizer-steam mixture. Detonation is the transformation
of the matter due to overall exothermic self-accelerating chemical reactions induced by
volumetric compression and heating in strong self-sustaining shock waves (SWs). So far
detonation of high explosives was primarily used for disposal of hazardous wastes like
explosives and highly reactive materials (nitrocompounds, organic peroxides, etc. [40]). In
patents [41,42], the novel gasification technologies based on pulsed USS guns are applied
to USS gasification of CCMs [41] and to fly ash decontamination [42]. The fundamentals
of gaseous and spray detonations and the operation principles of pulse-detonation and
continuous-detonation combustors for propulsion purposes were reviewed in [43] and [44],
respectively. Syngas, Hy, natural gas, C3Hg, etc. can be used as fuel gas, while pure air, O,
or air enriched with O, can be used as oxidizer.

In the literature, there are several excellent books on biomass, SSW and MSW man-
agement and the fundamentals of incineration, pyrolysis, and gasification technologies
(see, e.g., [1-4]), as well as multiple reviews on feedstock pretreatment/aftertreatment,
advanced autothermal and allothermal, catalytic and noncatalytic gasifier designs and per-
formances [31,45-61], and downstream technologies and syngas applications ([1-4,28]). We
refer an interested reader to these references and do not consider these issues herein. Thus,
the objective of this review is to consider the selective studies on environmentally friendly,
combustion-free, allothermal, atmospheric-pressure, noncatalytic, direct H,O/CO, gasi-
fication of organic feedstocks like biomass, SSW, and MSW, and demonstrate the pros
and cons of the approaches and provide future perspectives. The main issue addressed is
the effect of gasification temperature and H,O/CO;-to-feedstock ratio on the gasification
efficiency, syngas quality and yield, as well as the feasibility of in-situ control of syngas
composition. These objectives and issues are the novel and distinctive features of the
present review.

2. Definitions

This section briefly provides the definitions of main terms and indices used in the
paper, as well as the literature search approach and methodology limitations. Further
details can be found, e.g., in [1-4].
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2.1. Feedstocks

Biomass comprises a variety of CCMs with different properties consisting predomi-
nantly of C, H, and O elements. It is derived from biological objects using photosynthesis
to transform solar energy into carbohydrates. Agricultural and forestry wastes comprise
wood sawdust (WS), crop waste products; and foliage which are often uneconomical to
transport. Wet biomass sources include food wastes, SSW, animal slurry, etc.

SSW is a heterogeneous by-product of municipal or industrial wastewater treatment
with high moisture content (up to 80%) and with a range of organic contaminants.

MSW is a heterogeneous feedstock containing materials with widely varying com-
positions, sizes, and shapes. MSW of typical composition is represented by 47wt% paper
and cardboard, 21wt% food waste, 12wt% glass, 3wt% iron and its oxides, 5wt% plastics,
5wt% wood, 3wt% rubber and leather, 2wt% textiles, 2wt% calcium carbonate, i.e., CCMs
constitute over 80%.

Refuse derived fuel (RDF) is a processed form of MSW. Conversion of MSW into RDF
includes several operations like shredding, screening, sorting, drying, and pelletization
to improve the homogeneity of the material and its handling characteristics. The RDF
possesses a significantly higher energy density than MSW.

Hazardous wastes (HW) are classified according to the form in which they appear
and according to the hazardous material content. A list of waste materials includes
hazardous liquids and gases (PCB-containing oils, chlorinated fluorocarbons (CFCs) and
various widely used solvents); hospital solid wastes (HSW); contaminated soils; low level
radioactive wastes; and other wastes (military, asbestos materials, etc.).

Coal is a solid fossil fuel with high C content and various fractions of H, O, N, and
S. Coals are differentiated into categories in terms of the descending LHV, composition,
content of volatiles and moisture, namely, anthracite, bituminous, sub-bituminous, and lig-
nite. This review deals mainly with biomass, SSW and MSW, despite some technologies
include co-gasification with coal.

2.2. Processing Technologies

Incineration is full oxidative combustion converting CCMs in an O,-rich environment,
typically at temperatures above 800 °C, to a flue gas composed primarily of CO, and H,O
with harmful by-products. Inorganic materials are converted to ash. This is the most
common and well-proven thermal process using a variety of combustible materials.

Pyrolysis is thermal decomposition of CCM due to the use of an external heat source,
typically at temperatures 400-900 °C, in the absence or at small amount of free oxygen.
During pyrolysis, volatile portions of CCMs are driven off, resulting in the production
of syngas composed mainly of Hy, CO, CO,, CHy, as well as higher hydrocarbons and
harmful by-products. The condensed residue of the CCMs is left as tar and char. Inorganic
materials form bottom ash.

Gasification is the thermal process of converting CCMs to syngas which can then be
used for producing heat, electricity, and valuable products, such as Hp, motor fuels, SNG,
and chemicals. During gasification, partial oxidation reactions of all hydrocarbons with
the aid of externally fed gasifying agent containing either free or bound oxygen (O,, air,
H,0, CO,) producing syngas. The maximum conversion efficiency of feedstock to syngas
is achieved if all carbon is oxidized to CO. A feedstock itself can contain enough bound
oxygen needed for converting all carbon to syngas.

Plasma-based gasification is the high-temperature gasification process with plasma
used as an external heat source for heating and converting CCMs into syngas in an O,-lean
environment. The main element of the process is a plasma gun, containing two electrodes
with an intense electric arc in the gap between them or an MW gun. The gasifying agent
passing through the gun is heated up to temperatures above 5000 °C, but in the region where
it contacts with the feedstock stream, the temperature is much lower (1500-2000 °C). Plasma
technologies require large electricity consumption. Plasma arc electrodes are sensitive to a
gasifying medium. The use of electrodes can be avoided by using MW energy for plasma
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production. During MW heating the energy is delivered directly inside CCM creating
multiple spots of microplasma in the interior of material and causing the material to sustain
a high temperature [62].

Detonation-based gasification is the novel high-temperature detonation-assisted
gasification process converting CCMs into syngas in an O,-free environment, patented
in [39,41,42]. The main element of the process is the USS detonation gun producing the
H,O/CO; gas by detonating a part of CCM gasification products (syngas) in a triple
mixture with O, and steam. The temperature of the gasifying agent exceeds 2000 °C, i.e., it
is comparable with the temperature of plasma-based technologies, but detonation is not
accompanied by energy loss inherent in electric energy conversion to plasma.

Combined processes are the combinations of the various thermochemical processes
listed above. For example, two types of pyrolysis—gasification combination can be consid-
ered, namely subsequent and directly connected processes, both implying the preparation
of char during pyrolysis followed by char gasification in the presence of a gasifying agent.

The choice of the most suitable processing technology for a given feedstock depends on
the properties of the feedstock such as physical structure, moisture, metals, and ash content,
which determine feedstock reactivity. This review deals solely with direct gasification
of feedstock.

2.3. Gasifying Agents

Superheated steam is water vapor heated above the saturation temperature. The main
driving force for choosing superheated steam as gasifying agent is its ability to gasify
solid waste and produce no negative effects to the environment. The gasifying agent is
composed only of H and O atoms thus no other gases dilute the produced syngas. Due to
the high enthalpy of steam, a lower amount of agent is needed for energy supply into a
gasifier. Currently, steam-gasification of organics wastes is considered as an economically
viable and competitive technology for the near future, in particular for H, production.

Ultra-superheated steam (USS) is the steam superheated to temperatures above
1200 °C. High steam temperatures prevent the production of tar, dioxins, furans, etc.,
which facilitates gas cleaning operations. Such steam can hardly be produced in boilers
with heat exchangers because of the need for highly thermal-resistant (refractory) materials.
There are several methods for producing USS. The method patented in [63] involves mixing
the saturated or superheated steam with O; in a ratio up to 60vol% O, and continuously
burning this blend with a fuel gas at a near stoichiometric composition to yield a product
gas composed predominantly of H,O and CO,. Another method patented in [39] involves
admixing of saturated or superheated steam to a fuel gas—oxygen mixture in a ratio up
to 40 to 60vol% and intermittently or continuously detonating this blend to yield a gas
mixture composed predominantly of H,O (up to 80vol%) and CO; (up to 20vol%). One
more approach for producing USS is plasma heating of steam. The main problem of steam
as a plasma gas follows from high electrode erosion rates in arc guns.

Carbon dioxide is the promising gasifying agent capable of enhancing the gasification
of CCM:s. It is composed only of C and O atoms; thus, no other gases dilute the produced
syngas. As CO; has high enthalpy a lower amount of agent is needed for energy supply
into a gasifier. CO, can be used directly or together with steam or O,. The addition of CO,
in a blended H,O/CO; gasifying agent allows manipulating the composition of syngas.
The use of CO,, one of the main GHG, as gasifying agent can help decrease the GHG
emissions which is a major cause of global warming. As CO; is a pollutant from almost
every industry, CO,-assisted gasification can be coupled with a power plant to use up the
flue gas CO,. Additionally, the incentives for reducing the carbon footprint can make this
process attractive for energy producers. CO, can be also used as plasma gas, but energy
efficiency is reduced as additional energy is needed for CO, dissociation.

Oxygen is the gasification agent currently used in most gasification systems. Oxygen of
95-99% purity is usually generated using proven cryogenic technology. Oxygen gasification
exhibits high energy efficiency as partial oxidation of CCM produces additional energy.
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Energy for O, production is estimated as 1.1 MJ/kg O, produced [64]. The problem of
oxygen as a plasma gas follows from high electrode erosion rates in arc guns.

Air is a mixture of O, (21vol%) and Ny (79vol%). It is often used as a gasifying agent,
but the syngas is diluted by N, and possesses low LHV and H; content (8-14vol%). Air
plasma is the cheapest option, but the gas produced is also diluted by a high amount of N,.
Moreover, N, presence can also contribute to the formation of NOx in output gases.

Nitrogen is used as a feedstock purging gas and as plasma gas because it provides
higher arc voltages, which increase the plasma jet power [65].

Argon is used as plasma gas providing long electrode life. However, the low specific
heat of Ar results in relatively low plasma gun power. Furthermore, reactive species such
as O atoms are generated only indirectly through energy transfer from Ar to O, with low
energy transfer rates.

This review deals solely with H, O/CO;-assisted gasification of feedstock.

2.4. Gasification Products

Syngas is a mixture of H, and CO, which is one of the most important intermediates
to produce various chemicals and motor fuels. At present, syngas is mainly produced
from natural gas, coal, or by-products from refineries. The syngas composition is highly
dependent on the reaction conditions and gasification technologies used. Thus, in the
bubbling fluidized bed (BFB) gasifiers syngas composition depends even on the point of
feedstock injection, in-bed or above-bed. When superheated steam is used as gasifying
agent, the syngas produced contains much more H; as compared to conventional air-
assisted gasification. As a result, the syngas in superheated steam and USS gasification is
more energy dense. Syngas is also a good and environmentally friendly fuel exhibiting
an LHV of 15-17 MJ /kg (12-16 M]/ nm?3). The LHVs of its combustible constituents are
10.8 MJ/nm? (Hy), 12.6 MJ /nm? (CO), and 35.8 MJ/nm? (CH,). The syngas quality depends
on the molar H, /CO and CO,/CO ratios. Depending on the level of H, /CO ratio, the
syngas can be suitable for different applications. Hj-rich syngas with large values of
the H, /CO ratio can be used for NHj synthesis or for producing pure Hy. Syngas with
the H,/CO ratio in the range of 1-2 is highly desirable for producing methanol and
transportation fuels. The CO,/CO ratio is a measure of the contamination and should be
kept preferable as low as possible. Currently, the usage of syngas is about 50% to NHj,
25% to Hj, and the rest is methanol, FT products, etc. The most valuable component of
syngas is Hy. The amount of Hj in syngas depends on the molecular structure of feedstock,
gasifying agent, system losses, etc. However, based on the feedstock elemental composition
and on the gasification reaction pathway, one can readily estimate a theoretical maximum
yield of H;. For example, in [66], wood biomass is represented as CH; 50q 7, volume basis
(vb). If steam is used as an oxidizer, then the theoretical maximum yield of 165 g H, /kg
of feedstock is obtained. This value is a factor of ~3 higher than 60 g H, /kg of feedstock
potentially available from the biomass alone. H; exhibits very wide flammability limits in
mixtures with air, so that combustion of Hy-lean mixtures is accompanied by no harmful
emissions. Hp-rich syngas—air mixtures also exhibit wide flammability limits therefore
their combustion produces no harmful pollutants and emits essentially reduced amounts
of C02

Slag is a glass-like nonhazardous by-product of most solid and liquid feed gasifiers,
which can be used in roadbed construction, as roofing material, etc.

Tar is a hazardous by-product of pyrolysis and gasification, which includes condens-
able aromatic organic species heavier than benzene, formed during thermal treatment of
organic wastes. It is a major concern for CCM gasification due to its negative effect on
downstream equipment and the environment. Syngas tar is also considered as an energy
loss. The LHV of tar is 13-18 MJ/kg wet basis (wb) [3]. Tar reduction approaches can
be in-situ and ex-situ. The in-situ reduction is achieved by adjusting a gasifier design
and operation process, as well as by using additives and catalysts during operation. The
ex-situ tar reduction does not affect the gasification process as tar is removed from the
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product syngas. The tar yield strongly depends on gasification conditions and therefore,
very different results are obtained depending on the technology used.

Char is the remaining devolatilized residue of organic wastes. It is composed primarily
of carbon (~85%), can contain some oxygen and hydrogen, and contains very little inorganic
ash. The LHV of biomass char is about 32 M] /kg [3], which is considerably higher than
that of the original feedstock or its tar. Char surface is characterized by a large porosity
and surface area. The char yields reported in the literature differ considerably depending
on the technology used and feedstocks applied. Recent advancements in understanding
char gasification can be found in [67-71].

Other harmful by-products include smoke, NOx and SOx, NHj3, H,S, dioxins, furans,
hydrocarbons, etc.

2.5. Gasification Reactions

The general objective of gasification is to reach complete conversion of carbon con-
tained in the feedstock. Before gasification, the solid/liquid feedstock is usually homoge-
nized by means of fine granulation/fragmentation. The gasification process starts from
feedstock drying at temperatures up to ~200 °C and is followed by pyrolysis at temper-
atures up to ~900 °C, and thermal cracking and partial oxidation of produced gases, tar,
and char at higher temperatures, leading to the formation of syngas. The composition,
amounts, and characteristics of the syngas depend on the composition and structure of
the feedstock, gasifying agent, and multiple process parameters. The gasification process
of CCMs includes many heterogeneous and homogeneous endothermic and exothermic
reactions between active radicals, atoms, and molecules, as well as electronically excited
and ionized species in case of plasma gasification. The main set of highly simplified overall
reactions is listed in Table 1.

Table 1. Main heterogeneous and homogeneous reactions during the solid waste gasification process.

No. Reaction Reaction Heat Reaction Name
1 C+1/20,=CO —111 MJ/kmol Carbon partial oxidation
2 CO +1/20, =CO;, —283 MJ/kmol Carbon monoxide oxidation
3 C+0,=C0O, —394 MJ /kmol Carbon oxidation
4 H, +1/20, =H,0 —242 MJ/kmol Hydrogen oxidation
5 CnhHpm +n/20; =nCO + m/2H, Exothermic CnHp partial oxidation
6 C+H,O=CO+Hj, +131 MJ/kmol Water-gas reaction
7 CO+H,0=CO;, +Hp —41 MJ/kmol Water-gas shift reaction
8 CH4 + H, O =CO + 3H, +206 M] /kmol Steam methane reforming
9 CnHm + nH;O =nCO + (n + m/2)H, Endothermic Steam reforming

10 C+2H, =CH, —75 MJ /kmol Hydrogasification

11 CO + 3H; = CHy + H,O —227 MJ/kmol Methanation

12 C+CO, =2CO +172 MJ /kmol Boudouard reaction

13 ChHp + nCO, =2nCO + m/2H, Endothermic Dry reforming

14 pPCxHy = qCnHm + rHp Endothermic Dehydrogenation

15 CoHpm =nC + m/2H, Endothermic Carbonization

Most of the reactants in Table 1 are the reduced forms of full oxidation products.
The absence of oxidizing environment eliminates necessary steps of the dioxin synthesis
mechanism and strongly reduces or completely avoids PCDD and PCDF formation. The
reaction rates depend on the local temperature and reactant concentrations. Heterogeneous
reactions between gas and char can be kinetically or diffusion controlled depending on
char particle size, porosity, temperature, and the intensity of interphase heat and mass
transfer. The latter is mainly determined by the local velocity slip between gas and particles.
Besides chemical transformations, particle properties may be a factor causing slagging
and fouling phenomena in gasifiers [72]. In general, the final composition of gasification
products is determined by the rates of reactions and by catalytic effects important for tar
decomposition reactions (14) and (15) in Table 1. Nevertheless, thermodynamic calculations,
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implying chemical equilibrium after an infinite time, provide some important trends. An
excellent recent review of equilibrium models is reported in [73]. In general, the equilibrium
calculations of CCM gasification show that (i) at temperatures ~600 °C, carbon, and oxygen
exist as COy, tar and char, i.e., tar and char conversion is low; (ii) at temperatures above
~900 °C, in presence of carbon, CO, breaks down to CO and available oxygen mostly
reacts with carbon to form CO and CO; rather than with H, to form water; and (iii) at
temperatures above ~1500 °C tar and char are completely transformed to syngas composed
mainly of Hy and CO. It is worth noting that equilibrium calculations may generally
provide the trends rather than actual values of temperature and species concentrations. The
differences between calculations and experiments are usually attributed to thermal losses,
imperfect mixing of components, and finite rates of heat and mass transfer, and chemical
transformations. This should be kept in mind when using the equilibrium data for design
considerations. As compared to O, /air gasification, H,O/CO, gasification provides lower
reactivity. Moreover, due to reaction endothermicity, the local gasification temperatures
are lower than the inlet temperature of the gasifying agent. Therefore, various approaches
to accelerate gasification reactions by supplying additional heat to the reaction zone are
implemented. Obviously, higher HyO/CO, temperatures will result in higher rates of
reactions. In fluidized bed gasifiers, a bed material or char are often used as solid heat
carriers. The rates of gasification reactions can be also enhanced relative to the competing
reactions by increasing the concentration of a gasifying agent. One of the major advantages
of using H,O as the gasifying agent is the availability of more H atoms to produce H,
gas through reaction (7). This reaction is facilitated by the carbon input in the form of CO
because it is the limiting factor as hydrogen and oxygen can be produced from steam. As a
result, reaction (7) would be promoted with more available carbon resulting in higher Hp
production. Thus, for the production of more Hy there is a need for both more C-content
feedstock and more H atoms from steam.

2.6. Gasification Process Parameters

Feedstock composition and physical properties. The gasification process is affected
by feedstock properties: elemental composition, LHV or higher heating value (HHV), ash
content and composition, moisture, volatile matter content, other contaminants like N, S,
Cl, alkalis, etc., bulk density and size [31]. For example, ultimate analysis of wood wastes
yields a typical mass composition of 49wt% C, 44wt% O, and 6wt% H with the balance
comprised of traces of N, S, and mineral species [74].

Gasifying agent and gasification temperature play a major role to determine the syngas
composition and LHV [75]. According to the Le Chatelier principle, increased temperature
favors the products of endothermic reactions and favors the reactants in exothermic reactions.
In view of it, HyO and CO; have their own advantages in gasification. Steam promotes
endothermic reactions (6), (14), and (15) of char and tar, as well as exothermic reaction (7) in
Table 1. CO, promotes endothermic reaction (12) to produce CO [76-78]. In general, higher
gasification temperatures favor H; production and syngas yield.

Gasification pressure. According to [1], with increasing pressure at a constant gasifica-
tion temperature of 1000 °C the mole fractions of H, and CO in the syngas decrease, while
those of CO, and CHy increase. The reason is that reaction (10) has a low rate except for
high pressures, while the rate of reaction (7) does not change much with pressure [2,3]. A
similar trend exists at temperatures above 1500 °C but the differences in product yield look
negligible. In this review, we concentrate on atmospheric pressure gasification implying
that atmospheric pressure provides the maximum yield of Hy and CO in syngas.

Oxygen-to-Steam Ratio, O/S. A blend of steam with O, or air is often used as a
gasifying agent. The O/S ratio affects the resultant concentrations of Hy, CO, and CHy
in syngas tending to a higher degree of their oxidation. However, the availability of free
oxygen promotes the formation of harmful by-products like dioxins, furans, etc. In this
review, we focus on O;-free gasification of organic feedstocks, i.e., OIS = 0.
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Oxygen-to-Fuel equivalence ratio (ER) is the ratio between the free O, content in
the gasifying agent and that required for stoichiometric combustion. A zero value of ER
corresponds to pyrolysis conditions, i.e., combustion is entirely avoided. The value equal
to 1 corresponds to stoichiometric combustion conditions. The values of ER less than
1 leave unconverted char and higher tar content, whereas the values of ER greater than
1 lead to the oxidation of part of syngas and the reduction of syngas LHV. In this review,
we focus on combustion-free gasification of organic feedstocks, i.e., ER = 0.

Steam-to-Carbon Ratio, SIC, or Steam-to-Feedstock Ratio, S/F is defined either on
vb or mass basis (mb). Increasing the S/C or S/F ratios increases the yields of H, and
CO; and decreases the yield of CO. This is attributed to reactions (7) and (9), which lead
to a decrease in CH, content with the S/C or S/F ratio. The feedstock C-content is used
to estimate the S/C or S/F ratio required for complete gasification of feedstock without
formation of solid carbon. The condition, at which the amount of gasifying agent is
exactly sufficient for complete carbon conversion is referred to as the Carbon Boundary
Point (CBP). The studies in [79,80] show that the CBP is the optimum operation point
with respect to exergy-based-efficiency for both gasification with air and steam. As the
temperature increases, the CBP is reached at a lower S/F value. For example, while the
S/F value is 0.9 at 600 °C, it reduces to 0.2 when the steam gasification temperature of rice
husk is 900 °C [81]. The S/F values above 1.2-1.5 are not recommended because the major
part of steam is not used in the syngas. The most appropriate range for S/F is between 0.40
and 1.0 [82].

CO»-to-Carbon Ratio, CO,/C, or CO;-to-Feedstock Ratio, CO,/F is the analog of
S/C and S/F ratio for the case when CO; is used as gasifying agent. It can be defined either
on vb or mb. The gasification conditions corresponding to the CBP are also optimal for
CO;-assisted gasification [52]. Like the S/C ratio, the optimal CO,/C ratio decreases with
gasification temperature attaining large values on the level of ~5 at 600 °C and a nearly
constant value below 0.5 at temperatures above 800 °C [52].

Residence time (RT) of feedstock and gases is the characteristic time the CCM is
flowing through the gasifier reaction zone. It defines the completeness of gasification
and depends on reactor type, design, and dimensions, as well as on the arrangement of
the operation process [83]. The RT of granulated/fragmented feedstock can be varied
from fractions of seconds to hours. A required RT is usually estimated based on the
assumption that the slowest gasification reaction is char conversion. Strictly speaking,
one should consider RT distribution (RTD) rather than a single value, which is caused
by the complexity of gasifier designs with spatially nonuniform velocity fields and with
feedstock particle size distribution. The concept of RTD was introduced in [84]. It was
later used for analyzing the flows in various mixers and reactors both theoretically and
experimentally (see, e.g., [85-87]) applying a tracer method. In experiments, the RTD is
obtained by instantaneously or continuously injecting a tracer at the flow system inlet and
measuring the concentration of tracer at the outlet as a function of time. In calculations,
the RTD is obtained by solving the trajectory equations using the precalculated velocity
and turbulence fields. Thus, RTDs of solid particles were studied both experimentally
and theoretically [88] in a rectangular BFB under ambient temperature and atmospheric
pressure. The RDTs quickly reached a peak value and then monotonously decreased in
both simulations and experiments. The time when RDTs achieved their peak value was
less than 6% of the time needed for all the tracer particles to leave the apparatus. The long
tail characteristic of RTD profiles clearly indicated that the solids back-mixing in the BFB
was significant.

Cold gas efficiency (CGE) is defined as the ratio of LHVs or HHVs of syngas and
feedstock. It is referred to as cold efficiency since it includes only the potential chemical
energy of syngas. The CGE describes the efficiency of a gasification process for further
power applications of syngas.

Hot gas efficiency (HGE) is defined as the ratio between the sum of chemical energy
and sensible heat of the produced syngas, on the one hand, and the sum of chemical energy
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and sensible heat of the feedstock fed to the plant, on the other hand. The hot-gas efficiency
assumes that the heating of the unconverted char is a loss.

Carbon conversion efficiency (CCE) is defined as the ratio of the carbon in the syngas
to carbon fed to the reactor with feedstock. The CCE is the unconverted carbon indicator
and provides a measure of chemical efficiency of the gasification process.

Net process efficiency (NPE) is the ratio of the produced syngas LHV, on the one
hand, to the feedstock LHV and the external energy needed for syngas production, on
the other hand. Contrary to CGE, the NPE considers the energy needed for obtaining a
high-temperature gasifying agent in the energy balance.

2.7. Gasification Technologies

Depending on the heat source for gasification and the level of gasification temperature,
all gasification technologies can be categorized into allothermal /autothermal and low /high-
temperature technologies.

Allothermal technology implies that heat for gasification is introduced from an exter-
nal source such as heat exchangers, heat carriers, electric heaters, plasma guns, detonation
guns, etc. A well-known example of allothermal technology is a dual fluidized-bed (DFB)
steam gasifier [3].

Autothermal technology implies that the heat for gasification is produced within a
gasifier, usually by adding air or O, for partial combustion of the feedstock. The part of the
feedstock to be burned at the combustion stage can be significant. A well-known example
is a classical moving bed gasifier [1].

Low-temperature gasification is typically performed at temperatures below 1000 °C
and along with syngas produces nonhazardous and harmful by-products (slag, char, tar,
etc.). Low-temperature steam gasification of CCMs produces a syngas with a 30-60 vol%
H, content.

High-temperature gasification is performed at temperatures above 1200 °C, where
the organic part of wastes is converted mainly into Hy and CO. High-temperature steam
gasification of CCMs produces a syngas gas with a 50-60 vol% H, content.

At present, the main problems of organic wastes gasification are high content of tar,
low gasification efficiency, and difficult gas quality control. Available studies on lab- and
pilot-scale installations indicate that these problems are mainly typical for autothermal
low-temperature H,O/CO, gasification and tend to be resolved with transitioning to the
allothermal high-temperature gasification. As this review considers combustion-free gasi-
fication, we focus only on low-temperature and high-temperature HyO/CO; allothermal
direct gasification technologies with the atmospheric operation pressure. The gasification
concepts dealing with combined technologies like pyrolysis-gasification, torrefaction—
gasification, etc., are not included in the review, as well as those applying various cata-
lysts, due to numerous possible variations of catalytic materials.

3. Low-Temperature H,O/CO,-Assisted Allothermal Gasification

The systematic research on allothermal noncatalytic low-temperature H,O/CO, gasi-
fication of CCMs started in the 1980s. For the period till 2000, there were some papers on
steam and CO»-assisted gasification (see, e.g., [84,89-96]) and CO,-assisted gasification
(see, e.g., [97,98]). In recent years, research on this topic has become an area of growing
interest because in addition to drastic decrease in waste volume it produces a gaseous
fuel with relatively higher H, content. The following is a summary of the research on
low-temperature HyO/CO, gasification for the previous 20 years. Here, we put them in
chronological order.

3.1. Experimental Studies
3.1.1. H,O Gasification

Encinar et al. [99] conducted experiments on steam gasification of dry biomass (car-
doon) in a lab-scale atmospheric pressure electrically heated cylindrical flow-type stainless-
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steel reactor at process temperatures 650-800 °C for a fixed process time of 90 min. Mixtures
of N, with HyO with the steam partial pressure of 0.26-0.82 bar were used as gasifying
agents. The feedstock particles were 0.4-2 mm in diameter. The results of tests were com-
pared with pyrolysis tests at similar conditions. Product syngas contained up to 60vol%
Hj;, 20vol% CO, 17vol% CO,, and 3vol% CHy dry and nitrogen-free basis (dnf), with trace
amounts of Co;Hy and CoHg. The amount of CHy, C,Hy, and CyHg in the syngas was
independent of the steam partial pressure, indicating that these gases had pyrolytic origin
and the contribution of reactions (10) and (11) was negligible. The highest content of H,
was attained at the highest temperature (800 °C) and the highest partial pressure of steam
(0.82 atm). The particle size was shown to have an insignificant effect on the process.
The LHV, HGE, and H;/CO ratio of the syngas were 10-11 MJ/ nm?3, 50-85%, and 3-8,
respectively. As compared to biomass pyrolysis at similar conditions, the amounts of
generated H, and CO were factors of 10 and 2 higher. Also, the LHV of the gases was much
higher than that obtained in pyrolysis. For example, at 800 °C the LHV value was a factor
of 3.6 higher and, when considering the total LHV of the pyrolysis including gases and
char, it was a factor of 1.5 higher. One more important finding is worth mentioning: the
experimental equilibrium constants corresponding to reactions (6) and (7), calculated based
on the final composition of the syngas, differed from the theoretical values, indicating
that equilibrium was not reached under the actual experimental conditions. Extrapolation
showed that equilibrium could be attained at temperatures 1100-1200 °C.

Franco et al. [100] studied experimentally steam gasification of wet forestry biomass
(softwood, Eucalyptus globulus, and hardwood) in a lab-scale atmospheric pressure elec-
trically heated fluidized bed reactor at temperatures 700-900 °C. The S/F ratio (mb) was
varied from 0.4 to 0.85. The feedstock particle size was 1.25-2 mm. The moisture content
of the wood was 9.5-12wt%. The results of experiments were compared with pyrolysis
experiments in similar conditions. The following findings were reported. Firstly, the
increase in process temperature led to higher gas yields with a reduction in tar and char
content, indicating the presence of enhanced liquid cracking and char reactions with steam.
Thus, the rise in temperature from 700 to 900 °C resulted in increasing the Hj content to
reach 35-47vol% (db) and a reduction in heavier hydrocarbons by 30-50% to reach 1-3vol%.
The syngas had HHYV in the range of 16-19 MJ/nm?3. Secondly, biomass gasification gave
rise to Hy /CO ratio (0.8-1.4) that was found to be 2 to 4 times higher than that obtained
with pyrolysis (0.33-0.4). Thirdly, the S/F ratio was found to be an important parameter
influencing the gasification process. The conditions with the S/F ratio around 0.6-0.7 and
process temperature of 830 °C were optimal to produce higher energy syngas and CCE,
greater gas yields, and gas composition favoring H, formation. In addition to temperature
and S/F ratio, the gas quality was shown to depend on the feedstock.

Hofbauer et al. [101] successfully demonstrated a steam gasification process of biomass
on a medium-scale Combined Heat and Power (CHP) plant with a fuel capacity of 8§ MW,
an electrical output of 2 MW (electrical efficiency ~25%), and thermal output of 4.5 MW
(thermal efficiency ~56.3%). Wood chips with a moisture of 20-30wt% were used as a
feedstock. The plant included a DFB steam gasifier, a two-stage gas cleaning system, a
gas-engine-based electrical generator, and a heat utilization system. The gasifier consisted
of two zones, gasification and combustion. The gasification zone was fluidized with steam
which was generated using waste heat of the process. The combustion zone was fluidized
with air and delivered the heat required for the gasification process via the circulating bed
material (quartz, olivine). The gasifier was continuously operated for 2500 h at gasification
temperature 900 °C and produced the syngas with H, /CO ratio close to 2 and containing
35-45vol% Hj, 20-30vol% CO, 15-25vol% CO,, 8-12vol% CHy and 3-5vol% Nj with the
LHYV of about 12 MJ/nm3. The amount of tar in the syngas before its cleaning was 2 to
5 g/nm3 db, which was considerably less (by a factor of 4-10) than with air used as a
gasifying agent. The heat of the plant was delivered to a district heating system that had a
length of more than 20 km. Electricity was supplied to the electrical grid operator.
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Demirbas [102] investigated both pyrolysis and steam gasification of biomass (hazel-
nut shell) in a lab-scale atmospheric pressure electrically heated reactor at pyrolysis tem-
peratures from 330 to 750 °C and gasification temperatures from 700 to 950 °C with S/F
ratios 0.7 and 1.9. Before pyrolysis and gasification, shell samples were powdered to obtain
particles 0.6-1.1 mm in size. The moisture content of biomass was 8.7wt% (wet basis, wb).
The RT of the gas in the hot zone of the reactor was less than 2 s. During pyrolysis, the
yields of Hj increased with temperature from 32vol% at 330 °C to 48vol% at 750 °C. During
gasification at temperatures higher than 700 °C, the yield of H, was shown to increase
with temperature and S/F ratio, while the yields of CO and CHy4 decreased. The highest
Hj; yield (~60vol%) was obtained in the runs with the highest temperature (950 °C) and
highest S/F ratio (1.9), thus indicating the contribution of tar and char oxidation reactions.

Demirbas [103] conducted comparative experimental studies on pyrolysis and steam
gasification of biomass (beech wood, olive waste, wheat straw, and corncob) in a lab-scale
atmospheric pressure electrically heated horizontal reactor at temperatures ranging from
500 to 950 °C. In the gasification experiments, two values of S/F ratio were used, namely
1and 2. The H; yield from steam gasification was higher than from pyrolysis and increased
with the S/F ratio. Thus, with temperature increase from 500 to 750 °C the yields of
H, from conventional pyrolysis of beech wood, olive waste, wheat straw, and corncob
increased from 35 to 43vol% (daf), from 23 to 30%, from 38 to 46%, and 33 to 40vol% (daf),
respectively, while the yields of H; from steam gasification of the corresponding feedstocks
atS/F =1 increased from 31 to 48vol% (daf), from 19 to 35vol%, from 39 to 51vol%, and
from 29 to 45vol% (daf), and at S/F = 2 the yields of H, further increased from 32 to 50vol%
(daf), from 19 to 37vol%, from 39 to 55vol%, and from 29 to 47vol% (daf). The highest Hy
yields were obtained from the pyrolysis (46%) and steam gasification (55%) of wheat straw.
The lowest yields were obtained from olive waste.

Galvagno et al. [104] conducted experiments on pyrolysis and steam gasification of dry
RDF in a pilot-scale atmospheric pressure rotary kiln plant at temperatures
850-1050 °C. The rotation speed and slope of the reactor were 2 rpm and 7°, respectively.
The RTs of gas and solid in the reactor were estimated as 2-5 s and over 15 min, respectively.
A mixture of HyO and N, was used as a gasifying agent in gasification tests. The following
findings are worth mentioning. Firstly, contrary to pyrolysis tests, in gasification tests the
fraction of tar in the products was negligible. Secondly, the yields of syngas increased (up
to 89wt%) and char yields progressively decreased (down to 17wt%) with the increase of
the gasification temperature from 850 to 1050 °C. Thirdly, higher gasification temperatures
resulted in higher H; contents in the syngas attaining a value of 65vol%, while the contents
of other gases gradually decreased with temperature (other than CO, the level of which
remained constant at 17-18vol%), thus indicating the contribution of secondary cracking
reactions. The H, /CO ratio in the syngas increased from 2.4 to 3.8 vb and the CO,/CO
ratio decreased from 1.0 to 0.3 vb by changing the temperature from 850 to 1050 °C. The
elemental composition of the syngas showed that, as the gasification temperature increased,
the carbon content continuously decreased, while the H, content increased; H; being the
main component of the syngas responsible for the progressive growth of gas volume
at higher temperatures. At the highest temperature, the specific volume of H, reached
1.31 nm3/kg over a total syngas production of 1.98 nm?/kg. Furthermore, the LHV
decreased from 17.8 to 14.6 MJ/nm?, with a temperature increase from 850 to 1050 °C;
however, the energy content of the syngas showed a remarkable increase from 18.3 to
28.9 M] /kg. The proximate analysis of the char fraction clearly showed the increase in the
gasification temperature led to the increase in the ash amount in the solid residue and a
drastic decrease in the carbon content.

Wau et al. [105] reported the results of their experimental campaign on steam and
air-steam gasification of biomass (wood) in a lab-scale atmospheric pressure electri-
cally heated gasification facility with the capacity of 0.15-0.34 kg/h at temperatures
750-950 °C and S/F ratios 1.11-2.22. The feedstock was crushed and sieved to parti-
cles 1-2 mm in size. The moisture of the feedstock was 9wt%. The gasification facility
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consisted of two reactors. The primary reactor was designed as a fluidized bed gasifier,
whereas the secondary one was designed as a reformer. The RTs in the reactors were up
to 0.6 and 0.7 s, respectively. In steam gasification tests, the gasification temperature was
identified as the most important factor influencing H, generation in both noncatalytic and
catalytic processes. At 900 °C, without employing a catalyst, Hy-rich syngas containing
54.7vol% Hy, 30.5vol% CO, 9.3vol% CO, and 5.2vol% CH,4 was extracted from feedstock at
S/F ratio 1.91, thus providing the H, /CO and CO,/CO ratios of 1.9 and 0.3, respectively.
The tar content was on the level of 0.3vol%.

Gupta et al. [106] performed experiments on steam gasification of biomass (paper,
cardboard, and wood pellets, 8- and 12-mm size) in a lab-scale atmospheric pressure
electrically heated horizontal fixed-bed reactor at temperatures 700-1100 °C. The feedstock
was placed inside the reactor in a metal mesh basket. Pure steam as a gasifying agent was
produced in an auxiliary combustor by combustion of stoichiometric H;-O, mixture. The
amount of steam entering the reactor was determined from the combustion reaction and the
flow rates of Hp and O,. For controlling steam temperature, an additional electrical heater
was applied. Experiments showed that increase in steam temperature resulted in enhanced
contents of Hj in the syngas. Other gases detected included CO, CO,, and CHy. At
1000 °C, the concentration of H, was 36.2, 21.3, and 24.1vol% when paper, 8-mm diameter
wood pellets, and cardboard were used as feedstock samples. The concentration of CHy in
the syngas from paper in these conditions was 6vol%. The corresponding values of H, /CO
and CO,/CO ratios were 1.14 and 0.72, respectively, and the LHV was about 11.6 MJ/kg.
Gasification of wood pellets at 1000 °C resulted in syngas with H, /CO and CO,/CO ratios
of 0.48 and 0.5, and the LHV was about 15.3 MJ /kg. Thus, paper or cellulose-rich materials
were found to be favorable for enhanced Hj yield from waste. The gas chromatography
showed the presence of trace amounts of higher hydrocarbons in the syngas, such as CoHp,
C3Hg, C3Hg, or C3Hg. At 1000 °C, the sum of these gaseous components was less than
2.5 and 4.9vol% for these feedstocks, respectively. The experimental results showed trends
like in the equilibrium calculations, but the measured values of H, and CO yields were less
than the calculations presumably because of imperfect mixing between gasifying agent
and waste in experiments.

Tian et al. [107] studied the conversion of fuel-N into NH; and HCN during pyrolysis
and steam gasification of biomass (cane trash), SSW, and coal (brown coal and three
bituminous coals). The sizes of biomass particles were 106-150 um (cane trash) and
125-212 pum (SSW). The moisture of biomass was 6wt%. Feedstock pyrolysis was studied
in a lab-scale atmospheric pressure electrically heated one-stage fluidized-bed /fixed-bed
reactor at fast heating rates (over 10° °C/min) to temperatures 600-800 °C. Feedstock
gasification was studied in a two-stage fluidized-bed/tubular reactor at temperatures
600-1000 °C and holding time around 400 min. Analysis of experiments showed that
during the pyrolysis and steam gasification of the feedstocks, the main route for the
formation of HCN was thermal cracking of volatile-N, while some HCN was formed
due to the breakdown of unstable N-containing substances in char. The results indicated
that NH3 would be the main gaseous product from char-N, once the fuel-N (both in
biomass and coal) was condensed/polymerized into the solid-phase char-N during steam
gasification. An additional route of NH3 formation during steam gasification of biomass
(e.g., cane trash) could be thermal-cracking/reforming of volatile-N, while this route could
be ignored for the gasification of coal. The selectivity of char-N toward NH3 and HCN was
mainly controlled by char-N stability and availability of active radicals during coal and
biomass gasification.

Wei et al. [108] studied steam gasification of two kinds of biomass (legume straw
and pine WS) in a lab-scale atmospheric pressure electrically heated gas—solid concurrent
downflow free-fall reactor at temperatures 750-850 °C and S/F ratios 0-1 (mb). The
biomass samples were sieved to get particles of 0.30-0.45 mm size. The gas yields were
shown to increase and the tar and char yields to decrease with temperature and S/F ratio.
The maximum gas yield (~100wt% daf) and H; content in dry gas were obtained at 850 °C
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and S/F ratio 0.6. At these conditions, syngas with H, and CO contents of 51 and 21vol%
was produced from legume straw, while that with 44vol% H, and 28vol% CO was obtained
from pine WS, with the corresponding H, /CO ratios of 2.4 and 1.4, and CO,/CO ratios
of 1 and 0.6, respectively. The tar yield from legume straw and pine WS decreased with
temperature from 62.8 to 3.7 g/nm? db and from 45.6 to 6.0 g/nm? db, respectively, thus
indicating that the presence of steam favored tar decomposition.

Gao et al. [109] conducted experiments on steam gasification of biomass (pine WS)
in a lab-scale atmospheric pressure electrically heated fixed-bed updraft gasifier with a
continuous biomass feeding system and a steam reformer with a porous ceramic packing
layer used for tar cracking. The gasification temperatures were 800-950 °C; the S/F ratio
was 1.0-3.5 by keeping constant the biomass feed rate while changing the steam flow
rate. The feedstock particle size was 0.2 and 0.4 mm. The moisture of biomass was
4wt%. The gasifier RT ranged from 3 to 8 s. The objective was to determine the effects of
gasifier temperature, S/F ratio, and porous ceramic reforming on the syngas parameters
(composition, Hp yield, LHYV, etc.). Experiments showed that with the temperature increase
from 800 to 950 °C the H; yield increased from 39 to 55vol%, CO yield decreased from
27 to 20vol%, CO; yield decreased from 21 to 17vol%, CHy yield decreased from 10 to
6vol%, and the yields of other hydrocarbons (C;Hy4, C,Hg) were nearly constant at ~2vol%
in total, while the absolute Hj yield increased from 75 to 135 g H, /kg biomass. The molar
ratios of Hy /CO and CO,/CO in the syngas were in the ranges 1.5 < H, /CO < 2.7 and
0.8 < CO,/CO < 1.1, respectively. With the increase in the S/F ratio from 1 to 3.5, the
H, yield increased from 47.6 to 60.6vol%, CO yield was nearly constant (17vol%), CO,
yield decreased from 27 to 15vol%, CHy yield decreased from 8 to 7vol%, and the yields
other hydrocarbons were nearly constant at ~2vol% in total. The S/F ratio of 2.05 was
found to be optimal in all steam gasification runs. This value provided the molar ratios
of Hy /CO and CO,/CO in the syngas equal to 3.2 and 1.6, respectively, with an LHV of
11.3 M] /kg and Hj yield of 90 g H, /kg biomass. The LHV of the produced syngas in all
experimental conditions was 10.1-12.3 MJ/nm3. In some experiments, the syngas was
passed through the porous ceramic layer of steam reformer, where the tar present in the gas
was decomposed into small molecules such as H,, CO, CO,, etc. due to reactions (7) and
(8). Experiments showed that the use of porous ceramic increased the carbon conversion
up to 50vol%, leading to an increase in the Hj yield. Thus, in the experiments with steam
reformer at 850 °C and S/F = 2.05, the H; yield increased from 42 to 51vol%, CO yield
decreased from 23 to 15vol%, CO; yield increased from 23 to 25vol%, CHy yield decreased
from 10 to 7%, and the yields of other hydrocarbons decreased from 2 to ~1vol%.

Ahmed and Gupta [110] reported the results of experiments on pyrolysis and steam
gasification of biomass (white paper) in the lab-scale atmospheric pressure electrically
heated facility at temperatures 600-1000 °C. Steam for gasification was generated by
well mixed stoichiometric Hy—O, combustion and introduced to the gasifier through the
gasifying agent heater at a flow rate of 8 g/min. The results revealed the contribution
of steam gasification of char on syngas flow rate, residuals, energy yield, H, yield and
variation in syngas chemical composition. Gasification was found to give better results
than pyrolysis in terms of increased material destruction, and increased H, yields and
chemical energy under the same experimental conditions. If at low temperatures (600 °C),
pyrolysis and gasification yielded almost the same amount of energy and H,, at higher
temperatures the corresponding values differed significantly. During gasification, the
syngas flow rate increased with the gasification temperature considerably and gasification
lasted for a shorter time. The yields of Hj at pyrolysis and steam gasification at temperature
900 °C differed by a factor of 8, while the maximum yield of Hy was 65vol%.

Ahmed and Gupta [111] studied pyrolysis and steam gasification of polystyrene (PS)
in a lab-scale atmospheric pressure electrically heated semi-batch reactor at temperatures
700-900 °C. A batch sample was introduced in the reactor at the beginning of the exper-
iment. Pyrolysis runs were conducted with N as a carrier gas. In gasification runs, a
mixture of N, and steam was introduced continuously to the reactor at a constant flow
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rate. Steam was generated by the combustion of stoichiometric H;—-O, mixture and in-
troduced first into a superheater and then into the reactor. The maximum duration of
gasification runs was 14 min. During this time there were 9 sampling trials to obtain the
time resolved behavior of syngas mole fraction. The differences between pyrolysis and
gasification of PS under the same conditions were determined based on examining the
evolution of syngas and H; flow rates, output power, syngas yield, H; yield, energy yield,
CGE, and syngas quality. The behavior of PS under both pyrolysis and gasification process
was compared to that of paper and cardboard. Experiments showed that the increase in
reactor temperature had a positive effect on syngas and H; flow rates in both pyrolysis and
gasification. However, for the pyrolysis, the syngas and Hj flow rates increased linearly
with temperature and for gasification they increased exponentially over the investigated
temperature range. At 900 °C, the absolute amounts of syngas and H, produced in the
gasification process were 7 and 3 times larger than those produced in the pyrolysis process.
However, at temperatures less than 800 °C Hj yield in the gasification process was less
than in the pyrolysis. The same related to the chemical energy from the PS and CGE, which
attained values of 11 and 47% at 800 °C and 900 °C, respectively. This effect was attributed
to the contribution of a steam—PS reaction that yielded condensable hydrocarbons in the
form of tar in the gasification process and competed with the steam-PS reaction (9) forming
gaseous products. Therefore, if the goals from the pyrolysis and gasification of PS were to
produce H; gas or recover the chemical energy from PS in reformed gaseous form, then
it was recommended to use gasification process only at temperatures exceeding 800 °C.
This behavior of PS during pyrolysis and gasification was different from the behavior of
cellulosic-based material. In the authors” previous study [110] they showed that steam
gasification always produced more syngas and H; than pyrolysis at all temperatures from
700 to 900 °C. In view of it, worth mentioning are the differences between plastics and other
solid fuels such as paper, cardboard, or biomass. Plastics have no fixed carbon content
(char), whereas paper or biomass contains about 20% fixed carbon and some ash depend-
ing on the sample heating rate. At pyrolysis, plastics produce almost 99wt% as volatile
products, leaving around 1% of ash and carbon-containing material, whereas biomass or
cellulose yield only volatile parts, leaving the char in the reactor. The absence of fixed
carbon content in plastics makes a significant difference in the case of gasification. Since at
low temperatures the reactions between gasifying agents with the solid-phase sample are
slow, syngas can be produced only at temperatures sufficient to accelerate the gasifying
agent—sample reactions to a rate comparable to pyrolysis reaction rates. The temperature
at which the gasifying agent becomes effective depends on the type of gasifying agent.
Further studies in [111] addressed the syngas quality. The criteria determining the syngas
quality were based on overall H, volume fraction and overall percentage of pure fuel. An
increase in temperature caused a linear increase in the percentage of pure fuel in the case of
gasification up to 93vol% at 900 °C, while had no effect on pure fuel percentage in the case
of pyrolysis (99vol% at 900 °C), i.e., despite gasification yielded much more energy than
pyrolysis, pyrolysis was shown to produce better syngas quality at all temperatures based
on both criteria. Worth noting is that the criteria used were only the mole fraction and not
the total yield of pure fuel or Hy. The fuel percentage for both pyrolysis and gasification
experiments was anyway higher than that for cardboard pyrolysis (80vol% at 900 °C) and
gasification (78vol% at 900 °C).

Ahmed and Gupta [112] studied experimentally the evolutionary behavior of syngas
chemical composition and yield for cardboard in a lab-scale atmospheric pressure elec-
trically heated semi-batch reactor during steam gasification at a temperature of 900 °C
and steam flow rates 3.31-8.9 g/min. As in previous experiments in [110,111], the steam
for gasification runs was generated in the combustor burning the stoichiometric Hy-O,
mixture. The batch sample was introduced at the beginning of the experiment and the
gasifying agent was introduced continuously to the reactor at a constant flow rate. The
sample mass was fixed at 35 g. The maximum duration of gasification runs was 7 min.
During this time there were sampling trials to obtain the time resolved behavior of syngas
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mole fraction. This allowed examining the time histories of syngas chemical composition
in terms of Hy, CO, CO,, and CH, mole fractions, as well as Hy /CO and CO,/CO ratios,
LHYV, H, flow rate, and percentage of combustible fuel in the syngas. Several important
findings are worth mentioning. Firstly, the results showed that the time histories of syngas
properties at all the steam flow rates provided the same qualitative trend. At the beginning
of the gasification test (first 2 min), while the sample temperature was raised from room
to target temperature, pyrolysis was a dominating process. This followed from the time
histories of Hy, CO, and hydrocarbon (CH4 and CHp,) mole fractions. The hydrocarbons
were formed in considerable amounts at the beginning but rapidly depleted between the
first and third minute. This behavior was consistent for both pyrolysis and gasification tests.
Consequently, the yield of hydrocarbons in the gasification process was mainly attributed
to sample pyrolysis at the initial stage of gasification. From the third min, the gasification
process started to play a dominant role. The results showed an increase in the Hy and CO,
mole fractions and a decrease in CO mole fraction. This was attributed to the effect of
reaction (7) which favored the formation of H, and CO; at the expense of CO because of the
gradual increase of S/F ratio with time in the batch reactor. This increase in the S/F ratio
increased the steam concentration in the reactor which accelerated the forward reaction
rate. Secondly, the results of the study clearly demonstrated that the syngas properties
changed with time. It was proposed to characterize the overall behavior of syngas by the
time integral of syngas properties. For example, the overall syngas yield (in liters) was
the time integral of syngas flow rate (in liters per minute, LPM) and overall syngas LHV
was the time integral of output power (kJ/min) divided by the time integral of syngas
flow rate (kg/min or LPM). Thirdly, with the increase in the steam flow rate from 3.32 to
8.9 g/min, the integral mean H; mole fraction in the syngas gradually increased from
33 to 40vol%, while the CO mole fraction gradually decreased from 33 to 28vol%, CO,
mole fraction decreased from 23 to 20vol%, CH4 mole fraction was constant at 8vol%, and
the mole fraction of other hydrocarbons stayed at the level of 4-5vol%. The correspond-
ing values of Hy/CO and CO,/CO ratios, syngas LHV, and CGE varied in the ranges:
1 <H,/CO <143, CO,/CO =0.7, 14 < LHV < 16 MJ/kg, and 78% < CGE < 98%. The
increase in the steam flow rate increased the yield of pure fuel (syngas yield minus CO,)
from 22 to 32 L and slightly increased the percentage of pure fuel from 77 to 80% which
was a direct result of reaction (9). The yield of pure fuel increased due to the increase
in the reaction rate with steam concentration in the reactor which in turn increased the
syngas yield.

Galvagno et al. [113] conducted experiments on pyrolysis and steam gasification of
three different waste types (RDF, poplar wood, and scrap tires) in an atmospheric pressure
rotary kiln plant at process temperature 850 °C and S/F ratio 2.1. The rotation speed
and slope of the reactor were 2 rpm and 3°, respectively. The RTs of gas and solid in
the reactor were estimated as 9 and 15 min, respectively. A mixture of H,O and N; was
used as a gasifying agent in the gasification tests with the partial pressure H,O equal to
0.8 bar. The samples of RDF with high moisture content (25-30wt%) were dried and milled
into particles up to 2 mm in diameter. Samples of poplar WS were dried and milled into
particles up to 4 mm in diameter. The scrap tire samples were dried and shredded to 2 mm
diameter particle size. About 250 g of material was used in each test. The corresponding
yields of syngas and char for the steam gasification of the feedstocks were as follows:
81.3 and 36wt% for RDEF, 89.9 and 14.4wt% for poplar, and 60.8 and 41.2wt% for tires. Due
to steam contribution to the reaction, the sum of the various fractions, compared to the
incoming feedstock, exceeded 100% in all tests. The data accounted for a negligible liquid
content; it is noteworthy that the oil fraction was determined by the weight difference of
the cold trap, and no evidence of condensed matter was observed in the cleaning system.
The Hj, CO, CO, and CHy4 contents in the syngas were found to increase in the sequences:
Hy: RDF < poplar < tires, increasing from 42.7 to 51.5vol%; CO: tires < RDF < poplar,
increasing from 6.3 to 23vol%; CO,: tires < RDF < poplar, increasing from 4.7 to 20.8vol%;
and CHy: poplar < RDF < tires, increasing from 8.6 to 27.6vol%. The corresponding values
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of Hy/CO and CO,/CO ratios were 2.7 and 1.1 for RDF, 2 and 0.9 for poplar, and 7.8
and 0.7 for tires. The corresponding values of syngas LHV were 17.8 MJ/nm? for RDF,
13.4 MJ/nm?3 for poplar, and 25.3 MJ/nm? for tires. Poplar syngas had the highest content
of CO and CO,, whereas waste tire syngas had the highest CH4, C;Hy, and Cy;Hg contents,
and was the only one with an appreciable C3 content (~1%). Such a trend was attributed to
different compositions of the feedstocks. The presence of oxygen-containing species, such
as cellulose and hemicellulose in the poplar, favored the formation of large quantities of
CO and CO;. As for the waste tires, the content of high hydrocarbons depended on the
rubber degradation process. RDF presented an intermediate situation, as it was rich in
oxygenated products due to the presence of paper and wood, and contained appreciable
amounts of CHy and C,Hy4 due to the degradation of the plastic fraction. In general, the
presence of significant amounts of CHy, unsaturated C, (C;Hy and C;Hjy), and CoHg (and
C3) indicated limited extensions of the steam cracking processes in the gas phase regardless
of the CCM nature. As for the char analysis, char from RDF was largely composed of ash.
The other two CCMs showed high contents of organics and small ash contents. Moreover,
the similarity between poplar and RDF in terms of the char organic content, whose value
became 13.4% (for poplar) and 12.0% (for RDF) if normalized against the char yields
(36.0% and 14.4%, respectively), was notable. Together with the similar volatile content
in the starting material, this result suggested that the RDF composition accounted for a
high lignocelluloses fraction. Accordingly, conversion for RDF and poplar was almost
coincident, while for waste tires conversion was low. A high sulfur content (~3wt%) was
shown only by char from tires. Considering a 2.3wt% S content on waste tire feeding and
a 41.2wt% char yield, it was evident that a normalized final 1.2wt% S (almost 50% of the
starting S) was retained in the solid residue of tires.

Guoxin et al. [114] conducted experiments on pyrolysis of wet biomass (pine WS) in a
lab-scale atmospheric pressure electrically heated reactors of two types, a stainless-steel
reactor for slow-heating pyrolysis, and a quartz tube reactor for fast-heating pyrolysis at
temperatures 300-800 °C. Experiments implied the use of biomass moisture for increasing
the Hj yield in the product syngas due to steam gasification reactions. Wet pine WS
(particle size less than 0.15 mm) was used as feedstock. To study the effect of moisture, the
wet pine WS was dried to different moisture contents. In the experiments, three different
samples were used, namely, (1) wet biomass, BW, the as-received wet pine WS, with a
moisture content of 47.4wt%; (2) a partially dried fraction of the as-received wet pine
WS, BPD, with a moisture content of 33.7wt%; and (3) totally dried biomass, BTD, with
a moisture content of 7.9wt%. In slow-heating tests, a sample of 1 g mass was placed
in the reactor prior to the experiment and then heated and purged with the purging gas
(N2). In fast-heating tests, a sample of 0.1 g mass was placed in the reactor purged by
N, and preheated to the target temperature. After 5 min, the boat with the sample was
taken out from the reactor. The gas cleaning and collection systems were the same for
both types of tests. In general, experiments with biomass samples of different moisture
showed that syngas and Hj yields increased with the moisture content, sample heating
rate, and reactor temperature, and decreased with the purging gas flow rate. In more
detail, experiments showed that with moisture increase from 7.9 to 47.4wt%, the H; yield
increased from 47 to 86 mL/g, and the gas yield and the H; content were increased by
about 30% and 40%, respectively. When comparing the results from both the slow- and the
fast-heating pyrolysis, it was found that under fast-heating conditions the effect of moisture
was stronger than that under slow-heating conditions. It might be caused by the different
interactions between the autogenerated steam and the intermediate reaction products
at various heating rates. For the slow-heating pyrolysis, the steam autogenerated from
moisture would be partially purged away by N; before interacting with the intermediate
products due to the long duration of drying and pyrolysis, leading to a weakened effect of
moisture on the subsequent process. For the fast-heating pyrolysis, both the evaporation of
moisture and the generation of the intermediate products occurred in a shorter time, which
greatly enhanced the steam—volatile and the steam-—nascent char interactions. The moisture
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had also an effect on the char yield. With the increase of moisture, the char yield decreased,
especially for the fast-heating pyrolysis, indicating the negative effect of drying on biomass
pore permeability, a positive effect of partial steam pressure on nascent char gasification,
and the lower RT of volatile in biomass matrix. The effect of the increase in the reactor
temperature from 300 to 800 °C was also studied. In the experiments with BW (slow-
heating rate) the yield of gas increased with the reactor temperature attaining the value of
~14wt%, while the yield of char decreased from 50 to 12wt% due to the thermal cracking
reaction. The yield of tar first increased and then decreased attaining the maximum value
of 76.2wt% at 500 C. Furthermore, 86.1wt% of biomass fed to the reactor was transformed
into volatiles (gas, tar, and water) at 600 °C, but this value increased slightly with the
reactor temperature, only reaching 87.1wt% at 800 °C. The results indicated that most of
the volatiles were released from biomass before 600 °C, and after that point, the increase
of the reactor temperature had only a slight effect on biomass decomposition. With the
increase of the reactor temperature, the contents of H, and CHj, increased from 14.7 to
27vol% and from 8.6 to 13.4vol%, respectively; CO had a smaller decrease from 39.4 to
36.6vol% between 500 and 800 °C; CO, decreased from 48.9 to 23vol% with the temperature.
The synchronous increase of the gas yield and the H; content suggested that the Hy yield
increased with the reactor temperature. This was attributed to the thermal cracking and
steam reforming at high temperatures to produce more Hj.

Kantarelis et al. [115] conducted comparative experiments on pyrolysis and steam
gasification of mixed plastics (electric cable shredder residues) in a lab-scale atmospheric
pressure fixed bed batch reactor at temperatures 700-1050 °C with a constant steam flow
rate of 0.6 kg/h in gasification tests. In each test, the reactor with a massive honeycomb
placed upstream of the sample basket was heated to 100-150 °C above the target tem-
perature by burning a CHy—air mixture in an auxiliary combustor. Thereafter the flow of
combustible mixture was replaced by the flow of N; in the case of pyrolysis or H,O in
the case of gasification, which was purged inside the reactor and heated up by the hot
honeycomb attaining a constant temperature. After temperature stabilization, the sample
was placed inside the reactor by a support shaft where the basket was screwed. The raw
material was first shredded to a particle size of 5-10 mm and pretreated to remove copper.
The copper free cables were subject to wet separation, where PVC content was separated
from the light part of the waste. The remaining material consisted mainly of polyethylene
(PE) with some crosslinked PE (PEX). Finally, the raw material was dried and its ultimate
and proximate analyses were made. The chemical formula of the feedstock was CH;j ¢8O 24.
In each test, about 30 g of sample was used. The results of pyrolysis and gasification tests
were compared for the same conditions and reaction time (up to 700 s). Tests showed
that steam gasification at 1050 °C resulted in higher feedstock conversion (~92wt%) as
compared to pyrolysis (~88wt%). At these conditions, steam gasification produced a larger
amount of syngas (64vol%) than pyrolysis (61vol%). A drawback of the pyrolysis process
was the high tar content in the syngas which created the need for further processing. The
values of H, /CO ratios in the syngas produced by gasification were relatively lower than
by pyrolysis: at 1050 °C and reaction time of ~200 s it was 5.6 vs. 9.5.

Kriengsak et al. [116] conducted experiments on steam gasification of biomass (paper,
yellow pine woodchips) and bituminous coal in a lab-scale atmospheric pressure electrically
heated batch-type flow reactor at temperatures 700-1200 °C, reaction duration over 3 min,
and two different values of steam flow rate (3.3 and 6.3 g/min) to analyze the effect of
S/F ratio on syngas composition. Feedstock samples had a fixed mass of 30 g. The reactor
allowed the gasification of different types of wastes in a batch form using different gasifying
agents at desired temperatures. Superheated steam produced from the combustion of the
H,-O; mixture was first directed into an electrically heated furnace, which raised its
temperature to the target value. In the tests, the yields of both H, and CO increased while
COy, CHy, and tar decreased with temperature. The maximum Hj yields of 54.7vol%
for paper, 60.2vol% for woodchips, and 57.8vol% for coal were achieved on a db, with
a steam flow rate of 6.3 g/min at a steam temperature of 1200 °C. Compared to lower
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temperatures, a 10-fold reduction in tar content was detected at higher temperature steam
gasification. The lower tar yields were attributed to cracking of heavy hydrocarbon chains
at high temperatures and reacting with steam to form Hj, CO, and CO,. Steam gasification
temperature did not affect much the LHV of syngas, which was on the level of 225 kJ/mol.
A higher S/F ratio had a negligible effect on the H, yield. It was concluded that gasification
temperature could be used to control the amounts of Hp or CHy as well as the H, /CO ratio
in the syngas.

Skoulou et al. [117] conducted steam gasification experiments of olive kernel particle
1.4-3 mm size in a lab-scale atmospheric pressure combustion-heated co-current fixed
bed gasifier at steam temperatures 750-1050 °C and RT varied between 120 and 960 s to
investigate the conditions required for obtaining the maximum Hj yield in the syngas. The
amount of Hj in syngas was shown to increase with the RT reaching 40vol% at 1050 °C
and 800 s. At these conditions, almost complete reforming of light hydrocarbons (CH4 and
C,Hy) was achieved, whereas the LHV of syngas was 14 MJ/ nm? and the H,/CO and
CO,/CO ratios took values of 4 and 2 vb, respectively. The char contained 79wt% of fixed
carbon, low Cl and S content, and LHV of 25.5 MJ/kg. Tar content in the syngas at 1050 °C
reached 25 g/nm3, which was 80% less than at 750 °C.

Umeki et al. [118] conducted experiments on steam gasification of biomass (cedar
chips and woody biomass) and PE and plastic wastes in a lab-scale atmospheric pressure
electrically heated updraft fixed-bed gasifier coupled with catalytic reformer at tempera-
tures 500-900 °C and S/C ratios 1-5. Sample particles had sizes of 2-5 mm for biomass
and 3-4 mm for plastics. The feedstock, carrier gas (N3), and preheated steam were contin-
uously fed to the reactor. The mean RT of the gas in the reactor was 0.7-2 s. In tests with
PE, the gasification temperature below 700 °C could not be obtained because of plugging
the measurement lines by tar. The effect of process temperature was studied at an S/C
ratio of 1 and RT of 2 s. Tests with biomass showed that an increase in temperature led to a
drastic increase in Hy content and decrease in tar content in the syngas during gasification.
Comparison of measured syngas composition with the equilibrium constant of reaction (7)
showed that this reaction was dominating the gasification process at temperatures above
800 °C. The yields of Hp, CO, CO,, CHy, and tar at 900 °C attained 40, 30, 18, and 9vol%,
and 0.12 g/g sample, respectively. The H,/CO and CO,/CO ratios were 1.33 and 0.6.
Experiments with plastics also showed a drastic increase in Hy content and decrease in
tar content in the syngas with a temperature increase from 800 to 900 °C. The yields of
H,, CO, CO,, CHy, and tar at 900 °C attained 52, 35, 2, and 7vol%, and 0.1 g/g sample,
respectively. The H, /CO and CO,/CO ratios were 1.49 and 0.06. Contrary to tests with
biomass gasification, tests with gasification of plastics showed no char in syngas. The effect
of the S/C ratio on syngas composition was studied at 900 °C and an RT of 2 s. With the
increase in the S/C ratio from 1 to 4.5, H, content increased from 40 to 52vol% for biomass,
and from 52 to 58vol% for plastics. The corresponding H, /CO and CO, /CO ratios were
3.85 and 2.1 for biomass, and 4.5 and 1.2 for plastics. The tar contents decreased to 0.09 and
0.04 g/g sample, respectively. The effect of mean gas RT was studied at 900 °C and S/C
ratio of 5. The main effect of RT was a drastic decrease in the tar yield for PE gasification: it
decreased from 0.15 g/g sample at an RT of 0.7 s to 0.04 g/g sample at 1.7 s.

Ahmed and Gupta [119] conducted experiments on pyrolysis and steam gasification
of biomass (food waste simulated as dog’s food) in a lab-scale atmospheric pressure
electrically heated semi-batch reactor at temperatures 800 and 900 °C and steam flow
rate of 8 g/min. In pyrolysis tests, N, was used as a purging gas. In gasification tests, a
mixture of N, and H,O was introduced in the reactor at a constant flow rate. The steam
was generated in the combustor burning the stoichiometric Hy—O, mixture. The sample
mass was fixed at 35 g. The duration of tests was up to 100 min at 800 °C and 50 min at
900 °C. During this time the syngas composition was sampled continuously by on-line
gas chromatography to obtain the time resolved behavior of syngas mole fractions. This
allowed examining the time histories of syngas chemical composition in terms of Hy, CO,
CO,, and CHy mole fractions, as well as Hy /CO and CO, /CO ratios, LHV, H; flow rate,
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and percentage of pure fuel in the syngas. Gasification was shown to be more beneficial
than pyrolysis, but a longer time was needed to complete the gasification process. A longer
time of gasification was attributed to slow reactions between char and steam.

Nipattummakul et al. [120] used SSW as well as paper, food wastes, and plastics as the
feedstock and steam temperatures 700-1000 °C for gasification in a lab-scale atmospheric
pressure electrically heated experimental facility. High-temperature steam at atmospheric
pressure was generated from stoichiometric combustion of Hp—O, mixture and then heated
electrically to control the inlet temperature to the gasifier. The steam flow rate was set to
3.0 g/min. The SSW sample was collected from a water treatment plant, dried, and kept in
containers to maintain the moisture. The amount of sample material used in gasification
tests was 35 g. Tests showed that the increase in process temperature revealed multiple
advantages of steam gasification over pyrolysis. H; yield was shown to increase with
temperature and reach 76 g Hy /kg CCM at 1000 °C. The increase in process temperature
enhanced tar reforming reaction (9) to consequently provide increased energy yield and
the HGE. At 1000 °C, the HGE for gasification was 128% instead of 80% for pyrolysis.
Gasification duration was decreased with temperature: reaction time was ~200, 142, 61 and
about 40 min at reactor temperatures 700, 800, 900, and 1000 °C, respectively. Interestingly,
despite steam gasification of SSW was shown to be slower than that of other samples,
but it yielded more H, than paper and food waste at the same conditions and generated
approximately three times more H than that from air gasification.

Nipattummakul et al. [121] used a wastewater SSW as the feedstock for pyrolysis
and steam gasification in the lab-scale atmospheric pressure electrically heated semi-batch
gasifier at a fixed temperature of 900 °C and S/F ratios 3.05, 5.62, and 7.38 vb. High-
temperature steam was generated by the combustion of stoichiometric Hy—O, mixture
and then heated electrically to control the inlet temperature to a gasifier. The SSW was
collected from a water treatment plant and was dried. The amount of sample material
in gasification tests was 35 g. In general, experiments showed that the presence of steam
increased the yield of syngas: approximately double the amount of syngas was generated
from gasification as compared to pyrolysis. The objective was to examine the role of the S/F
ratio on the resulting syngas characteristics. The variation of steam flow rate had a two-fold
effect. On the one hand, the increase in steam flow rate increased steam concentration
inside the reactor and accelerated steam involved reactions. On the other hand, the increase
in steam flow rate decreased the RT which decreased the time for steam involved reactions
so that the effective use of the available steam in the reactor was reduced. This implied
that optimum use of steam in the reactor required examination of the S/F effect on the
evolutionary behavior of syngas. The change in S/F ratio mainly affected the reaction time
and the H; content in the syngas. The increase in S/F ratio decreased the reaction time,
which was attributed to increased contributions from reactions (6) and (7). The increase
in S/F ratio increased the Hj content, but there was no considerable change in CO, CO,,
CHy, and hydrocarbons contents. However, an increase in the S/F ratio had only a slight
effect on syngas yield. The average syngas yield obtained from gasification was 36.9 g
with the initial 35-g sample. The syngas yield had a peak value at S/F ratio of 5.62. At
these conditions, the contents of H,, CO, CO,, and CHy, and syngas HHV and HGE were
53,17,19, and 7vol%, 18 MJ/kg, and 123%, respectively. It was concluded that SSW was
a good source of sustainable feedstock after its reforming with steam. The use of steam
was shown to provide value added characteristics to the SSW with increased H; and total
energy contents.

Umeki et al. [122] studied a gasification process for generating Hp-rich fuel gas from
biomass (wood chips) using steam with temperatures 530-930 °C in an atmospheric pres-
sure demonstration plant with a capacity of 1.2 tons of feedstock per day. The plant
included an updraft fixed bed gasifier to enhance the reaction rate of char gasification with
steam due to arranging contacts between steam and char at the highest steam temperature.
Steam for the gasification process was generated in a heat exchanger using the combustion
products of C3Hg—air mixture. The injected steam temperature was 940-1060 °C. Steam
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flow rates ranged from 106 to 176 nm®/h. The feedstock was continuously fed into the
gasifier at feed rates 35-41 kg/h db. The S/C ratio was 2.8-5.4. Wood chips were produced
by crushing transport pallets to the average size of 15 x 20 mm. The feedstock moisture
was 19wt%. It was found that the gas temperature sharply decreased closely downstream
from the steam inlet 500-600 °C followed by further decrease along the gas flow direction
to reach 450-500 °C. A major part of heat loss was attributed to the water-cooled char ex-
traction unit at the gasifier bottom. Experiments showed that about 90% of steam remained
unreacted in the gasifier exit, which was presumably caused by relatively low process
temperatures and high S/C ratios. Under the test conditions, the S/C ratio and RT were
the two parameters that affected the gas composition since the process temperature was
constant in all tests. The syngas contained over 40vol% H; and exhibited the H, /CO and
CO,/CO ratios of 2.8-3.8 vb and 0.5-0.9 vb, respectively. It was argued that reaction (7)
was the most important reaction controlling the gas composition. With the increase of the
S/C ratio, the Hj fraction attained its maximum value presumably because of the trade-off
between the reaction rate and the RT. As compared with the O,-blown gasification, the tar
content was quite high (50-100 g/nm?). The highest CGE was 60%.

Howaniec et al. [123] studied steam co-gasification of biomass (bush wood) and hard
coal in a lab-scale atmospheric pressure electrically heated updraft fixed bed reactor at
temperatures 700-900 °C. Samples of 10 g of biomass, coal, or their blends with a ratio
of 20, 40, 60, and 80wt% were placed on quartz wool at the bottom of the reactor and
heated to the target temperature in the N, atmosphere (flow rate 8.33 cm3/s). After the
temperature was stabilized, steam was injected upward to the gasifier with a flow rate of
5.33 x 1072 cm?/s. The composition of dry and clean syngas produced in the biomass and
coal co-gasification tests was analyzed on-line. The objective was to determine the influence
of gasification temperature and blend composition on the syngas yields, composition, and
CCE. Comparison of biomass, coal, and biomass/coal blend reactivities determined in
terms of the time needed for 50% carbon conversion, making it possible to reveal several
synergy effects in co-gasification of biomass and coal. The first synergy effect consisted of
an increase in the volume of Hy produced when compared to the tests of separate biomass
and coal gasification. This effect manifested itself for all blend ratios and all temperatures
examined. The maximum (15-16%) and minimum (3-4%) increases in the H; yield were
detected for the blends with 40 and 80% biomass, respectively. Another synergy effect was
reflected in the higher total amount of syngas, when compared to separate biomass and coal
gasification observed in tests with blends containing 20 and 40wt%. This effect manifested
itself at all temperatures examined, as well. The total amounts of syngas generated in the
co-gasification tests on blends of 20 and 40wt% biomass content were respectively 5-7%
and 10-12% higher than the amount of syngas produced in the process of biomass and coal
gasification, indicating chemical interaction between biomass and coal in the temperature
range of 700-900 °C. Surprisingly, the LHVSs of syngas generated at 800 °C in co-gasification
of blends of 20 and 40wt% biomass appeared to be comparable (11.16 and 11.06 MJ/nm?) to
the respective values obtained in coal gasification (11.08 MJ/nm?3). This was also confirmed
by the calculated CGE values for coal gasification (80%) and co-gasification of blends of
20 and 40wt% (75 and 72%, respectively). The synergy effects observed in the co-gasification
tests were attributed to high reactivity of biomass as well as the possible catalytic effects of
alkali metals present in biomass.

Karmakar et al. [124] conducted experiments on steam gasification of biomass (rice
husk) in a lab-scale atmospheric pressure electrically heated fluidized bed reactor at tem-
peratures 650-800 °C and S/F ratios 0.6-1.7. Feedstock moisture was 10wt%. Steam for
gasification was obtained from a boiler and was further superheated in an electric furnace
to 200-250 °C. The superheated steam was supplied to the gasification reactor at the bottom
for better fluidization of sand particles 0.334 mm in size. The objective was to determine
the effect of process temperature and S/F ratio on syngas composition and yield. Two
series of tests were conducted. In the first, the syngas was generated at varying process
temperature between 650 and 770 °C at a fixed S/F ratio of 1.32. In the second, the S/F
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ratio was varied in the range of 0.6-1.7 while maintaining the gasifier temperature at
750 °C. Experiments showed that with the increase in the process temperature at the S/F
ratio of 1.32 the contents of H, and CO monotonically increased from 42.3 and 11.3vol% at
650 °C to 52.2 and 17.9vol% at 770 °C, whereas the contents of CO, and CH, decreased
from 31.9 and 9.6vol% at 650 °C to 23.9 and 5.2vol% at 770 °C. The HHV of the syn-
gas slightly decreased with temperature from 11.3 MJ/nm? at 650 °C to 11.1 MJ/nm? at
770 °C, while the CGE slightly increased from 63 to 66%. With the increase of S/F ratio at
750 °C, the measured values of Hy and CO; contents showed a trend of gradual increase
from 47.8 and 18.1vol% at S/F ratio 0.6 to 51.9 and 24.8vol% at S/F ratio 1.7, whereas the
concentrations of CO and CHy decreased from 27.5 and 6.6vol% at S/F ratio 0.6 to 17.4
and 5.9vol% at S/F ratio 1.7. The HHYV of the syngas decreased with the S/F ratio from
12.2 MJ/nm? at 0.6 to 11.2 MJ/nm? at 1.7, whereas the CGE was nearly constant at 66%.
For all the runs in the study, the overall CCE was within 84-90%.

Nipattummakul et al. [125] conducted experiments on pyrolysis and steam gasification
of biomass (palm trunk wastes consisted of 79.8wt% volatile matter) in a lab-scale atmo-
spheric pressure electrically heated semi-batch reactor at temperatures 600-1000 °C with a
fixed flow rate of steam at 3.1 g/min. The moisture of biomass was 8.3wt%. Hot steam for
gasification was generated from the combustion of a stoichiometric H,—O, mixture in an
auxiliary combustor. During experiments, the steam exiting the combustor was introduced
to a steam conditioner, where it was heated electrically up to the target temperature and
introduced to the gasifier containing a 35-g oil palm trunk sample. The physical size of a
sample was controlled to be ~25 mm in length. To help monitor the amounts of various
components in the syngas, N, with a constant flow rate was introduced. The objective was
to determine the conditions for producing Hj-rich syngas of high HHV by studying the
effect of process temperature on syngas characteristics and overall syngas yield. To examine
the share of devolatilization, the evolutionary behavior of syngas in the gasification process
was compared with that from the pyrolysis. Such a comparison showed that during the
initial stages of gasification, syngas evolution was mainly from pyrolysis, which lasted for
3 to 5 min, depending on the process temperature. The increase in gasification temperature
increased the syngas flow rate and reduced the gasification time duration. At 600, 700,
800, 900, and 1000 °C, gasification durations were 200, 98, 49, 34, and 29 min, respectively.
At 600 °C, the char-steam reaction was very slow contrary to higher temperatures. In
the case of pyrolysis, the overall (integrated) yield of syngas increased with temperature
attaining 12.4, 15.3, 17.6, 24.8, and 29 g at 600, 700, 800, 900, and 1000 °C, respectively. As
for gasification, the overall (integrated) yield of syngas was considerably larger but was not
significantly impacted by the gasification temperature and attained 43 to 54 g. Interestingly,
at 600 °C, the fraction of syngas obtained from pyrolysis as compared to gasification was
about 25%, while at 1000 °C this fraction increased to 60%. Based on these findings, it was
concluded that most of the syngas yield at 600 °C was obtained from steam-reforming
and char-steam reactions. However, at 1000 °C, devolatilization accounted for more than
50% of the syngas yield. The process temperature affected char residue. The char weight
decreased with temperature from 9 g at 600 °C to 6 g at 1000 °C for pyrolysis and from
3 gat 600 °C to 1.7 g at 1000 °C for gasification. Experiments showed that the increase
in gasification temperature was favorable in terms of H, and CO yields, syngas HHY,
and HGE. Despite H; yield from gasification being nearly constant for all temperatures
(~3 g), a substantial increase in Hj yield at gasification as compared to pyrolysis (0.5 g)
was observed. The yield of CO significantly increased with temperature for both pyrolysis
and gasification attaining 21 and 13 g at 1000 °C, respectively. At 1000 °C, the H, /CO and
CO,/CO molar ratios in syngas attained the values of 1.7 and 0.45. Interestingly, steam
consumption in gasification decreased considerably with process temperature. The overall
(integrated) S/F ratio dropped from 18.8 at 600 °C to 2.1 at 1000 °C. The syngas HHV
increased with temperature under both pyrolysis and gasification, attaining the maximum
values of 15 and 17.5 MJ /kg, respectively. Improvement to syngas HHV at gasification
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was attributed to steam-reforming and char—steam reactions. The HGE was increased with
gasification temperature from 80% at 600 °C to 120% at 1000 °C.

Pfeifer et al. [126] conducted experiments on steam gasification of biomass in a pilot-
scale atmospheric pressure 100-kW power DFB steam gasifier at temperatures 770-850 °C,
S/F ratios 0.3-1.1, and feedstock moisture 6-40wt%. The heat required for the gasification
process was provided by a combustion reactor separated from the gasifier. In the combus-
tion reactor, the residual char from gasification was burned. To control the gasification
temperature, light fuel oil was used as auxiliary fuel. It was a pilot plant similar to the
8-MW power demonstration plant [101] but smaller in size. The BFB in the gasification
reactor was fluidized with superheated steam produced by an electrically heated steam
drum. The combustion reactor was fluidized with preheated ambient air. The objective
was to examine the fuel flexibility of the plant by testing its operation on wood pellets,
wood chips with different moisture, bark, willow wood chips, straw, and wood/straw
mixtures (80/20 and 60/40 mb), SSW, lignite, hard coal, and coal /biomass mixtures (from
0 to 100%). The study included variation of the gasification temperature, S/F ratio, as
well as CCM feedstocks and bed materials. Despite some quantitative differences, the
qualitative effects of increasing the gasification temperature and S/F ratio were found to
be independent of the feedstock and bed material used. Thus, tests with wood pellets at
S/F ratio of 0.8 showed that increase in the gasification temperature from 770 to 850 °C
resulted in the increase of Hy content from 35 to 41vol%, decrease in CO content from 29
to 26vol%, nearly no variation of CO, content at 19vol%, decrease in CHy4 content from
12 to 9vol%, and significant decrease in the tar content, indicating that higher temperature
promoted the conversion of CHy4 and reforming reactions. Experiments with wood pellets
at 850 °C showed that an increase in the S/F ratio from 0.7 to 1.1 led to the increase of Hy
content from 38 to 39vol%, decrease in CO content from 31 to 25v0l%, increase in CO,
content from 16 to 19vol%, decrease in CHy content from 9 to 8vol%, and decrease in the
tar content. The effect of feedstock moisture was studied in the tests with fixed boundary
conditions in terms of the gasification temperature, mass flow of water-free feedstock,
and the amount of fluidization steam entering the gasifier. Worth noting is that holding
the gasification temperature constant required additional fuel co-fired in the combustion
reactor to compensate for the energy necessary for vaporizing the feedstock water. Tests
with wood chips at 810 °C showed that the increase in the feedstock moisture from 6
to 40wt% led to an increase in Hy content in syngas from 34 to 37vol%, decrease in CO
content from 22 to 18vol%, increase in CO, content from 25 to 27vol%, and decrease in CHy
content from 12 to 10vol%. The lowest tar content (5 g/nm?) in the syngas was obtained
at feedstock moisture of 20wt%. Reduced and excessive feedstock moisture resulted in
elevated tar yields. When studying the effect of feedstock on the gasification process, the
bed inventory (100 kg olivine) and gasification temperature of 850 °C were kept constant.
Tests showed that the gas composition for the different biomass was in the same range,
whereas coal and lignite exhibited generally higher values for H; and lower hydrocarbon
levels, including CH,. Coal was tested in blends with wood pellets in ratios of 0 to 100%,
and generally, the tar content in the syngas of coal gasification was about half the value
as for wood gasification. Overall, it was stated that the different alternative biomass fuels
could be used for gasification without major problems. Only fuels with high ash contents
(like straw) and therefore low ash melting points, might create operational problems.

Pieratti et al. [127] conducted experiments on steam gasification of biomass (spruce
wood pellets) in a lab-scale atmospheric pressure electrically heated 11-kW fuel power co-
current fixed bed gasifier at temperatures 700-800 °C and S/C ratios 2-3. The gasifier was
equipped with a steam generator supplying steam with a temperature up to 600 °C. The
biomass was fed in the reactor from the top by means of a screw. The moisture of biomass
was 7wt%. The feedstock feed rate was 1, 1.5 and 2 kg/h. The objective was to produce a
syngas suitable for solid oxide fuel cells, implying high H; and low tar content. Two series
of tests were conducted. In the first, the influence of process temperature, S/C ratio, and
steam inlet temperature (200 to 600 °C) was investigated. The reactor operated in a semi-
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continuous mode: the biomass was fed at a rate of 1 or 1.5 kg/h, and the char discharged
once every hour. In the second, the attention was focused on the H,S measurement with
and without the presence of a catalyst; the reaction temperature (800 °C), S/C ratio (2.5),
and steam inlet temperature (600 °C) were kept constant. In this series, the gasifier operated
in a continuous mode: the biomass and char were continuously added and discharged,
respectively. The feeding rate was increased to 2 kg/h. In general, experiments showed that
the yield of syngas was 0.6-0.7 nm?/kg pellets. The char produced during the gasification
tests was about 18% of the initial biomass weight. In the first series of tests, the H, CO,
CO; and CHy contents in syngas were 63-64, 4—7, 27-30, and 1-3vol%, respectively, and
the LHV of syngas was 7.8-8.7 M] /kg. Neither reaction temperature, nor S/C ratio played
a significant role in these numbers. In the second series of tests, the Hy content in syngas
decreased to 51-53vol%, CO and CHy4 contents increased to 10-13 and 6-7.5vol%, and
CO; content was at the same level of 26-29vol%, while the LHV of syngas increased to
9.3-10.2 MJ /kg. In one of the tests, the H,S content in the syngas produced by the steam
gasifier was around 85 ppm. These changes in the gasification performance were attributed
to the difference in the gasifier operation mode. In the second series of tests, the gas RT
inside the gasifier was reduced because of continuous operation, which implied lower H,
and higher CH4 and CO contents in the syngas. Moreover, the syngas LHV increased due
to higher content of fuel gas. It was concluded that the obtained syngas was a suitable fuel
for fuel cells in terms of its composition and energy content. The main critical issue was
the necessity of gas cleaning from tar and HjS.

Soni et al. [128] conducted experiments on steam gasification of CCM (meat and bone
meal) in lab-scale atmospheric pressure electrically heated single and two-stage fixed-bed
gasifiers at process temperatures 650-850 °C and S/F ratios 0.4-0.8. The first stage was used
for gasification, while the second stage was used for the thermal cracking and reforming
of tar as well as for some additional secondary reactions. The feed material was placed
inside the first-stage reactor and the inert packed-bed material (sand of 150-1290 um size)
was placed inside the second-stage reactor. The reactors were connected by a tube and
placed inside separate furnaces. The heating rate of the first-stage reactor was kept at
25 °C/min. Nitrogen was used as an inert carrier gas with flow rate maintained at
45 mL/min. Water was injected into the reactor by a syringe pump at the desired flow
rate when the temperature of the first-stage reactor reached 110 °C. It took 25-33 min to
reach the final temperature of 650-850 °C in the case of single-stage experiments. The
particle sizes of the biomass were in the range of 5-3228 m. The moisture and volatile
content of biomass were 4.3wt% wb and 73.8wt% db. The sample size of biomass was 2 g
for all experiments. The objective was to examine the effects of the process temperature,
S/F ratio, and packed-bed height in the second-stage reactor (varied from 40 to 100 mm)
on product yield and syngas composition. Steam was found to be an effective gasifying
agent as compared to O, to increase the Hj yield in the syngas. A higher temperature of
850 °C in both stages was favorable for higher syngas and Hj yields in the temperature
range studied. The two-stage process was effective to reduce the tar yield and increase the
yield of syngas and its LHV. It was also observed that with an increase in the S/F ratio,
H; (36.2-49.2v0l%) and syngas (29.2-36.7wt%) yields increased, while char (27-13wt%),
CHy4 (23.2-15.1vol%), and other H/C yields decreased. Gas (29.5-31.6wt%) and H; (45—
49.2v0l%) yields increased with an increase in the packed-bed height from 40 to 100 mm.
The syngas LHV increased and attained the value of 17.7 MJ /nm?.

Wilk et al. [129] reported the results of experiments on steam gasification of biomass
(soft wood pellets, wood chips from forestry, bark, and waste wood) in an atmospheric
pressure 100-kW fuel power DFB steam gasifier at process temperature around 850 °C and
S/F ratio 1.6-1.8. It was a pilot plant similar to the 8-MW power demonstration plant [106]
but smaller in size. The heat required for gasification was provided by a combustion reactor
separated from the gasifier. In the combustion reactor, the residual char from gasification
was burned. To keep the gasification temperature at 850 °C, light fuel oil was used as
auxiliary fuel. Gasification of soft wood and bark pellets was shown to produce syngas of
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similar composition with up to 42-45vol% Hy, 23-24vol% CO, and 8-9vol% CH,4, whereas
wood chips from forestry and waste wood showed comparable amounts of H; (34-35v0l%)
and CHy (11-12vol%) but differed significantly in CO (20 vs. 30vol%) content. The tar and
dust content augmented with increase in fine particles in the feedstock.

Koppatz et al. [130] studied the impact of bed particle size on steam gasification of
biomass (wood pellets) in the 100-kW fuel power pilot-scale DFB gasifier. In the experi-
ments, two solid particle inventories of natural olivine were used, coarse (520 um) and
fine (260 um). Experiments were conducted at the gasification temperatures 833-863 °C,
S/F ratios 0.5-1.0 mb, and biomass feed 15.2-20 kg/h. It was implied that the bed particle
size influenced the fluidized bed characteristics, like minimum fluidization velocity and
minimum bubbling velocity, and therefore could affect the hydrodynamics, turbulence,
gas—solid contact behavior, and the conversion characteristics of the gasification process.
Wood pellets were cylindrically shaped with a diameter of 6 mm and a mean particle length
of 20 mm. Experiments showed that the combination of higher temperature and higher gas
RT in the bubbling bed with higher specific surface area and increased turbulence produced
by fine particles favored the decomposition of tar. For fine particles, the tar content was
found to be significantly lower than for coarse particles at similar temperatures and S/F
ratios: tar content (naphthalene) in the syngas was decreased from 3.0-3.5 g¢/nm? for coarse
particles to 1.2-1.4 g/nm°.

Nipattummakul et al. [131] continued their experimental campaign on the investi-
gation of pyrolysis and steam gasification of biomass (palm trunk wastes) in a lab-scale
atmospheric pressure electrically heated semi-batch reactor. In addition to the variation
of gasification temperature in [125], the authors varied steam flow rate at 3.10, 4.12, and
7.75 g/min at a fixed gasification temperature of 800 °C. The moisture of biomass was
8.3wt%. Hot steam for gasification was generated by combustion of a stoichiometric Hy—O»
mixture in an auxiliary combustor. The steam was introduced to a steam conditioner, where
it was heated electrically up to the target temperature and introduced to the gasifier, con-
taining a 35-g oil palm trunk sample with a physical size of approximately 25 mm in length.
For monitoring the amounts of various components in the syngas, N, was introduced at
a constant flow rate. Examination of steam gasification and pyrolysis processes revealed
that the former consisted of two distinct regimes. The first was the pyrolysis stage, which
started from the beginning of the experiment. The role of steam as the gasifying agent
occurred mostly at the second, char gasification stage, which started after approximately
the 7th min of the process (i.e., after initial pyrolysis of the sample). In the first stage,
a high yield of volatile matter was observed as the oil palm trunk contained 79.8wt%
volatile matter. This was much higher than that from other types of biomasses like paper,
cardboard, and wood chips. The second stage of syngas production was distinctly different
from the first stage. At this stage, the reaction time depended on the S/F ratio. At increased
values of the S/F ratio, a reduction in char gasification time occurred. The presence of
steam clearly revealed increased cracking of the residual char and carbonaceous materials
that remained or were produced during the first stage. Note that the characteristic amounts
of char and tar formed during pyrolysis could be as much as 30% so that much energy was
available in the char and tar after the pyrolysis process. Therefore, gasification allowed
the additional chemical energy recovery from the feedstock. The study of the evolutionary
behavior of syngas properties in the gasification process allowed observing its quality in
terms of time histories of its composition, Hy /CO ratio, and CGE. With the increase in the
steam flow rate from 3.1 to 7.1 g/min, the instantaneous H; content in the syngas after
20-min gasification at 800 °C was shown to increase from 62vol% at 3.1 g/min to 66vol%
at 7.75 g/min. In these conditions, the Hp /CO ratio was also increased from about 4.6 to
about 6.5, whereas the CGE value was nearly constant and equal to 110%.

Peng et al. [132] conducted experiments on co-gasification of SSW (80wt% moisture)
and forestry waste (WS, branches, leaves; 8.6wt% moisture) using steam in situ generated
from the moisture of SSW. Experiments were made in a lab-scale atmospheric pressure
electrically heated fixed bed gasifier at temperatures 700-900 °C. The material was shredded
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into particle size between 0.125 and 0.25 mm. The blend samples were prepared by different
mixing ratios of the feedstocks. The SSW content added in the blend was 0, 30, 50, 70,
and 100%. The feedstock was continuously fed into gasifier with a feed rate of 1.2 kg/h.
The holding time of the feedstock in the reactor was controlled at 45 s. The co-gasification
performance was evaluated in terms of syngas yield and composition, as well as H;
yield. Two series of experiments were made. In the first, the effect of blend composition
on the gasification process was examined at 800 °C. In the second, the effect of process
temperature on the gasification process was examined for the blend with SSW content of
30wt%. When the feedstock was fed in the gasifier, the initial drying process occurred, and
the SSW moisture generated a steam-rich atmosphere in the gasifier. With variation of SSW
content in the feedstock from 0 to 100%, the yields of syngas and H, were dramatically
decreased from 0.59 to 0.07 nm?/kg (a factor of 8.4) and from 5.4 to 0.86 mol/kg (a factor
of 6.3), respectively, while the H,/CO ratio and CGE increased from 0.83 to 1.47 and
from 59 to 72%. The corresponding decreases in the char yield and syngas LHV were
from 18.9 to 6.6% and from 14.95 to 11.27 MJ/nm?3. These changes were attributed to
the decrease in db-matter in the blends with SSW addition. Also, the steam generated
from the SSW moisture was partly condensed into liquid fraction. A closer view on the
syngas and Hj yields indicated that local maxima of these properties were attained at
an SSW content of 30% with the corresponding values of 0.62 nm?3/kg and 8.97 mol/kg,
indicating the existence of synergetic effects in the co-gasification at given conditions. The
increase in process temperature from 700 to 900 °C resulted in the increase of syngas yield
from 0.46 to 0.7 nm?®/kg, Hy yield from 4.7 to 11.7 mol/kg, Hy/CO ratio from 0.93 to
1.23, and CGE from 59 to 70%. The corresponding decreases in the char yield and syngas
LHV were from 19 to 9% and from 12.7 to 11.9 MJ/nm?. It was suggested based on the
thermogravimetric (TG) analysis of 3.5-g samples of pure and blended feedstock that the
thermal decomposition property of the blends would be improved by adding forestry
waste in appropriate proportion.

Saw et al. [133] conducted experiments on steam gasification of blends of SSW and
wood pellets in an atmospheric pressure pilot-scale 100-kW fuel power BFB gasification
reactor at a temperature of 730 °C and S/F ratio of 1.1 with the constant fuel feed rate of
15.5 kg/h. The reactor design and operational principles were similar to those discussed
above [129,130]. The SSW was supplied as bulk samples in granular form with moisture
of 8wt%. Batches of premixed pure feedstocks and blends of SSW and wood pellets were
made up with the SSW proportion at 0, 10, 20, 40, 60, 80, and 100wt%. The batches were
fed to the gasifier with ~5 L/min of N as a purging gas to counter the back pressure
of the syngas from the BFB. The feedstock was fed into the base of the BFB, where the
gasification process occurred, forming the syngas. This was achieved by intimate mixing
of the feedstock with the bed of sand particles, fluidized by the steam. The objectives were
to investigate the influence of SSW proportion on syngas yield and composition, CGE, and
tar content, and to compare the syngas compositions of this study with previous studies
which used air, O, and CO;, /N as gasifying agents. With variation of SSW content in
the feedstock from 0 to 100%, the yields of syngas and Hj, and CGE were decreased from
0.75 to 0.34 nm3/ kg, from 0.18 to 0.14 kg/kg, and from 45 to 25%, respectively, while
the H, /CO ratio increased from 0.58 to 0.87 and the syngas LHV was nearly constant at
15 MJ/nm?. The percentage of the SSW loading in the feedstock had a significant influence
on syngas composition. The H, content was found to be constant at 23vol% with the SSW
proportion varying from 0 to 20%, however it increased gradually from 23 to 28% with
further increasing of the SSW proportion from 20 to 100%. The CO content decreased
linearly from 40 to 32vol% as the SSW loading was increased from 0 to 100%. The content
of CO, increased significantly from 17 to 23vol% as the loading of SSW was increased from
0 to 10%. Conversely, the CO, content gradually decreased from 23 to 10% as the loading of
SSW was further increased from 10 to 100%. The contents of CH,4 and light hydrocarbons
in the syngas were constant. The N, content increased gradually from 0.1 to 10% as the
loading of SSW was increased from 0 to 100%. The increase of N, content in the syngas
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resulted from the increase of N-content in the SSW within the blend. The total tar content
in the syngas increased with SSW fraction in the feedstock except for one point of 60% SSW
loading. The total tar content was found to increase from 2.7 to 5.9 g/nm? as the loading of
SSW was increased from 0 to 100%. The observation of the increase in tar content with SSW
loading was opposite to expectation but this might show that the syngas from the wood
pellets gasification had a lower tar content than that from the SSW gasification. Finally, it
was shown that steam gasification in the BDB gasifier had the advantage over gasification
with air, Op, and CO,/N; because it was able to produce higher contents of H, and CO,
compared with other types of gasifiers and gasifying agents. The contents of H, and CO
were 40% higher than for those using other gasifying agents. Furthermore, the content
of CO, was 35% lower than that using O, or CO,/N,. Therefore, the syngas from steam
gasification had a much higher LHV.

Dascomb et al. [134] conducted experiments on steam gasification of biomass (wood
pellets) in a pilot-scale atmospheric pressure electrically heated 115-kW fuel power flu-
idized bed gasifier at process temperatures 650-850 °C, S/F ratios 0.7—4.5, and RT ranging
from 1.3 to 4.5 s. Steam entered the settling chamber at the base of the gasifier at 525 °C
and was further heated in the chamber before entering the fluidized bed. The heating
system provided all the necessary energy for maintaining bed temperature and gasifying
the feedstock. The gasifier was filled with inert sand to a static height of 1.0 m. The average
bed particle (sand) size was 0.28 mm. When fluidized, the bed height reached 1.5-2.5 m
depending on the steam flow rate. Wood pellets had an average diameter of 8 mm and a
maximum length of 32 mm. The feedstock moisture was 5.8wt%. The system could gasify
up to 20 kg /h of biomass pellets at 650 °C and 9 kg/h at 850 °C. The H, concentration in
the dry syngas was shown to gradually increase with temperature and S/F ratio and attain
the maximum value of 51vol% at 853 °C, S/F ratio of 2.9, and RT of 4.5 s. The value of
CGE in these conditions was 124%. Experiments showed that the syngas composition did
not reach equilibrium at the RTs tested, and the increased RTs were expected to produce
syngas with higher H, content. The RT was limited by the minimum steam flow required
to achieve proper fluidization. The gas RT had a greater effect on H, content at lower
temperatures due to slower reactions and higher concentrations of heavier hydrocarbons
which were cracked in the gas phase to produce Hj, CO, and CO,. The CGE increased with
temperature and S/F ratio and exceeded 100% at 850 °C and S/F ratio higher than 2.5.

Erkiaga et al. [135] conducted experiments on steam gasification of plastics (high
density PE) in a lab-scale atmospheric pressure electrically heated, continuous feed conical
spouted bed reactor at temperatures 800-900 °C and S/F mass ratios 0-2. The isothermicity
of the fluidized bed was ensured by the vigorous circulation of sand used as a bed material
(particles 0.35-0.4 mm in diameter). The feedstock was represented by chippings (4 mm)
with the HHV of 43 MJ/kg. The steam flow rate was 1.86 L/min in all the studied condi-
tions, which was approximately 1.5 times that corresponding to the minimum spouting
velocity. The tests were carried out in a continuous regime by feeding 1.5 g/min of plastics
and using an S/F ratio of 1. In the tests with an S/F ratio of 2, the plastic feed rate was
reduced to 0.75 g/min to maintain the same steam flow rate. Consequently, the RT of the
products in the reactor and the hydrodynamic performance were similar, which allowed
comparing the results under different S/F ratios. The operation without steam was also
studied by using N at a flow rate of 2 L/min. The effect of temperature on gasification
was studied in the 800-900 °C range at S/F ratio of 1, and the effect of the S/F ratio was
studied at 900 °C by varying this parameter between 0 (using N as fluidizing agent) and
2. To stop the volatile stream entering the feeding vessel, a very small N, flow rate was
additionally introduced into the vessel with the feedstock. The plastic feed rate could be
varied from 0.2 to 5 g/min. Experiments showed that an increase in temperature improved
the process efficiency, i.e., increased the gas yield and CCE and reduced the yields of both
tar and char. The yield of syngas and CCE increased from 148.1 g per 100 g of plastic and
86% operating at 800 °C to 178.7 g per 100 g of plastic and 91% at 900 °C, respectively. The
yield of tar (65-75% benzene) decreased with temperature from 8.9 g per 100 g plastic at
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800 °C to 6 g per 100 g plastic at 900 °C due to the enhancement of thermal cracking.
Similarly, an increase in gasification temperature reduced the yield of char, which was
recovered as a fine powder in the cyclone and filter, from 1.41% at 800 °C to 0.45% at
900 °C. As for syngas composition, an increase in temperature from 800 to 900 °C led to
an increase in the contents of Hy, CO, and CHy up to 60.3, 28.2, and 7.2vol%, respectively,
giving the H, /CO ratio of 2.14. Temperature had an opposite effect on the remaining
gaseous products, i.e., CO, and C,—Cs hydrocarbons (made up mainly of olefins, with
CyHy being the prevailing one), which were ~2 and 2.3vol%, respectively, at 900 °C, giving
a very low CO,/CO ratio of 0.07. Regarding the effect of S/F ratio on PE gasification,
an increase in S/F ratio from 1 to 2 increased the gas yield and CCE only slightly: from
179 to 188 g per 100 g of plastic and from 91 to 93.6%. It was noteworthy that in pyrolysis
tests performance was poor, given that CCE was as low as 68.6% due to the high tar and
char yields. The lack of steam in the reactor at high temperatures favored the formation of
aromatic compounds, thus increasing the tar yield to values as high as 19vol%. The syngas
consisted of Hp (28.7vol%), CHy (28.6vol%), CoHy (35.4v0l%), and other light olefins (C3Hg
and butenes). Consequently, its LHV was as high as 40 MJ/nm?, which was much higher
than that corresponding to the syngas obtained with an S/F ratio of 1 and 2 (15.5 and
15.1 MJ/nm3, respectively).

Kern et al. [136] continued an experimental campaign on steam co-gasification of
various CCMs in a pilot-scale atmospheric pressure 100-kW fuel power DFB gasifier at
gasification temperatures 650-870 °C (see [129,130]). This time the CCM was composed of
pure wood pellets, lignite, and the blends thereof. Wood pellets were similar to those in
previous tests. Lignite was provided with a particle size of 2-6 mm and was characterized
by a relatively low content of S (0.3wt%), N (0.7wt%), and ash (3.4wt%) compared to other
types of lignite. In addition to the pure substances, two blends with lignite ratios of 33%
and 66% in terms of energy were tested. During the co-gasification test series, the S/C ratio
was kept constant at 1.2-1.3 mb. To ensure the increased RT of feedstock particles in the
gasifier and therefore better carbon and water conversion rates, the lignite was fed into
the gasifier at the half height of the bubbling bed, while the wood pellets were fed into the
freeboard above the splash zone of the bed. The objective was to gain knowledge about the
influence of lignite and wood co-gasification on the performance of the DFB system and on
the syngas quality. The most important change in the syngas composition was observed
for Hy, as it increased from 32.8vol% db for the gasification of pure wood nearly linearly
up to 49.4vol% db for lignite. All other syngas components decreased with higher lignite
ratios: CO decreased from 34.7 to 29.5vol% db, CO, from 14.6 to 12.9vol% db, and CHy4 from
10.3 to 4.4vol% db. Also, CoH, decreased from 2.7 to 0.7vol% db while C,Hg was nearly
unaffected by the different feedstock as its content in syngas was around 0.1vol% db for
all lignite ratios. Despite the S/F ratio being kept constant, the water content in the syngas
showed significant changes with the lignite ratio: from 36vol% for wood pellets to 18vol%
for pure lignite. This meant that more water was consumed for the gasification and steam
reforming reactions for lignite than for wood pellets. The values for dust and char entrained
with the syngas were independent of the lignite ratio and were in the range between 7 and
17 g/nm? db. The tar content also decreased with higher lignite ratios from 9.7 g/nm? db
for the gasification of wood pellets to 0.8 g/nm?> db for pure lignite, which was a reduction
of 92%. The most drastic abatement of tars (by about 75%) occurred with an increase in the
lignite ratio from 0 to 33%. The values of NH3 and H;,S were increasing with the lignite ratio
as the content of S and N were much higher in lignite compared to wood. The net effect
of these changes on the syngas LHV was a linear decrease from 14.23 to 10.95 MJ/nm? db.
These values for lignite and wood co-gasification showed the significant influence of the
feedstock on the syngas composition and the absence of synergy effects. A suitable blend
could be chosen to obtain the required syngas composition in terms of H, /CO ratio, which
varied from 0.9 to 1.7 at a nearly constant CO,/CO ratio of 0.4.

Kore et al. [137] studied atmospheric-pressure steam gasification of coffee husk in a
lab-scale electrically heated BFB gasifier at gasification temperature of 800 °C, S/F ratio
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of 0.83, and biomass particle size less than 5 mm. The heat required for the endothermic
gasification reactions was provided by electrical heating and transferred into the bed via
heat pipes. Silica sand with an average particle size of 0.25 mm and minimum fluidization
velocity of 0.034 m/s was used as a bed material. The study showed that the coffee husk
could be considered as a feedstock capable of producing Hj-rich syngas with up to 40vol%
Hy, 21vol% CO, 20vol% CO,, and 6vol% CHy. This composition was very close to that
obtained for wood pellets at the same gasification conditions. The tar content was found
negligible and the syngas LHV was 17.2 MJ/kg.

Portofino et al. [138] conducted experiments on steam gasification of waste tires in a lab-
scale atmospheric pressure electrically heated apparatus at temperatures 850-1000 °C holding
all the other operational parameters constant (S/F ratio of 2, carrier gas (Ny) flow rate of
1 L/min, solid RT of 100 min, and gas RT of 5.3-6.2 s). The waste tires were granulated to a
maximum size of 6 mm and kept at ambient conditions. The data of proximate analysis
of the feedstock showed that it shared for more than 65wt% db into the volatile fraction
and for 26wt% into the solid residue, together with the ash (6.8wt%). Accordingly, the
ultimate analysis showed a significant sulfur amount, nearly 2wt%, due to the rubber
vulcanization process, and a very high carbon content (77.3wt%). The material had a
high LHV, while there was no evidence of chlorine. Experiments showed that with in-
creasing the process temperature the gas yield progressively increased from 34.7wt% at
850 °C to 64.5wt% at 925 °C and to 85.9wt% at 1000 °C, while char and tar yields de-
creased from 43.4 and 27.0wt% at 850 °C to 38.5 and 21.8 at 925 °C and to 33.3 and 5.3 at
1000 °C. As seen, the gasification temperature mainly affected the condensable fraction
rather than the solid residue, thus indicating an increase of the secondary cracking reac-
tions in the vapor phase. The increase in temperature in presence of steam led the gas
volume per kilogram of feedstock increased from 0.7 to 1.7 nm3/kg, i.e., nearly tripled. The
shares of combustible gases, Hy, CO, and CHy at 1000 °C reached values of 1.12, 0.30, and
0.15 nm?/kg, respectively, thus constituting 92.3wt% of the total gas yield. As for the
syngas composition, increase in temperature led to the increase of Hy, CO, and CO, con-
tents from 51 to 65vol%, 7 to 17vol%, and 2 to 8vol% respectively, while the contents of
CHy4 and C,Hy4 decreased from 29 to 8vol% and from 9 to 1vol%. At 1000 °C, the H, /CO
and CO,/CO ratios attained the values of 3.8 and 0.47, respectively. The amounts of
other hydrocarbons at 1000 °C were negligible. Despite the syngas LHV decreased from
25.1 MJ/nm? at 850 °C to 14.6 MJ /nm? at 1000 °C, the energy content of the syngas showed
a remarkable increase from 16.8 to 25.0 MJ/kg of feed. In general, the data showed that the
process seemed promising in view of obtaining a good quality syngas.

Saw et al. [139] continued the experimental campaign on steam co-gasification of
biomass (pine WS) with various materials, in this case, lignite, using the pilot-scale atmo-
spheric pressure 100-kW fuel power BFB gasification reactor (see [133]) at temperature
800 °C, S/F ratio 0.9-1.0, and feedstock feeding rate 11-17 kg /h. To prevent the back flow
of the syngas to the feeder, approximately 5 L/min of N, was introduced into the hopper
throughout the experiment, which corresponded to 1-2% of the syngas yield. Lignite
was blended with pine WS at mass lignite-to-wood (L/W) ratios being 0, 40, 70, and 80%.
The blends were pelletized for the tests. For the 100% lignite run, as-supplied lignite
particles were used. The moisture of wood and lignite was 8 and 34.6wt%, respectively.
The objective was to investigate the possible synergetic effects caused by co-gasification.
Experiments showed that the syngas yields, and compositions were nonlinearly correlated
to the L/W ratio, which indicated a synergy effect. The syngas concentrations changed
significantly for L/W ratio from 0 to 40%, in which the Hj content increased asymptotically
from 32 to 48vol% and the CO, content increased from 16 to 19vol%, whereas the CO
content decreased asymptotically from 32 to 23vol% and the CHy4 content decreased from
11 to 7vol%. With further increase in lignite loading, the H, content increased slightly from
48 to 52vol%, while CO and CO, concentrations remained at similar values as at 40% L/W
ratio. As the L/W ratio was increased from 0 to 100%, the H, /CO and CO,/CO ratios vb
increased significantly from 1.0 to 2.4 and 0.5 to 1, respectively. With the increase of the
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L/W ratio, the tar content and tar yield decreased from 9.0 to 2.7 g/nm? and from 6.6 to
2.3 g/kg dry feedstock, respectively. From these findings, the optimum H, /CO ratio of 2
for FT synthesis of liquid fuel could be achieved by using an L/W ratio of 40%.

Wilk et al. [140] conducted experiments on steam gasification of plastic materials
in a pilot-scale atmospheric pressure 100-kW fuel power DFB gasifier at temperature
850 °C and S/F ratio 2.1-2.3 mb. As the gasifier was normally operated on wood chips, the
objective of the study was to check the feasibility of its operation on alternative feedstocks.
Several types of plastics were investigated, namely PE, polypropylene (PP), and blends
of 40%PE + 60%PS, 20%PE + 80%polyethylene terephthalate (PET) and 50%PE + 50%PP
(mb). Additional experiments were made for pure PP at lower gasification temperatures
(640 and 760 °C). The PE + PP and PE + PET blends were made of granulates of the pure
substances. The PE + PS blend was in the form of flakes that were waste material from
a foil production process. In addition to these blends, separate gasification of PE and PP
was carried out using original polymers to investigate the conversion process in more
detail and to provide a basis for comparison. The materials were highly volatile (over
96wt%) and mainly composed of C (~86wt%) and H (~14wt%) and contained no water.
Experiments showed that the main gasification products of PE and PP were H; (38 vs.
34vol%), CHy (30 vs. 40vol%), and CoHy (15 vs. 12vol%). Gasification of PE resulted in a
high content of the monomer CyHy, whereas PP yielded a higher content of CH, and less
C,Hy as it contained a methyl group, which apparently favored CHy formation. During
gasification of PE or PP, the CO and CO; contents were 7 vs. 4vol% and 8vol%, respectively.
As neither polymer contained oxygen, CO and CO, were the reaction products of carbon
with steam. In contrast, the mixture of PE + PET contained about 27% O, and the syngas
consisted of about 50% CO and CO,. The S/C ratio was significantly lower than during
the gasification of the other polymers. When wood was gasified, an increase in S/C ratio
increased the yields of Hy and CO, and lowered the yields of CO and CHy. The mixtures
of PE + PS and PE + PP yielded the highest concentrations of H in the range of 50%. The
concentrations of CO were relatively high (20%), although there was no oxygen in the
mixtures of PE + PS and PE + PP. The reaction of carbon with steam formed CO, and H»,
was also produced from steam. Thus, an increase in CO and H; occurred together and
indicated more interaction with steam. This was also supported by the decrease in CHy
and CoHy compared to pure PE. Interestingly, gasification of the PE + PS and PE + PP
blends resulted in nearly 2-fold yields of syngas than the separate gasification of PE or PP,
as well as higher concentrations of H, and CO in the syngas. When PE or PP were gasified
separately, the syngas was rich in CHy and CyHy, i.e., larger molecules led to lower syngas
production from a fixed amount of feedstock. Due to higher contents of CH4 and CyHy, the
syngas LHV from PE or PP amounted to about 26 MJ/nm?. The syngas from PE + PET had
a lower LHV because of the formation of 28% CO, which diluted the syngas and did not
contribute to the LHV. The syngas from PE + PS and PE + PP blends had an LHV of about
18 MJ /nm?, because more H, and CO were formed compared to gasification of pure PE
or PP. Gasification of plastics led to a markedly higher (by a factor of 5-10) tar content as
compared to wood gasification at similar conditions, except for PE + PP blend. The latter
was attributed to the interaction of decomposition products of PE and PP. The tars which
formed during gasification of plastics were like tar from wood and were mainly condensed
ring and aromatic systems with naphthalene as the major compound. In general, this study
demonstrated that the tested polymers were suitable feedstocks for the DFB gasifier. In
contrast to incineration, steam gasification could also be applied for the chemical recycling
of polymer wastes. In addition to heat and power production, the selective separation of
valuable compounds, such as CHy and CpHy, could also be an interesting application for
the product gas from plastic gasification.

Erkiaga et al. [74] continued the experimental campaign of [135] on steam gasification
of various CCMs in a lab-scale atmospheric pressure electrically heated continuous feed
conical spouted bed reactor at temperatures 800-900 °C. This time they studied biomass
(pine WS) gasification at S/F ratio 0-2 mb and particle diameter 0.3—4 mm. The feedstock
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was crushed and ground to a particle size below 4 mm and sieved to obtain three different
fractions, 0.3-1 mm, 1-2 mm and 2-4 mm. The feedstock moisture was below 10wt%. The
isothermicity of the fluidizing bed was ensured by the vigorous solid circulation of the
sand used as a bed material (particles 0.35-0.4 mm in diameter). All the tests have been
performed in continuous mode for 20 min to ensure a steady state process. Steam flow rate
was 1.86 L/min under all the conditions studied. The tests were carried out in continuous
mode by feeding 1.5 g/min of feedstock, which corresponded to an S/F ratio of 1. In the
tests with an S/F ratio of 2, the biomass feed rate was reduced to 0.75 g/min to maintain
the same steam flow rate. Consequently, the RT of the products in the reactor (below 0.5 s)
and the hydrodynamic performance were similar, which allowed comparing the results
under different S/F ratios. The operation without steam (with N;) was also studied with
N, flow rate of 2 L/min. The S/F ratios were higher when the biomass moisture was
considered. Accordingly, the S/F ratios corresponding to 0, 1, and 2 were 0.11, 1.22, and
2.33, respectively. The objective was to gain the basic knowledge on the performance of
the conical spouted bed reactor for the steam gasification of biomass (it was never used
previously for biomass gasification). The effect of gasification temperature was studied in
the 800900 °C range with S/F ratio of 1 and with 1-2-mm particles. The effect of the S/F
ratio and WS particle diameter was studied at 900 and 850 °C, respectively. Experiments
showed that increase in temperature increased Hy and CO, contents from 28 and 13% at
800 °C to 38 and 16% at 900 °C and decreased CO and CH, contents from 41 and 11%
at 800 °C to 33 and 8% at 900 °C, thus resulting in the increase of the H, /CO ratio from
0.70 to 1.15. In this temperature range, the content of C,-hydrocarbons was nearly constant
(~5%), whereas the contents of C3 and C4 hydrocarbons at 900 °C were vanishing. The
volumetric yields of H, and CO at 900 °C were 0.36 and 0.31 nm?/kg of biomass fed into
the gasifier, respectively. The increase in the gasification temperature reduced both the tar
content (from 370 to 150 g/ nm?) and the char yield (from 8.9 to 4.5wt%) and, consequently,
increased the CCE from 50 to 70%. The limited tar cracking was attributed to the short RTs
inherent in the conical spouted bed reactor (below 0.5 s). An increase in the S/F ratio and,
consequently, in the concentration of steam in the reaction environment favored reaction
(7) as well reactions (8) and (9) for CH4 and other hydrocarbons. Consequently, an increase
in the S/F ratio promoted H, and CO, formation, but hindered CO and hydrocarbon
formation, with this trend being especially noteworthy when the S/F ratio was increased
from 0 to 1. The maximum H; content of 41vol% was obtained operating with an S/F ratio
of 2, with an H, /CO ratio being of around 1.4. At this condition, the contents of CO,, CHy,
and Cp-hydrocarbons were 18, 8, and 4vol%, respectively. The increase in the S/F ratio
reduced both the tar content (from 155 to 142 g/nm?) and char yield (from 10.4 to 3.5wt%)
and, consequently, increased the CCE from 62 to 70%. As for the effect of biomass particle
size on syngas composition, it was of little significance in the range studied.

Hwang et al. [141] conducted experiments on pyrolysis and steam gasification of dif-
ferent CCMs in a lab-scale atmospheric pressure electrically heated reactor at temperatures
500-900 °C and two values of steam flow rate, 0.25 and 0.5 mL/min. Feedstocks were
represented by woody biomass chips (WBC) obtained from construction and demolition
wastes, RDF, and refuse paper and plastic fuel (RPF). WBC was shredded wood waste
discharged from the construction and destruction industry. RDF was composed of 50%
paper and fiber, 28% wood, 9% plastics, 7% food waste, and 6% incombustibles. RPF was
comprised of 70% paper and 30% plastics. Thus, the biomass-to-plastic weight ratios of
RDF and RPF were about 9 to 1 and 7 to 3, respectively. All the CCMs were shredded
to under 2 mm. Nitrogen was injected at the rate of 1 L/min and the temperature of the
reactor was set in the range of 500-900 °C. When the temperature reached a preset value,
the boat containing a 7-g sample of CCM was inserted in the reactor. The RT was 60 min
for pyrolysis and 30 min for gasification. In gasification tests, steam and N, were injected
simultaneously. Steam was supplied at a constant rate of 0.25 to 0.5 mL/min. Experiments
showed that regardless of the CCM type, the gas generation amount rapidly increased
under steam gasification in the temperature range of 700-900 °C. As compared with the
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amounts of syngas during pyrolysis of WBC, RDF, and RPF at 700 °C and 900 °C, those
increased to 1.7, 2.1, and 1.4 times at 700 °C and to 2.4, 2.4, and 1.8 times at 900 °C under
gasification condition. RDF showed the highest gas yield among the three CCMs under
gasification at 700 °C, while WBC showed the highest syngas yield under gasification at
900 °C. Despite high conversion ratio of RPF at gasification condition, syngas yields were
entirely smaller than those of other two CCMs, indicating that much RPF conversed to
tar rather than syngas during gasification. The H, content in the syngas increased with
temperature attaining at 500 °C the minimum values of 5 vs. 8, 11 vs. 16, and 7 vs. 10vol%
for WBC pyrolysis vs. gasification (p-vs-g), RDF p-vs-g, and RPF p-vs-g, respectively, and
at 900 °C the maximum values of 25 vs. 42, 22 vs. 42, and 20 vs. 38vol% WBC p-vs-g, RDF
p-vs-g, and RPF p-vs-g, respectively. Unlike the results of gas composition, steam injection
did not influence the composition of tar at any temperature conditions and depended on
the CCM. The major compounds of tars at 900 °C were PAHs. Almost all fixed carbon
of CCMs remained as char under pyrolysis condition whereas it started to decompose at
700 °C under steam gasification condition.

Kaewpanha et al. [142] conducted experiments on steam gasification of biomass
(brown seaweed, apple branch, cedar, and mixed biomass) in a lab-scale atmospheric
pressure electrically heated fixed-bed reactor at temperatures 650-750 °C and steam flow
rate 0.3-1 g/min. For each run, 0.6 g of oven-dried biomass was loaded into the vertical
fixed-bed reactor. The reactor heater was started at room temperature with a heating rate
of 20 °C/min and held at the desired temperature. Steam was introduced to the reactor
together with argon (carrier gas). The reaction time was fixed at 2 h for each test. The
objective was to clarify the promoting effects of seaweeds on the gasification of land-based
biomass because of large content of alkali and alkaline earth species in brown seaweed
exhibiting catalytic effects on steam gasification. Experiments with separate gasification of
the two feedstocks were carried out in the fixed bed reactor at a reaction temperature of
700 °C with a water flow rate of 0.09 g/min at room temperature. Steam gasification of
brown seaweed gave the largest amount of syngas, especially Hy and CO, (25 vs. 17vol%),
and no char formation, as compared to apple branch (10 vs. 8vol% with 9% char) and
cedar (6 vs. 4vol% with 12% char). Small quantities (~1vol%) of CH4 were observed for
all feedstocks, indicating the occurrence of reforming reactions. Compared to land-based
biomass which consisted of cellulose, hemicelluloses, and lignin, the brown seaweed was
mainly composed of carbohydrates (sugars), while protein and simple lipids were other
constituents. The effect of process temperature on steam gasification of brown seaweed
was studied at a constant steam flow rate at 0.09 g/min and temperature variation from 600
to 750 °C. The syngas production yield was shown to sharply increase with temperature,
especially Hj (from 4 to 30 mol/kg sample, daf) and CO, (from 7 to 18 mol/kg sample,
daf), and the char content showed an opposite trend: it decreased from 8 mol/kg sample,
daf, at 600 °C to 5 mol/kg sample, daf, at 650 °C and to zero at 700 °C. The effect of steam
flow rate on gasification of brown seaweed was studied at 700 °C and steam flow rate
variation from 0 to 0.3 g/min. With the introduction of steam, the yield of syngas increased
sharply, especially for H, (from 2 to 25 mol/kg sample, daf) and CO, (from 5 to 17 mol/kg
sample, daf) yields. However, more increase in the water flow rate led to a slow decrease
in Hy and CO; production. A simple explanation for this effect was the insufficient amount
of biomass to react with all the steam supplied to the reactor. Furthermore, excessive steam
could result in temperature drop on the biomass surface, and in this case, the rates of the
tar steam reforming and water—gas shift reactions could decrease to some extent. Thus, the
optimum value of steam flow rate to achieve the maximum Hj yield occurred at a value of
0.09 g/min. The co-gasification tests of land-based biomass and brown seaweed showed
that the syngas yields were higher than expected based on the linear dependence on the
weight ratio, suggesting that synergy effect happened in all cases. For example, for the
blend with a weight ratio of 0.5, the total syngas yield from cedar was found to increase
sharply with the increase in temperature from 650 to 750 °C, especially for H, (from 3 to
28 mol/kg sample, daf) and CO, (from 3 to 16 mol/kg sample, daf), and the char content



Fuels 2021, 2

588

showed an opposite trend: it decreased from 12 mol/kg sample, daf, at 650 °C to 4 mol/kg
sample, daf, at 700 °C and to zero at 750 °C, indicating that all char in cedar was converted
to syngas. Moreover, co-gasification tests at 700 °C produced approximately 1.62 times
more syngas than could be expected, thus indicating that alkali and alkaline earth species
in brown seaweed acted as a catalyst to enhance the gasification of cedar.

Lee et al. [143] conducted experiments on steam gasification of four different types of
feedstocks (synthetic MSW and its components like forest waste, automobile tire rubber,
and water bottle plastic (PET)) in a lab-scale atmospheric pressure thermally insulated
fixed-bed reactor at a temperature of 1000 °C, steam mass flow rate of 1.2 kg/h, and test
duration of 10-12 min. The components of the synthetic MSW were collected, ground, and
mixed based on the typical data. There were seven major components: paper, wood, yard
trimmings, food scrap, plastics, rubber, and textile. Unlike other materials, food scrap was
hard to define and collect due to its nonhomogeneous nature. To avoid this, ground dog
food was utilized to represent food scraps. To mimic the real MSW food scrap, a proper
amount of water was added. The moisture of synthetic MSW was about 15wt%. All the
components were ground to increase the surface area for reaction and to avoid congestion
in the feeder that also enhanced the homogeneity of the resulting feedstock. Some of
the components of the synthetic MSW were used in separate experiments to evaluate the
syngas production from specific feedstock streams. The objective was to investigate the
feasibility of producing clean syngas from plastics, automobile tire rubber, MSW, and
woody biomass feedstocks using a pure-steam gasification process. Experiments showed
that there were only minor differences among the different types of feedstocks in terms
of the syngas composition, thus indicating that the steam gasification system used could
convert any CCM into a gaseous fuel with a high content of Hy (50-60vol%), CO and
CO; (each around 10vol%), and CHy (around 3vol%). Since only H, CO, CO,, and CHy
were analyzed, the lumped volume content of the residual gases was within 10-20vol%.
Comparing among the four syngas species, the plastics produced the syngas with the
highest H, content (61vol%) and lowest contents of CO (6vol%), CO, (12vol%), and CHy
(1.5vol%). The wood feedstock had the lowest H; content (50vol%) and the highest CO
content (20.5%). The averaged feedstocks LHV attained the values of 9.7, 7.8, 10.8 and
8.2 MJ/nm? for wood, plastic, rubber, and synthetic MSW, respectively. These values were
approximately 2.5 times higher by weight and 1.6 times by volume as compared to those
from the typical air-blown gasification systems.

Balu et al. [144] used the same lab-scale gasifier as in [143] to conduct experiments
on steam gasification of woody biomass at process temperatures 877 and 1000 °C and
S/F ratios 3-7. Experiments showed that the syngas from steam gasification exhibited
high H, content (50vol% at 1000 °C) with 21vol% CO and 5vol% CHy, providing the LHV
of ~10 MJ/nm3. The results of the experiments were compared to the predictions of the
thermodynamic equilibrium model. In the model, the biomass comprised of only C, H,
and O elements was represented by the general chemical formula, CHxOy. The reaction
products in steam gasification reaction were assumed to consist of 6 species, namely, C(s),
Hy, CO, CO,, CHy, and HyO. Steam gasification was governed by three reactions: (6), (7),
and (8). In such model formulation, the list of unknowns contained 7 parameters, namely
gasification temperature and the numbers of moles for the reaction products. When the
number of moles of solid carbon C(s) dropped to zero the model excluded the presence
of C(s) and the number of unknowns was reduced to 6. The seven equations required to
solve for the seven unknowns were formulated using three mass balances for the C, H,
O elements in the global equation together with the equilibrium constant equations for
the three chemical reactions considered. Finally, the seventh equation was obtained as the
energy balance for the whole system assuming no external work and heat exchange with
the surroundings. The model was successfully verified by experimental results. Based on
the results of the model, an optimal range of the S/F ratio was recommended. Based on
the numerical simulations, it was recommended that for 1000 °C steam gasification, the
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S/F ratio should be greater than 1.3 to avoid solid carbon deposit and less than around 10
as beyond that there would be no more useful fuel gases that could be produced.

Fremaux et al. [145] used the lab-scale atmospheric pressure electrically heated fluidized-
bed steam gasifier to study the effect of gasification temperature, S/F ratio, biomass (wood
residue) particle size, and test duration on H; yield and tar content in produced syngas, as
well as CGE. Batch tests were performed at reactor temperatures 700-900 °C, S/F ratios
0.5-1.0, with particles of three different sizes 0.5-1 (small), 1-2.5 (medium), and 2.5-5 mm
(large), and test duration 20—40 min. The increase in gasification temperature led to a signifi-
cant increase in Hj output, tar reforming, and CGE. For medium-size particles, temperature
increase from 700 to 900 °C at fixed values of S/F ratio (0.6) and test duration (40 min)
resulted in the growth of H; yield from 40 to 60 g/kg wood, in the drop of tar yield from 18
told g/ nm3, and in the increase of CGE from 112 to 154%. With the increase in the S/F ratio,
Hj content in the syngas slightly increased (by ~3%), while CO and tar contents decreased
(up to ~20%). A decrease in particle size led to a significant enhancement in H, production.
Thus, 40-min gasification of small-size particles at 900 °C resulted in the growth of H; yield
to 68 g/kg wood. The increase in test duration from 20 to 40 min resulted in increasing the
H, yield nearly linearly at all temperatures, ranging for medium particles from 43 to 60 g
H; /kg of biomass at 900 °C and S/F ratio of 1.

Hongrapipat et al. [146] continued the experimental campaign on steam co-gasification
of biomass and lignite in a pilot-scale atmospheric pressure 100-kW fuel power DFB
gasifier [129,130,140] at 800 °C and S/F ratio of 1-1.1. Blends of lignite and pine wood with
the L/W ratio ranging from 0 to 100% mb were tested. Five feedstocks used included pure
wood pellets; pellets of blended lignite and wood at mass ratios of 40/60, 70/30, and 80/20;
and pure lignite particles. The pure wood pellets had dimensions of 6 mm (diameter) by
15 mm (length). The pure lignite particles had particle sizes of 1-8 mm. The pellets of
blended lignite and wood had dimensions of 7 mm (diameter) by 20 mm (length). The
objective was to investigate the influence of L/W ratio on the NHj3 and H;,S contents
in the syngas from co-gasification of blends in the DFB steam gasifier. Tests revealed
the synergetic effect of blends in terms of the exponential increase of the NH; and H,S
concentrations with the L/W ratio. This influence was attributed to higher contents of N
and S in lignite compared with those in wood. Moreover, nonlinear relationships between
the conversions of fuel-N or fuel-S and the L/W ratio were discovered. The optimization of
the L/W ratio in the co-gasification process could be conducted to reduce the concentrations
of NH3 and H;S in the syngas.

Li et al. [147] conducted experiments on steam gasification of original and bioleached
SSW in a lab-scale atmospheric pressure electrically heated fixed-bed reactor at tempera-
tures 600-900 °C and a fixed S/F ratio of 1.08. Original SSW was collected from an urban
wastewater treatment plant. The SSW pH and moisture content were 8.6 and 80.4wt%.
Bioleaching of SSW resulted in a pH decrease to ~2. Then, 5-g SSW samples with different
concentrations of solids (from 6 to 14% w/v) were placed in the heated reactor purged
with steam. The objective was to investigate the effect of bioleaching on Hj-rich syn-
gas production by steam gasification of SSW and to determine whether changes of SSW
physicochemical characteristics after the bioleaching process favored steam gasification.
Characterization of samples showed that bioleaching treatment, especially in 6% w/v sludge
solids concentration, led to metal removal effectively and modifications in the physico-
chemical property of SSW which was favored for gasification. The maximum gas yield
(49.4vol%) and H; content (46.4vol%) were obtained at 6% w/v sludge solids concentration
and reactor temperature of 900 °C. SSW after the bioleaching treatment was shown to be a
feasible feedstock for Hy-rich syngas production.
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Lopez et al. [148] continued their experimental campaign on steam gasification of
various CCMs in a lab-scale atmospheric pressure electrically heated conical spouted bed
gasifier [74,135] at a temperature of 900 °C and S/F ratio of 1. Blends of high-density PE
and biomass (pine WS) with the PE/wood ratios 1, 0.5, 0.25, and 0 mb were gasified. The
PE was in the form of chippings of 4-mm size. The biomass was crushed and ground to a
particle size below 4 mm. The WS was sieved to obtain particles of 1-2 mm size and dried
to moisture below 10wt%. All tests were performed in continuous mode for at least 20 min
to ensure a steady state process. The objective was to examine the effect of the PE/wood
ratio in the feed on the steam gasification process by comparing the results with those
obtained in the gasification of single materials and look whether the synergies regarding
syngas yield and composition and tar content in the syngas could exist. Tests revealed
significant differences between the two individual feeds. The yield of syngas at steam
gasification of PE (3 nm?3/kg) was more than a factor of 2.5 higher than that obtained in
the gasification of wood (1.2 nm?/kg). The tar content was an order of magnitude higher
for wood (58.2 g/nm?, db) than for pure PE (5.1 g/nm?, db). The higher tar content for
wood was partially due to the much lower syngas yield (tar content was given on vb in
dry gas). Finally, the char yield reached a value of 4.3wt% for the gasification of wood and
was negligible for PE (0.3wt%). The cofeeding of PE and wood revealed a synergetic effect.
Despite the increase in the syngas yield being proportional to the amount of PE fed into
the gasifier, the reduction in both the tar and char yields in the gasification products was
higher than the values obtained by balancing the results for the separate gasification of PE
and wood. Thus, a 25% PE in the feed caused a two-fold reduction in tar content (58.2 vs.
32 g/nm?), indicating the synergetic effect of PE in wood gasification. With 50% of PE in
the feed, the tar content was reduced to0 9.7 g/ nm?3, which was a factor of 6 less than for
pure wood gasification. The advantage of increasing PE content above 50% was limited,
given that the tar content in the gasification of pure PE was 5.1 g/nm?>. The char yield
also decreased more than the average corresponding to the PE content in the feed, also
indicating a synergetic effect of the blend. Both results showed significant improvement in
CCE, reaching 94% for 50% of PE in the feed compared to 80% for pure wood.

Akkache et al. [149] conducted experiments on steam gasification of various CCMs
in a lab-scale atmospheric pressure electrically heated semi-batch gasifier at temperature
850 °C and steam flow rate of 2.22 mg/s. Steam was generated in a heating mantle and
was introduced in the gasifier close to a 6-g CCM sample in the form of a thin layer. The
reaction time was 15 min. In the tests, five different types of CCMs were used, namely,
waste wood (WW), reed, olives pomace (OP), solid recovered fuel (SRF), paper labels (PA),
and plastic labels (PL) possessing moisture 2-22wt%. In addition, two different types of
SSW were selected, secondary (SSSW) from the wastewater treatment plant, which was only
mechanically dewatered, and digested (DSSW), which was aerobically digested to reduce
carbon content and avoid its fermentation in end-use. Both SSW had moisture of 81wt%.
After drying all feedstocks had the same moisture level of 0.5-5.8wt%. The feedstock LHVs
indicated that all were appropriate to the thermochemical conversion process especially
PL, OP, SRF with the LHVs of 32.9, 23.6, and 23.1 MJ/kg (dm). One of the objectives was
to evaluate the behavior of the different feedstocks during their gasification in terms of
gas quality and pollutant released. In the tests, the conversion rate (the mass ratio of gas
yield to feedstock daf) ranged from 77 to 89% except for OP (48%), which behavior was
explained by the low reactivity compared to other feedstocks. A high amount of CHy
(15-25vol%) and Cp-hydrocarbons (CoHy, CoHy and CoHg, 2-10vol%) were collected along
the tests, which indicated that the reforming was limited in the device. This might be
because the volatiles released during devolatilization left the reactor at the temperature
they were produced. To compare the behavior of different feedstocks, SSW were used as
references. There were no significant differences between the behavior of SSSW and DSSW.
The syngas obtained from both SSW was rich in fuel gas (total fuel gas volume fraction
at 72% with about 33vol% Hj and 20vol% CO). The OP produced the highest amount of
H; (45vol%), followed by PA, SRF, and WW (36.3 and 30vol%, respectively). Lower H,
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production than SSWs was noted to LP at 24vol% and reed at 13vol% WW, SRF, and PA
produced a similar amount of CO compared to SSW (17, 18, and 19vol% compared to 21
and 20vol% for SSSW and DSSW, respectively). LP and reed produced the highest amounts
of CO (27 and 31vol%) and the lowest value of CO was obtained for OP at 15vol%. The
LHYV obtained for all feedstocks during the whole test time, except reed and PL, were
typical for steam gasification. The highest LHV was obtained for PL followed by OP and
SRF (20.4, 16.0, and 12.5 MJ/nm?). The high LHV noted to PL and SRF were due to CH,
and C; in that syngas mostly released during devolatilization. SSSW and DSSW presented
LHV at11.7 and 11.5 MJ/ nm?3, PA and WW presented similar LHV at 10.1 MJ/ nm?3. The
reed had the lowest LHV of 5.8 MJ/nm?, due to the low H, and high CO, production
(13 vs. 34vol%). It was shown that NHj3 released during gasification tests had the same
kinetics trend for all feedstocks: production started at about 300 °C and the maximum
production was reached at about 550 °C with the maximum NHj content of 7vol% for
SSSW, 6vol% for DSSW, and 3vol% for WW.

Lee et al. [150] conducted experiments on steam gasification of dried SSW, rubber
from used tires, and MSW in a lab-scale atmospheric pressure electrically heated batch-
type gasifier at a temperature of 1000 °C and steam flow rate of 5 g/min. Dried SSW
(moisture 6.3wt%) was pelletized and comprised of semi-solid-state materials formed
during wastewater treatment. Rubber (moisture 1.5wt%) from used tires was homogeneous
with various particle sizes available. MSW (moisture 15wt%) was a complex feedstock
and unlike dried SSW pellets or rubber, it was not homogeneous, and the energy density
was relatively low. A 3-g sample of feedstock was placed in a mesh cartridge allowing
for interaction between steam and feedstock. Once the system reached the designated
temperature in the argon environment, the cartridge was dropped to the center of the
reactor where the temperature was at its maximum. Steam was supplied simultaneously
at that time (to replace the argon flow) so that the feedstock could be gasified by a steam
flow. The objective was to study the gasification of the three different waste materials. In
the tests, the production of major species (Hp, CO, CO,, and CHy) reached a peak and
then decreased with time, typically for a batch process. The CO and CHy reached their
respective peaks first, but it took more time for Hj to reach its maximum value. The Hp
production rate usually peaked when the CO production rate started to decrease. All results
for the various steam flow rates and feedstocks showed similar trends except for the time
scale and the syngas generation peak. In terms of syngas composition, experiments with
SSW showed that initially, the CO content in syngas was very high, and it then decreased
sharply with time while the H, content increased with time and both species tended to
reach relatively steady values after about 330 s. The H; content reached around 60vol%.
CHy4 was generated only at the beginning of the test, and it then reacted with steam to
produce H; and finally, the CH, content was decreased to ~1vol%. This was mainly because
of the higher temperature condition in the reactor after the initial period where CHy was
rapidly reacting with steam. For the other two types of feedstocks, the trends were very
similar. The syngas LHV attained a steady value of about 9.5 MJ/nm?. For evaluating the
production of each gas species and total syngas energy content, the syngas concentration
data were integrated with the gas production rate data. Considering the average gas
volume content data over the entire gasification period for the syngas constituents, the
following results were worth mentioning. First, it was noted that for SSW and MSW the
CO contents (35-36vol%) were almost as high as those for H, (40—43vol%) except for the
rubber case (22 vs. 55vol%). This was probably caused by the pyrolysis process before the
feedstock could start reacting with steam. The feedstock was first placed inside the reactor
and then steam started to flow. Therefore, pyrolysis would start before steam—feedstock
chemical interaction. During pyrolysis, the amount of steam available for gasification
was rather limited so the CO production was dominating due to a low rate of reaction
(7). The results showed that the total syngas volume produced by rubber gasification was
much higher than the other two, which was mainly caused by the substantially higher Hj
production by rubber. This was explained with the carbon content of each feedstock. As
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the carbon content for SSW, rubber, and MSW was 35.8, 79.95, and 36.9wt%, respectively,
rubber produced much more syngas. As a result, the amount of carbon in the feedstock
was a critical factor for the Hy-rich syngas generation. Based on this finding, the authors
derived the linear correlation between syngas mass production and the weight of carbon
input from the feedstock, which agreed with the experimental data.

Niu et al. [151] conducted experiments on steam gasification of biomass (pine WS)
in a lab-scale atmospheric pressure electrically heated fixed bed downdraft gasifier at
temperatures 600-1000 °C and steam flow rates 0.3-0.9 kg/h. The feedstock was prelim-
inarily granulated to obtain particles 10 mm in diameter. The feedstock moisture was
2.3wt%. For preventing the thermal deformation caused by the temperature increase with
the empty gasifier, 300 g feedstock was fed when the reactor temperature reached 600 °C.
When the temperature reached 700 °C, gasification test was ready to be carried out. At
first, the steam generator was turned on and the required steam flow rate was attained.
Following this, 1000 g feedstock was fed, and the gas sample was collected after gasification
was stabilized. The effect of gasification temperature was studied at a steam flow rate of
0.6 kg/h. Variation of temperature from 700 to 900 °C led to an increase in the H, yield
nearly sixfold from 18 g/kg at 700 °C to 101.81 g/kg at 900 °C. This increase in temperature
led to an increase in the Hy content in the syngas from 23 to 45vol% and a decrease in the
CO, CO,, and CH4 contents from 32 to 24vol%, from 16 to 14vol%, and from 19 to 14vol%,
respectively. The effect of steam flow rate on gasification performance was studied for all
temperatures in the range from 700 to 950 °C. When the temperature was below 800 °C,
the effect of steam flow rate on syngas yield was not obvious. However, the syngas yield
increased rapidly with the steam flow rate when the temperature was above 850 °C. When
the temperature was 950 °C, the syngas yield increased from 18.7 L/min at steam flow rate
of 0.3 kg/h t0 29.8 L/min at 0.9 kg/h. At 900 °C, the increase in steam flow rate from 0.3 to
0.9 kg/h led to the increase in Hy content in syngas from 37 to 48vol%, whereas CO content
was nearly constant at 23vol%, CO, content decreased from 18 to 15vol%, and CHy content
decreased from 13 to 10vol%. Note that the increase of steam flow rate decreased the steam
RT in the reactor causing incomplete gasification. Nevertheless, the CCE increased with
both temperature and steam flow rate attaining a value of 87-88% at 950 °C and 0.9 kg/h.

Schweitzer et al. [152] conducted experiments on steam gasification of various CCMs
in a pilot-scale atmospheric pressure 20-kW fuel power DFB reactor at gasification tem-
peratures 710-820 °C and S/C ratio of 1.5 vb with silica sand as bed material. The plant
consisted of a BFB and circulating fluidized bed reactors like that used in [101]. The feed-
stocks included wood pellets, SSW, pig manure, and cattle manure. The fermented SSW
was obtained from wastewater treatment plants. The raw SSW was dried and appeared as
dense particles with a particle size of several centimeters and a high bulk density. It was
crushed into the desired particle size using a beater mill. The raw cattle and pig manure
were dried and appeared as fibrous materials with a low bulk density. The moisture of
feedstock was 7.8-12.1wt%. For each test, a stable operation of at least 1 h was maintained.
In the tests, all the feedstocks showed good gasification behavior with high syngas yields
and no bed agglomeration. At 820 °C, the yields of Hy, CO, CO,, CHy, and C,—C4 hydro-
carbons for SSW attained 0.41, 0.11, 0.25, 0.06, and 0.02 nm3/ kg at a total syngas yield of
0.85 nm3/kg. At these conditions, a high tar yield of about 80 g/kg was detected, while at
lower gasification temperatures, even higher values were measured. SSW contained heavy
aromatic compounds, which were volatilized during gasification, and due to their low RT
in the fluidized bed, only a small fraction was cracked into gases or lighter tars. Due to
the high molar weight of these aromatic compounds, they were detected as gravimetric
tar, while they could not be detected by gas chromatography. Such heavy tars could still
include N-, S- and Cl-containing organic and inorganic compounds. Another unexpected
trend observed in the experiments was nearly the same level of tar yield (20-30 g/kg) for
SSW and all other CCMs tested when measured by gas chromatography—mass spectrom-
etry (GC-MS). Despite the syngas composition did not vary much between the different
CCMs, this was different with respect to harmful impurities in the syngas. The high N, S,
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and Cl content in the CCMs caused high NHj3, H;S, and Cl contents in the syngas. NHj,
H5S, and Cl contents of up to 6, 0.7, and 0.13vol% were measured, respectively. In the case
of NH3, a good correlation between the NH3 content in the syngas and the N content in
the feedstock was observed. In the case of HyS and Cl, such a dependence between the
content in the syngas and feedstock composition was less evident.

Cortasar et al. [153] continued their experimental campaign on steam gasification
of biomass (pinewood waste and WS) in a lab-scale atmospheric pressure electrically
heated conical spouted bed reactor at constant temperature 850 °C and S/F ratio of 2
(steam flow rate at 1.86 nL/min and biomass feeding rate at 0.75 g/min). Feedstock was
crushed and ground to a size in the 1-2 mm range and dried to a moisture content below
10wt%. The reactor was modified as compared to [74,135,148]. Modification consisted of
the incorporation of fountain confiner to increase the RT and improve the contact between
the gasifying agent and heat carrier bed particles. The fountain confiner was a tube welded
to the lid of the reactor, which had the lower end of the tube close to the surface of the bed
and confined the gases generated during the gasification process, forcing them to follow a
downwards trajectory. Hydrodynamic performance of the reactor strongly depended on
the bed material particle size. For checking the effect of gas velocity and turbulence in the
bed, two bed particle sizes were used: 90-150 pm and 250-355 um. In the tests performed
with the finer particles, the gas velocity was about four times higher than with coarse
particles. A comparative study was carried out to ascertain the influence the confinement
system in the standard and enhanced spouting mode had on biomass gasification. All the
tests were performed in continuous mode for 20 min to ensure a steady state process. The
main objective was to study the possible reduction of tar content in the syngas due increase
in the RT and the flow velocity in the bed. Other process parameters such as syngas yield
and composition, tar composition, and CCE were also analyzed. Experiments showed that
in the modified reactor Hy content in the syngas increased from 36 to 42vol%, whereas
CO content decreased from 33 to 30vol%, so that the H, /CO ratio increased from 1.09 to
1.4. The effect on CO, content was less pronounced (17-18vol%). The contents of CH, and
other gaseous hydrocarbons decreased from 10 to 8vol% and from 4 to 3vol%, respectively.
These results were related to the increase in the gas RT and the better contact of the gas with
bed particles attained when the fountain confiner was used. As for the use of fine particles
in the bed, despite the improvement in turbulence and gas-solid contact by increasing the
gas velocity in the bed, the influence on gas composition was limited. The most significant
effect of the operation under the enhanced fountain regime was the increase in H, content
to 43.2vol%. This result revealed the potential of this mode to produce Hj-rich syngas.
As for the tar content, the fountain confiner caused a decrease in the syngas from 46 to
36 g/nm?>. The higher extent of steam reforming of tar and gaseous hydrocarbons improved
the gas yield and H; production when using the confinement system, with specific gas
production being 1.23 nm?3/ kg. The CCE also increased when the confinement was used,
i.e., a value of 83.6% was attained instead of 81.5%. The CGE was also increased from 74.7
to 82.5%. Under the enhanced fountain regime, the reduction of tar content was even more
remarkable: from 34.6 g/nm® under the conventional spouting regime to 20.6 g/nm?. This
result was associated with the overall increase in the gas—-bed heat transfer in the fountain
region due to the higher fountain height.

Lee et al. [154] conducted experiments on steam gasification of dry SSW in a lab-scale
atmospheric pressure electrically heated reactor at temperature 1000 °C and steam flow
rate varied from 2.5 to 20 g/min. In the reactor, a mesh cylindrical cartridge was used to
load a 3-g feedstock sample. The cartridge was placed in the central part of the reactor. The
steam flowed through the mesh and reacted with the feedstock. Experiments showed that
a higher steam flow rate led to faster conversion. The total gasification time was shorter at
higher steam flow rates, but a saturation condition was reached when the flow rate attained
a threshold value, i.e., higher steam flow rate did not always increase the reaction rates.
The contents of major species in the syngas showed a weak dependence on the steam flow
rate and amounted ~43vol% H,, 30-34vol% CO, 12-15vol% CO,, and 8-10vol% CHy.



Fuels 2021, 2

594

McCaffrey et al. [155] conducted experiments on steam gasification of biomass (al-
mond shell and hull) in a lab-scale atmospheric pressure electrically heated fluidized bed
gasifier at a temperature of 1000 °C and S/F ratio of 1 (steam flow rate of 4.4 kg/h and
biomass feed rate of 90 g/min). Biomass particles had a size of 2 mm and were injected in
the reactor using a Np-blown pneumatic feeder. The moisture of feedstocks was 9-12wt%.
The objective was to investigate the potential effects of air and steam gasification on gas
composition and fluidized bed agglomeration using a composite feedstock of almond shell
and hull. Gasification tests showed that Hy, CO, CO,, CHy, and N, contents in syngas
ranged from 14.3 to 17.2vol%, from 16.4 to 19.0vol%, from 16.7 to 17.4vol%, from 3.0 to
3.6vol%, and 43.0 to 49.2vol% using air, and 36.2 to 39.6vol%, 18.6 to 21.1vol%, 15.9 to
18.1vol%, 5.4 to 6.7vol%, and 17.4 to 20.3vol% using steam. The steam gasification exper-
iments still had a high N, content mainly due to the Np-blown feeder (0.02 nm?/min)
and small purge flows, however for a larger scale gasification system the purge gas could
expect to have a smaller effect. The CGE ranged from 36 to 70%, and 48 to 89% for air
and steam gasification tests, respectively, and reflected the intrinsic differences in the gas
quality between the two fluidizing media.

3.1.2. CO, Gasification

Ahmed and Gupta [156] studied experimentally the evolutionary behavior of syngas
chemical composition and yield for paper and cardboard in a lab-scale atmospheric pressure
electrically heated semi-batch reactor at temperatures of 800-1000 °C using CO, as gasifying
agent. The batch sample was introduced at the beginning of the experiment and the
gasifying agent was introduced continuously to the reactor at a constant flow rate. The
sample mass was fixed at 35 g. The maximum duration of gasification tests was 30 min.
During this time there were 9 sampling trials to obtain the time resolved behavior of syngas
mole fraction. Increasing flow rates of CO; in the reactor outlet indicated production
of CO, due to pyrolysis, whereas decreasing values of the CO; flow rate indicated the
consumption of CO; in the gasification process. At the beginning of the process, char
pyrolysis was dominating. At this stage, the Hy mole fraction peaked and kinetics of
char gasification by CO, was found to be much slower than the kinetics of pyrolysis. In
about 3-5 min the gasification process started to dominate with the formation of CO due
to reaction (12). The role of temperature on kinetics of the CO; gasification process was
investigated. Increased conversion of the CCM to syngas with temperature was registered.
Thus, at 900 and 1000 °C substantial enhancement of the reaction rate occurred as compared
to the sample conversion at 800 °C. The effect of temperature on CO mole fraction was also
examined. Increase in the temperature was shown to significantly increase the contribution
of the gasification process to CO production, whereas the contribution of the pyrolysis
process did not change much. At 900 and 1000 °C, the pyrolysis, char-CO,, and CO,—
volatiles reactions took place simultaneously, but the overall contribution of gasification to
CO production was a factor of 2-2.5 higher than that of the pyrolysis. The results showed
the important role of CO; in the gasification of wastes and low-grade fuels to clean syngas.

Lai et al. [157] used the TG analysis technique to study the thermal decomposition
of MSW in N, CO,, and CO;,/N, atmospheres at temperatures ranging from 100 to
1000 °C at the heating rate of 10, 20, and 40 °C/min. The flow rate of the gas was kept at
0.0001 nm3/min. The raw MSW was collected in summer and contained organic con-
stituents such as paper (11.6wt%), plastic (10.7wt%), leather (24.0wt%), cloth (11.1wt%),
wood (0.7wt%), food waste (38wt%), and inorganic constituents such as metal (0.1wt%)
and sand (3.8wt%). It was broken, ground, pulverized and passed through a sieve with a
mesh size of 178 um. The uniformity of MSW samples was ensured by a micro rotary mixer
rotated inside the reactor at a constant speed of around 20 rpm for more than 2 h. After
mixing, the samples were dried and stored in desiccators until they were used. In each
experiment, a 6-mg sample was heated in a micro-furnace and its temperature and weight
were measured accurately. Experiments showed that in the N, atmosphere the heating
rate did not affect the residual mass. However, in the CO,-containing atmosphere, the
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higher heating rates resulted in a larger mass of residue. The latter effect was attributed to
two reasons. Firstly, reaction time was shortened and therefore reaction was less complete.
Secondly, micropore volume and surface area were reduced and therefore the reaction with
CO, was resisted. The volatiles from the MSW sample were released between 200 and
550 °C, while the mineral thermal decomposition and char gasification in CO,-containing
atmosphere occurred above 650 °C. At higher temperatures, incremental replacement of
N; by CO, promoted char gasification and influenced the residual mass, which decreased
from 39.2% (in 100% N3) to 36.9% (in 80% N3 /20% CO;), and to 33.2% (in 60% Ny /40%
CO,). When the CO, concentration was over 60%, the residual mass remained almost the
same (32.2%). In 100% CO, atmosphere, the residues were ash almost completely.

Pilon et al. [158] conducted experiments on pyrolysis and CO, gasification of biomass
(switchgrass) in a lab-scale atmospheric pressure electrically heated fixed bed batch-type
reactor at three relatively low temperatures (300, 400, and 500 °C) for a 2.5 min RT. Before
tests, the biomass was cut into pieces less than 10 cm. A sample contained about 25 g of
feedstock. Feedstock moisture leveled from 4 to 9wt%. The heating rate was 55 °C/min.
Gas inflow used for experiments was either N, or CO;, and the flow rate was set at
0.5 L/s. The objective was to compare the yields of chars, tars, and noncondensable gases
in pyrolysis and CO, gasification conditions. Experiments showed that in the presence
of CO; the yield of tar at 300 °C was significantly lower than in the Nj atmosphere (18.0
vs. 24.6%), while the char yields were higher (59.2 vs. 54.4%) and gas yields were nearly
the same (12.8 vs. 14.8%). Since no major noncondensable gas yield variation with respect
to the gas environment was observed in these conditions, this meant that fewer products
converted into the tar. Increasing temperature from 300 to 400 °C led to lower char yields
(35.9 vs. 36.7%) and favored an increase in tars (33.7 vs. 35.6%) as well as noncondensable
gases (30.4 vs. 27.7%). Gas composition, with respect to temperature only, showed a
decrease in CO, content from 86.8 vs. 84.8% at 300 °C to 74.5 vs. 64.1% at 400 °C, while
the CO content increased from 12.8 vs. 14.8% at 300 °C to 24.5 vs. 34.6% at 400 °C both
in CO; and N environments. This could result from oxygen trapped in biomass reacting
with carbon; however, being in limited amounts within biomass, the incomplete reaction
(1). With further increasing temperature from 400 to 500 °C, feedstock conversion was
enhanced. Char yields decreased to 28.1 vs. 28.2%, tar yields increased to 36 vs. 37.7%, and
noncondensable gas yields increased to 35.9 vs. 34.1% in CO; and N; environments. With
respect to gas composition, the CO, environment appeared to enhance the formation of
CO content to 42.8 vs. 32.4%. The authors claimed that the formation of CO instead of tar
could be explained by a contribution of reverse reaction (12) due to the catalytic effect of
Ni from stainless steel material or from feedstock inorganic content.

Guizani et al. [159] conducted experiments on pyrolysis and CO, gasification of
biomass (beech wood chips) using a lab-scale atmospheric pressure electrically heated
horizontal tubular reactor at 850 °C in three atmospheres: pure Ny, a blend of 20% CO,
and 80% Nj, and a blend of 40% CO, and 60% N;. Biomass particles had a size in the
range of 4-5 mm and a thickness of about 1 mm. The moisture of wood chips was 10wt%.
A load of 20-25 wood chips with a total weight of about 0.5 g was placed in a basket.
The wood chips were spaced widely enough to avoid chemical and thermal interactions.
The flow rate of the pyrolysis gas medium (pure N; or blends of CO, and N;) was set to
2 L/min. After stabilization of the reactor temperature at 850 °C, the basket with a feedstock
sample was introduced in the hot reactor. The objective was to assess the effect of the
presence of CO; in the surrounding gas on feedstock conversion in terms of product yields
and composition, char properties, and reaction rate. Experiments showed that pyrolysis
and CO, gasification of biomass in atmospheres with 100% Nj, 20% CO; in Ny, and 40%
CO; in Ny, led to the major change in CO yields. The CO yield increased from 427 g/kg
wood (daf) in pure N to 520 g/kg wood (daf) when introducing 20% CO,, and further to
561 g/kg wood (daf) in a 40% CO,-containing atmosphere. The CHy4 and Cy-hydrocarbons
yields increased slightly in a 40% CO; medium compared to N, medium. The H, yield
decreased slightly from 11.8 to 11.4 g/kg wood (daf) when increasing the CO, content
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from 0 to 40%. In N, medium, the CO, was produced with a yield of 168 g/kg wood (daf).
It was not possible to obtain a reliable result on the CO; yield in experiments with CO,
addition due to high uncertainties: the amount of produced CO, was much smaller than
the amount of CO; added with the gasifying agent (ratio of ~60) as the added CO, /F ratio
was 6.5 and 13 g/g wood (daf), respectively for tests with 20% CO, and 40% CO, in Nj.
The total gas yield (excluding CO,) increased with the CO, concentration in the medium
from 576 g/kg wood (daf) in an N, medium to 667 g/kg wood (daf) with 20% CO, and
further to 719 g/kg wood (daf) with 40% CO, in the gasifying agent. The energy content
represented by the CGE increased by 13% from 66% (0% CO;y) to 75% (40% CO,). However,
the H, /CO ratio decreased with the CO; concentration in the gasifying agent.

Cho et al. [160] conducted experiments on pyrolysis and CO, co-gasification of differ-
ent CCMs (ligno-cellulosic biomass and sub-bituminous coal) in a lab-scale atmospheric
pressure electrically heated tubular reactor at temperature 540-720 °C. In the tests, ligno-
cellulosic biomass was represented by cellulose and hemicellulose (xylan). The biomass
and coal composed of 1.5wt% N, 89.3wt% C, 5.0wt% H, 0.8wt% S, and 3.4wt% O were
used in the powder form. For investigating the influence of CO; in the co-pyrolysis of the
feedstocks, coal was mixed with cellulose and xylan separately. A 3-g sample of CCM was
loaded into the center of the reactor and subject to N, or CO, atmosphere in case of pyroly-
sis or gasification, respectively. Tests with coal showed that the evolution of major product
gases (Hy, CO, and CHy) at temperatures lower than 550 °C was very similar in Np and
CO,, but the enhanced generation of CO in the CO, environment occurred at temperatures
higher than 550 °C, implying that the influence of CO, was selectively effective starting
from this temperature. Interestingly, the contents of H, evolved from the CO, environment
at temperatures higher than 550 °C were substantially lower than in Nj, and the content
of CHy4 was not sensitive to the experimental temperatures and atmospheres. This effect
was attributed to the enhanced generation of CO and therefore enhanced dilution of Hj.
This explanation was justified by additional tests with N,-CO; mixtures. In general, the
enhancement of syngas production in the presence of CO, was substantial. In biomass—coal
co-gasification tests, a very similarly enhanced generation of CO occurred at temperatures
higher than 550 °C. Thus, one could conclude that the influence of CO; characterized by the
enhanced thermal cracking behaviors and reaction between CO; and volatile organic com-
pounds (VOCs) evolved from the thermal degradation of a CCM sample was universally
effective. The H,/CO ratio derived from coal-cellulose, and coal-xylan co-gasification
followed the same pattern and varied from 1 to 5 in N, atmosphere and from 0.6 to 2.5 in
the CO; atmosphere. This experimentally justified that the Hy /CO ratio could be adjusted
via using different amounts of CO, during the gasification process.

Kim et al. [161], following [160] conducted experiments on pyrolysis and CO, gasi-
fication of biomass (lignin) in a lab-scale atmospheric pressure electrically heated fixed
bed gasifier at temperatures 390-720 °C. Two types of lignin were used, extracted, and
purchased. The extracted lignin was obtained by separating and drying a solid residue
from the ammonia solution of grounded oak wood kept at 50 °C for 7 days. A 2-g sample
of lignin was loaded into the gasifier and subject to N (pyrolysis) or CO, (gasification)
flow. Experiments with pyrolysis showed that the generation of H; was proportional to
the process temperature due to the thermal cracking (dehydrogenation). The temperature
showing the highest concentration of CHy was significantly lower than that of Hy. This
observation suggested that dehydrogenation would be the major thermal decomposition
mechanism at temperatures higher than 500 °C. Similarly, the contents of CO were sig-
nificantly lower than those of Hj. This could be explained by dehydrogenation since it
expedited char formation. However, the evolution of the major gases in the gasification was
different from that in the pyrolysis. The enhanced generation of CO was initiated at 550 °C.
This could be the effect induced by CO; used as gasifying agent. This enhanced generation
of CO was discrepant from the effect of dehydrogenation. However, the concentration
profiles of Hj followed a very similar trend with those during pyrolysis. This latter effect
with the content of H; in the CO, environment was attributed to the dilution arising from
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the enhanced generation of CO. The H, /CO ratio derived from gasification of both types
of lignin followed the same pattern and varied from ~0.7 to ~5 in pyrolysis and from 0.1 to
2 in gasification. This experimentally justified that the H, /CO ratio could be adjusted via
using different amounts of CO, during the gasification process.

Sadhwani et al. [162] conducted experiments on CO, gasification of biomass (pine
WS) in two lab-scale atmospheric pressure electrically heated gasifiers, a fluidized bed
gasifier, and a fixed-bed gasifier. WS was dried, ground, and sieved to obtain particles of
315-pm mean size. The WS moisture was 8wt%. In the fluidized bed gasifier, the fluidizing
and oxidizing gases (N, and CO,, respectively) entered the bottom of the gasifier through a
distributor plate. The bed material (sand), biomass, and gases mixed inside the reactor. The
average biomass feed rate was 300 g/h. Wood was gasified at temperatures 700-934 °C.
Each run was continued for about 40 min after achieving steady state. The N, flow rate was
10 L/min and CO, flow rate was varied from 1 to 2.24 L/min according to the CO, /C ratio.
The overall superficial velocity for the gases was between 0.10 and 0.13 m/s. The minimum
fluidization velocity for the setup was 0.064 m/s. Four different CO,/C ratios in the range
of 0.6-1.6 mb were used. Experiments showed that all three products of gasification (gas,
char, and tar) were significantly affected by process temperature. With a temperature
increase from 700 to 934 °C, the yields of gas, char, and tar changed from 51.4, 34.3, and
14.3wt% to 76.5, 12.9, and 10.6wt%, respectively, thus indicating a significant increase in the
gas yield and significant decrease in the char yield. Micropore analysis of char structure
showed that increase in temperature led to a significant increase in microporosity of the
char, which facilitated the diffusion of CO; into the char particle further enhancing reaction
(12). Gasification temperature also influenced the syngas composition. At 700 and 790 °C,
the amount of CO; in the syngas was almost the same as that of CO, fed into the reactor.
This implied that any CO; that might be consumed through the gasification reactions
was restored by the CO, evolution during the pyrolysis step. Hence, pyrolysis was the
dominant step at these temperatures. The temperature had a noticeable effect on almost all
the primary gases: the contents of Hy, CO, CH,y, C,H;, and C;Hy changed from 5 to 20, 216
to 924, 104 to 100, 1.2 to 0.6, and from 81 to 59 g/kg biomass (db). The CCE increased from
61% at 700 °C to 82% at 934 °C, while the syngas HHV increased from 11.7 to 12.1 MJ/nm3.
The effect of CO,/C ratio was studied at 850 °C. As a result of CO, /C ratio variation from
0.6 to 1.6 the yield of CO changed from 290 to 470 g/kg biomass (db), whereas the yields of
other species, the conversion of biomass to gaseous product, and the HHV of the syngas
changed insignificantly.

Eshun et al. [68] conducted experiments on pyrolysis and CO, gasification of biomass
(WS) in a lab-scale atmospheric pressure electrically heated tubular reactor at a temperature
ranging from 100 to 800 °C. WS mainly from poplar wood species with moisture of
8.4wt% was used as a feedstock. A 10-g milled sample with particle sizes 300-600 pm
was used in tests. The sample was heated to a final temperature at a heating rate of
80 °C/min. Nitrogen was used as a purging and carrier gas at a flow rate of 0.23 L/min/g-
WS. Once the target temperature was reached, N, was switched to CO; at a flow rate of
0.23 L/min/g-WS to further gasify the char for 60 min. Pyrolysis at each target temperature
for 60 min was conducted for comparison. The objective was to investigate the structural
and physicochemical changes of biomass particles during the pyrolysis and subsequent
CO;, gasification. Experiments showed that at 100 and 200 °C no tar and syngas were
generated and the weight losses (9.9-11.5% of the original mass) were mainly caused
by drying. When the pyrolysis temperature further increased to 300 °C, small volatile
molecules started to be detected. The tar obtained at 300 °C was 10.8% of the WS original
mass, which was contributed by biomass moisture. At pyrolysis temperature of 300 °C,
the yield of noncondensable gas was 6.9%. With a further increase in temperature, the
yields of noncondensable gases and tar increased while the char yield decreased. When the
pyrolysis temperature increased from 300 to 800 °C, the syngas and tar yields increased
from 6.9 to 23.4%, and from 10.8 to 49.3%, respectively, while the char yield decreased
from 82.3 to 27.3%. The increase in syngas yield with the pyrolysis temperature was
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attributed to the thermal decomposition of WS and part of tar. The secondary reactions of
volatiles such as thermal cracking, water-gas shift, and methanation reactions were also
responsible for the growth of syngas yield at temperatures above 500 °C. When the char
was gasified with CO; at 300 °C, the yields of syngas, tar, and char were 10.5, 7.9, and
81.6%, respectively, compared to 6.9, 10.8, and 82.3% for pyrolysis at 300 °C. The yield of
syngas for the combined pyrolysis—gasification at 800 °C was as high as 40.7%, compared to
23.4% for the pyrolysis at 800 °C. The yield of char for the combined pyrolysis—gasification
at 800 °C was 17.1% compared to 27.3% for the pyrolysis. The final weight of 17.1% at
800 °C after gasification showed that gasification efficiency improved with temperature.
The tar yield increased from 10.8% at 300 °C to 49.3% at 800 °C for the pyrolysis while an
increase from 7.9% at 300 °C to 42.2% at 800 °C for the combined pyrolysis—gasification was
observed. The combined pyrolysis—gasification led to the generation of more syngas and
less char compared to the pyrolysis, which was caused mainly by reactions of CO, with
char. The lower tar yield in the combined pyrolysis—gasification compared to the pyrolysis
at the same temperature was attributed to tar cracking with CO,. The slight increase of the
tar yield for the combined pyrolysis—gasification when the temperature increased from 700
to 800 °C might be caused by the oxidation of some gas products with CO; to form H,O.

Tang et al. [163] conducted experiments on pyrolysis and CO, gasification of various
MSW components, like tire rubber (TR), recycled PVC pellets, WS, paper mixture (PM),
kitchen waste (KW), and textile, with the moisture 0.2-5.7wt% using a TG technique at
atmospheric pressure with heating the 6-g samples from room temperature to 1000 °C at
the heating rate 30 °C/min. Tests showed that the TG curves of all feedstock samples in
N, atmosphere (pyrolysis) agreed well with those in CO, atmosphere (gasification) below
600 °C, and nearly identical DTG curves trended up to 600 °C. This indicated that CO,
behaved as an inert atmosphere at low temperatures. With temperature increase, a major
difference was observed in the TG curves for PVC, WS, PM, and textile between N, and
CO; atmospheres. The weight loss rate displayed an obvious increase in CO, atmosphere
over 900 °C. For the DTG peak above 600 °C, the atmosphere altered the location as well as
the formation mechanism. The residual mass at the final temperature was also affected
by atmosphere type, and the replacement of N, by CO, decreased the residual mass. The
ultimate weight loss of the pyrolysis was closer to the sum of the proximate volatile and
moisture than that in CO,, and this confirmed that the gasification produced less char due
to both the inhibiting effect of CO, on secondary char formation by breaking and reacting
with tar and the direct reaction of CO, with char according to reaction (12).

Policella et al. [164] conducted experiments on pyrolysis and CO, gasification of
waste tires in a lab-scale atmospheric pressure electrically heated fixed-bed semi-batch
reactor at temperatures 400-900 °C (pyrolysis) and 700-1000 °C (gasification). The feed-
stock used had a shape of waste tire cubes (including textile fibers) of an average size of
2 x 2 cm. The reactor was named semi-batch because CO, was continuously fed to the
reactor, while a feedstock sample was introduced as a batch. The electric furnace was
placed upstream of the reactor to ensure that the carrier gas had the desired temperature.
N, was used in both pyrolysis and gasification tests as a tracer and purging gas. However,
in gasification tests, the N; flow (2.1 sccm) was replaced with the same flow of 75% CO,
and 25% Nj. The objective was to study the influence of process temperature on syngas
yield, quality, and energy content, product gases evolution kinetics, and CO, consumption
in the gasification of waste tires. In gasification tests, a strong increase in syngas yield and
significant reduction in char yield were found as the temperature reached 1000 °C implying
the rapid enhancement of reaction (12). At high temperatures, pyrolysis showed superior
H; and CHy yields and therefore energy yields at all temperatures, while gasification
resulted in higher quality syngas yields with higher amounts of CO yields. The yield of
CO was 1.05 mmol/g for pyrolysis and 4.56 mmol/g for gasification at 800 °C (an increase
of 3.3 times). At 900 °C, it was 2.7 mmol/g for pyrolysis and 10.4 mmol/g for gasification
(an increase of 2.85 times). A monotonically increasing trend was obtained for the CGE,
for both pyrolysis and gasification. The CGE from pyrolysis showed a linear dependence
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on temperature and was higher than that from gasification for each temperature. The
highest CGE for CO, gasification obtained at 1000 °C was 62.3%. Gasification of waste
tires provided a direct pathway to utilize GHG that showed CO, of 0.75 g/g of scrap tire
gasified at 1000 °C, and produced significant amounts of CO.

3.1.3. Mixed H,O/CO, Gasification

Minkova et al. [165] conducted simultaneous pyrolysis and gasification of biomass
samples of different origin (beach wood, bagasse, olive wastes, Miscanthus pellets, straw
pellets) in a lab-scale atmospheric pressure electrically heated flow-type horizontal ro-
tating /stationary reactor with a fixed process temperature of 750 °C for a fixed process
time of 2 h. The moisture of feedstock was 6-12wt%. Steam, CO,, and their mixture, as
well as Ar were used as gasifying agents. Several findings were reported. Firstly, reactor
rotation favored the gasification reactions, as the yield of syngas was 60-70wt% vs. less
than 40wt%, and the yields of tar were less than 10wt% vs. more than 40wt%, indicating the
importance of heat and mass transfer processes. Secondly, thermal treatment of biomass in
presence of HyO and CO; resulted in considerably lower yields of tar and char as compared
with Ar treatment, indicating the chemical effect of gasifying agents promoting feedstock
conversion into energy-rich liquid and gaseous products.

Butterman et al. [166] reported the results of experimental studies of the impact of
CO, addition to steam on HyO-assisted gasification of biomass (11 feedstocks based on
woods and grasses). Experiments were conducted on the gasification test facility based on
the TG technique with thermal analyzer. Gasification temperature was varied from 200 to
1000 °C; the S/F ratios were very high and varied from 5.5 to 48 vb; the content of CO,
fed into the facility ranged from 0 to 50% of steam flow rate to ensure that the biomass
was the limiting agent in the gasification reactions. The concentrations of Hy, CO, CO,
and CHyj as a function of temperature were quantified for various S/C and CO,/C ratios.
For all woods and grasses, the effect of CO, addition on H,; and CO evolution became
significant at temperatures above 700 °C. All samples exhibited similar mass decay curves
that were terminated by 900-1000 °C and were independent of CO, amount. It was found
that CO, improved char conversion. The biomass feedstocks and their ashes were analyzed
by atomic absorption spectroscopy and scanning electron microscopy/energy dispersive
X-ray analysis. With no CO, addition, significant amounts of highly corrosive ash residues
were observed, while with CO, addition, their amounts were much less. The experimental
results were compared to simulations based on ASPEN Plus software to understand the
effect of CO; recycling for biomass feedstocks, and they showed good agreement.

Prabowo et al. [167] conducted experiments on pyrolysis as well as H,O, CO,, and
mixed H,O/CO, gasification of biomass (rice straw) in a lab-scale atmospheric pressure
electrically heated fixed-bed downdraft gasifier at temperatures 750-950 °C by changing
the CO, molar fraction in gasifying agent to the ratio of 0, 30 and 60vol% in balance with
steam. The feedstock was cut to the size of 15-20 mm in the longitudinal direction. In the
tests, samples of fixed 3.5 g weight were used. The moisture of samples was 5.6wt%. The
total flow rate of gas was 590 mL/min with 60vol% gasifying agents (H,O and CO,) and
40vol% N for gasification and 100vol% Ny for pyrolysis. The objective was to explore
the feasibility of CO; as an alternative gasifying agent of HyO to obtain higher thermal
efficiency in biomass gasification. In general, in the presence of H,O and CO,, the syngas
yield showed a considerably higher value than that in pyrolysis with higher contents of H;
at all temperatures tested. The results also showed that substitution of H,O with CO, in
the gasifying agent would generally lower the H; yield and enhance the CO yield. These
results showed the important role of H,O and CO; in yielding the syngas, especially the
combustible species. In gasification tests at 750 °C Hj yield decreased with the addition of
CO, in the gasifying agent from 500 to 50 L/kg sample, CO yield was constant at 250 L/kg
for HyO-containing agent and increased to 300 L/kg for HyO-free agent, and CO, yield
decreased from 370 L/kg sample to nearly zero level. In gasification tests at 850 °C Hj
yield decreased with addition of CO, from 800 to 120 L/kg sample, CO yield was constant
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at 360 L/kg for HyO-containing agent and increased to 620 L/kg for H,O-free agent, and
CO;, yield decreased from 370 L/kg to a negative level of —200 L/kg sample, indicating
that CO, was involved in gasification reactions. Finally, in gasification tests at 950 °C Hj
yield decreased with addition of CO; from 1020 to 120 L/kg sample, CO yield increased
from 500 to 800 L/kg, and CO, yield decreased from 400 L/kg to a negative level of
—200 L/kg sample. In the latter case, the continuous increase of CO and decrease of CO,
implied the strong activity of reaction (12). A positive effect of CO, blending ratio on
the thermal efficiency of gasifier was observed at 850 °C and above. The highest thermal
efficiency of gasifier, 52%, was gained under CO;-only atmosphere at 850 °C.

3.2. Theoretical Studies
3.2.1. H,O Gasification

Schuster et al. [168] developed a thermodynamic equilibrium model for steam gasifi-
cation of biomass. With this model, the operation of a decentralized CHP station based on a
medium scale DFB steam gasifier of 10-MW thermal power was simulated. It was assumed
that the energy required for the gasification process was supplied by burning a part of the
char and a part of the syngas; heat and char were transported by the bed material (sand)
from the gasification zone to the combustion zone. A considerable amount of the syngas
(37%) was used to maintain the gasification process. The gasification temperature, S/F
ratio, biomass moisture, biomass C/H ratio, and biomass oxygen content were varied over
wide ranges: from 650 to 1000 °C, from 0.034 to 0.68 mb, from 0 to 70wt%, from 0 to 60wt%,
and from 3 to 100 (coke), respectively. Calculations allowed evaluating the influence of
these governing parameters on amount, composition, and LHV of syngas and process
efficiencies. Among these parameters, gasification temperature and oxygen content of
biomass appeared to be most important.

Jand et al. [169] analyzed available experimental data on steam gasification of biomass
in terms of the correspondence of the measured molar concentration ratio [H,][CO,]/[CO]
[H,O] in the produced syngas to the value of the equilibrium constant of reaction (7)
at temperatures 600-900 °C. At temperatures above 800 °C, the measured molar ratio
was shown to approach the equilibrium value in most of the experiments with catalytic
fluidized-bed gasifiers. However, when sand was used as the gasifier bed inventory and no
catalytic conversion was used downstream, the gas composition was far from equilibrium
condition: the H, yield and H,O conversion both decreased essentially, and the measured
values of the concentration ratio in reaction (7) were smaller than the corresponding
theoretical values. Therefore, a direct application of thermodynamic models to isothermal
noncatalytic biomass gasifiers was shown to lead to significant discrepancies from realistic
behavior in terms of CHy yield, tar formation, and CCE. Based on this finding, it was
suggested to treat the biomass gasification process as occurring in two successive stages:
equilibrium (fast biomass devolatilization) and nonequilibrium (slow conversion of CHy
and char). To account for the presence of CH, and char contents in the gasifier output,
which were underestimated in the equilibrium model of the system, it was proposed to
modify the elemental balance conditions for the carbon and hydrogen atomic species by
including three empirical parameters, namely, the CCE (~80-90%), the number of moles
of CHy produced in the devolatilization step (~5.5 mol/kg of biomass daf), and CHy
conversion by steam reforming (~0.3). As a result, a semiempirical model was proposed,
which predicted quantitatively the major gasification products based on standard routines
available in software packages.

Proll et al. [170] analyzed the CHP-concept and its practical implementation in the
medium-scale gasification plant [101] in terms of possible optimization of plant operation.
A validated simulation software was used for this purpose, which was based on solving
mass and energy balance equations for all process units for four classes of substances
(gases including N and S containing species, water/steam modeled as real fluids, organic
substances (consisting of C, H, O, N, S, and Cl) in different states of aggregation (biomass,
fuel oil, rapeseed oil methyl ester (RME), tar and char in gas streams, etc.), and inorganic



Fuels 2021, 2

601

solids (solid streams in fluidized bed system, ash in organic streams, dust in gas streams,
etc.). In addition to the balance equations, several commonly accepted empirical correla-
tions for complex physicochemical processes and those describing the behavior of different
devices were applied. The simulation tool allowed the inclusion of a maximum number
of measurements and avoided unknown boundary quantities, which would appear if the
system is divided into sub-systems. The objective was to optimize the operation parameters
for the existing CHP plant without changing process configuration. The variation of all
governing parameters within reasonable ranges led to an optimized plant operation state,
allowing for the increase in the output of electrical generator by 18% due to the decrease
in the part of syngas used in the boiler from 11 to 5%. The latter could be attained by
decreasing the gasification temperature from 900 to 850 °C, decreasing feedstock moisture
from 28 to 15%, and decreasing steam mass flow rate from 600 to 500 kg/h. It was also
shown that the CHP-concept could reach high fuel utilization rates and electric efficiencies
even at plant fuel capacities of 10 MW.

Jangsawang et al. [171] conducted equilibrium calculations for the atmospheric pres-
sure steam gasification of biomass (cellulose) at temperatures 530-1530 °C and S/F ratios
0.2-10 using the Element Potentials Method based on minimizing the Gibbs free energy.
The calculations were aimed at determining optimum conditions for the gasification of
wood pellets and understanding the limitations and influence of preheated gasifying agent
on the syngas composition. The contents of Hy and CO were shown to increase with
temperature, especially Hy, while the content of CHy decreased with temperature tending
to zero at ~950 °C. H, concentration attained the maximum value at an S/F ratio of 1, when
the carbon contained in cellulose was completely converted. Further temperature increase
did not change much the H, and CO yields. Thus, steam temperature variation from 930 to
1530 °C at S/F = 1 resulted in the increase of H; yield from 50 to 51vol% only. An increase
of the S/F ratio from 1 to 1.6 in the same temperature range resulted in the decrease of
Hj yield from 50 to 48vol%. The highest contents of Hy (50vol%) and CO (50vol%) were
attained at a temperature of about 930 °C. At this temperature, the LHV of syngas reached
the value of 17.8 MJ/kg. In addition to calculations, wood gasification experiments in a
fixed bed reactor were conducted using the combustion products of C3Hg—air mixture as
gasifying agent. The gasification temperature was varied from 530 to 1000 °C. The results
showed good trends with the calculated data in terms of syngas composition.

Dupont et al. [172] investigated various modeling approaches to simulate steam gasi-
fication of biomass at atmospheric pressure and temperatures 800-1000 °C with regard to
chemical and physical kinetic limitations. The reactivity of gas was described by two indepen-
dent reactions: reaction (8), which was kinetically limited, and reaction (7), which would be
close to equilibrium at such temperatures. For modeling the reactivity of solid, a time scale
analysis of the main relevant physical and chemical phenomena was performed. According
to estimates, pyrolysis of biomass occurred in chemical kinetic mode for particles smaller
than 0.1 mm up to 850 °C. In other cases, the transformation was controlled by both chemical
kinetics and heat transfer. Gas-to-particle heat transfer occurred mainly by convection, but
radiation might become significant for large particles. Thus, for larger biomass particles
(0.5 mm and larger), the chemical transformation was suggested to be modeled as two succes-
sive steps: pyrolysis, which was both chemically and heat-transfer controlled, followed by
steam gasification of a small residue particle, which was chemically controlled.

Baratieri et al. [173] developed an equilibrium gas-solid model based on the mini-
mization of the Gibbs free energy for estimating the theoretical yield and the equilibrium
composition of the syngas produced from a biomass during various thermochemical con-
version processes (pyrolysis, partial oxidation, gasification). The model considered 61
chemical species, 60 for the gas phase, which were combinations of C, H, O, N, and S that
were the typical biomass elements, and 1 for the solid phase represented by the graphite
allotropic form of carbon (tar fraction was assimilated to solid carbon). The model was
applied to steam gasification of different feedstocks (pine and poplar WS, bagasse, almond
shells, and grape stalks). The analysis was made for temperatures 400-1200 °C, pressures
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1-80 bar, and S/C ratios 0—-6. The maximum predicted yield of H, at atmospheric pressure
gasification of pine WS attained a value over 50vol% at 800 °C and S/C ratio less than 0.5.
At these conditions, H, /CO and CO, /CO ratios attained the values of 1.17 and 0.07, re-
spectively. An increase in the S/C ratio to 1 led to the increase in the H, /CO and CO,/CO
ratios to 1.92 and 0.4, respectively. For understanding the limitations of the approach,
the results of calculations were compared with experimental measurements of syngas
composition and char yields. A satisfactory agreement was obtained for syngas yields, Hy,
CO, and CO; concentrations, syngas HHV, and for the equilibrium yields of char. However,
CHy4 concentrations were predicted poorly. The computed equilibrium CHjy contents in
the syngas were on average on the level of 0.01vol% for the entire parameter range tested,
whereas experiments showed the values on the order of a few percent. This deviation
was explained by various nonequilibrium factors inherent in gasification experiments, like
incomplete conversion of pyrolysis products, temperature gradients in gasifiers, catalytic
activity of reactor walls, etc. Regarding model limitations, the simplifying assumption that
tar fraction was assimilated to solid carbon could be a major source of errors, in particular,
in CHy equilibrium content.

Corella et al. [174] analyzed the effects of various gasifier design and operational
parameters influencing the syngas composition during steam gasification of biomass in
DEFB gasifiers, namely type of biomass; feedstock moisture; type and location of biomass
feeding point; bed design and composition; gasifier bed temperature; S/F ratio; gas and
biomass RT in the bed; temperature, volume, topology, and hydrodynamics in the freeboard;
simultaneous CO, capture; and even the experience of gasifier operator. The gasifier bed
temperature was claimed to be the most important parameter: for low tar content, it
should be as high as possible. The difficulties accompanying biomass gasification with
pure steam at 800-900 °C and above were pointed out. Also provided was the literature
review indicating that steam gasification of biomass allowed the production of Hj-rich
syngas with Hy content up to 70-80vol% with using a CO, sorbent in the gasifier bed and
a tar content as low as 0.25 g/nm3 when active catalyst was used in the gasifier bed.

Detournay et al. [175] reported the results of calculations of the thermodynamic
equilibrium state for a system initially composed of biomass and water for evaluating
the influence of gasification temperature (600-1000 °C), pressure (020 bar), S/F ratio
(0-2), and the type of biomass (oak, CHj 36007, and fir, CH;j 4500 ¢7; particle diameter
315400 pm) on the efficiency of gasification system in terms of several criteria related to
syngas yield and quality, char content, and energy recovery potential. The calculations were
based on the Gibbs free energy minimization concept and included 6 major gasification
products C(s), HyO(g), Ha(g), CO(g), CO,(g), and CH4(g). Simulations showed that in the
examined conditions steam gasification of biomass was dominated by reactions (6), (7), and
(12). The results of calculations were compared with available experimental data. Based on
this comparison, several conclusions were made. The gasification temperature was shown
to play a dominating role in the system efficiency. It promoted endothermic reactions (6)
and (12) but penalized exothermic reaction (7). The S/F ratio between 0 and 0.4 did not
affect the system efficiency. Above this threshold, it had a significant effect on the syngas
composition and Hp /CO ratio. The pressure increase did not promote the system efficiency.
The type of biomass (oak or fir) had only a small effect on theoretical and experimental
results. The calculations showed that the thermodynamic equilibrium could be considered
as a limit for the experimental results and that the use of catalyst allowed reaching a state
close to the thermodynamic equilibrium state in a short time.

Loha et al. [176] developed the equilibrium model of steam gasification to predict the
performance of Hy-rich gas production from biomass. The model assumed that biomass
contained only C, H, and O elements, and was represented by formula CH,O,.. Biomass
conversion was described by the overall gasification reaction of CH,O, by steam to five
species: Hp, CO, CO,, CHy, and HyO, which appeared with unknown numbers of moles.
To solve for these unknowns, one needed five equations. Three equations were obtained
from the material balance of C, H, and O atoms. In addition, the species were assumed to
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participate in two equilibrium reactions (7) and (10). Therefore, other two equations were
obtained from two standard relationships for equilibrium constants. Finally, five algebraic
equations for five unknowns were solved. The model was applied to biomass feedstock
represented by rice husk with moisture of 10wt%, and model predictions were compared
with a set of own experimental data. The gasification temperature and S/F ratio were
varied from 690 to 770 °C and from 1 to 1.7. The error in this comparison was estimated by
the root-mean-square (RMS) values. Despite the trend of changing the syngas compositions
with temperature and S/F ratio were matching with the experimental results, the model
underpredicted the measured values for H,, CO, and CH,4 and overpredicted the value
of CO,. The average RMS error between measured and modeling data was about 3.3%
with respect to species molar fractions. The lack of equilibrium conditions in a gasifier was
assumed to be the probable reason for the discrepancy. Therefore, to introduce the kinetic
effect in the process, the model was modified by correcting the equilibrium constants of
reactions (7) and (10) by multiplying each by a pre-factor. The best fit between predictions
and measurements was obtained with the values of the pre-factors of 0.71 and 0.93. With
the corrected model, the average RMS value decreased from 3.3 to 2.6%.

Groebl et al. [177] applied a commercial process simulation software IPSEpro to design
the SNG production process based on a combination of pressurized steam gasification
with the Biomass Heatpipe Reformer (HPR), hot gas cleaning, and methanation. The
mathematical model for allothermal steam gasification of biomass was based on elementary
mass balances, energy balance, and thermodynamic equilibrium equations. Since the gas
phase was more likely to react to thermodynamic equilibrium than the solid phase, only
reactions (6) and (8), supplemented by C,Hy4, C,Hg, and C3Hg steam reforming reactions
(9), as well as ammonia NHj3 synthesis and cyanide HCN formation were considered. These
reactions involved 14 syngas species, including C, H, O, N, Cl, and S containing compounds.
The amount and composition of char leaving the gasification zone was user defined. The
char was not included in the equilibrium calculation and was fed into the combustion
zone. Further, the tar content in the syngas as well as the composition of tar was also user
defined. The biomass gasification process was assumed to be not completely governed by
thermodynamic equilibrium. To account for nonequilibrium effects, a factor describing
deviation from equilibrium was introduced as a model parameter. It was defined as the
logarithm of the ratio of the actual partial pressure product and the equilibrium constant.
If this factor was less than zero, the actual state of the syngas was still on the side of the
reactants and further reaction in direction of the products was thermodynamically possible.
If this factor was larger than zero, the actual state of the syngas was on product side and
thus the reaction could only proceed towards the reactants. Otherwise, thermodynamic
equilibrium was fulfilled. In the model, this factor for a certain reaction could optionally
be user defined or calculated as a result for a given syngas composition. If set, calculated
species of the syngas could be fitted to experimental data by adjusting the corresponding
factor. The model was successfully validated against the experimental data obtained
in a lab-scale biomass (wood pellets) gasifier developed for experimental analysis of
the methanation process and at a 500-kW fuel power pilot plant developed for steam
gasification of wood chips. Finally, the model was applied for the optimized design of the
SNG production plant.

Umeki et al. [178] studied numerically the performance of an allothermal updraft
demonstration-scale steam gasifier based on the 1D two-fluid gas—solid model with py-
rolysis and gasification reactions. The operation condition for the simulation assumed
steam temperature 940 °C, S/C ratio 4.3 vb, biomass (wood chips) feed rate 40 kg/h, and
biomass particle diameter 20 mm. Simulation results were validated by comparison to the
experimental results obtained from 1.2 ton/day scale demonstration plant. The effects of
steam temperature (950-1230 °C), S/C ratio (3-5), biomass feed rate (40-170 kg/h), and
particle diameter (10-30 mm) on gas composition were analyzed. Only particle diameter
did not show a significant effect on gas composition among these operation parameters.
With the increase in steam temperature and S/C ratio, the solid temperature at the bottom
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of the gasifier increased and promoted char gasification reactions. Hence, at higher steam
temperature and S/C ratio, H; fraction was higher and CO fraction was lower. With the
increase of the biomass feed rate, the contribution of pyrolysis to gas production increased.
As H; was produced mainly from char gasification, low Hj content was obtained at low
biomass feed rate.

Doherty et al. [179] developed a model based on Aspen Plus software to simulate a
fast internally circulating fluidized bed (FICFB) gasifier and validated the model against
available experimental data. The 0D model was based on the following main assumptions:
isothermal and steady state operation at atmospheric pressure; ideal gases; negligible
pressure drop; char composed of 100% C; all fuel-N converted to NHj; all fuel-S converted
to H,S; all fuel-Cl converted to HCL; instantaneous drying and pyrolysis; negligible tar
formation; negligible heat loss from the gasifier. The model used the Gibbs free energy
minimization. The restricted equilibrium method was applied to calibrate the model. The
model was validated against experiments on steam gasification of wood chips [171] at
850 °C and S/F ratio of 0.75. The results were in very good agreement with actual plant data
giving errors of 0% for Hj (45.8vol%), CO (21.6vol%), and Nj (1.4vol%) contents, ~5% for
CO; (20.2vol% as compared to measured 21.2vol%), and 9% for CH4 (11vol% as compared
to measured 10vol%) contents. The predicted LHV was 11.6 MJ/nm?> as compared to
a measured value of 11.3 MJ/nm?, which was only ~3% higher. Moreover, the level of
syngas impurities (NHjz, H,S, and HCI) on a volumetric part per million basis (ppmv) were
predicted quite accurately (NHj3: 1514 ppmv as compared to measured 1100-1700 ppm;
H,S: 66 ppmv as compared to 22-170 ppmv; and HCI: 150 ppmv as compared to 100 ppmv).
The validated model was employed to perform sensitivity analyses of the main operating
variables: gasification temperatures 650-1050 °C, S/F ratios 0.25-2, and biomass moisture
5-40wt% with respect to gasifier performance, implying that fluidized bed biomass gasifiers
should operate below 1000 °C to avoid ash melting, which would cause agglomeration and
defluidization. Note that the S/F ratio included the biomass moisture. The effect of process
temperature was studied at an S/F ratio of 0.75 and feedstock moisture of 20wt%. The
process temperature was shown to exert a very strong influence on syngas composition
however this effect was saturated above 1000-1050 °C. Over the range, 650-950 °C H; and
CO contents increased from 9.2 to 55.8vol% and from 2 to 29.1vol%, respectively. Both CO,
and CHy contents decreased from 43.2 to 12.4vol% and from 44 to 1.5vol%, respectively.
As for LHYV, its value increased from 14 to 15.2 M]/kg over the range 650-950 °C. Gasifier
CGE attained its minimum value (72%) at 725 °C and maximum value (80%) at 950 °C. It
was stated based on these findings that the gasifier should be operated in the temperature
range 850-950 °C to maximize CGE and produce a high heating value syngas with high
H; and CO content. The effect of the S/F ratio was studied at a process temperature of
850 °C and feedstock moisture of 20wt%. The S/F ratio was shown to affect considerably
the syngas composition up to a value less than approximately 1.35. Over the range of S/F
ratio from 0.25 to 1.35, the H, and CO, contents increased from 28 to 55vol% and from
15 to 23vol%, CO and CHy4 contents decreased from 34 to 17vol% and from 21 to 5vol%,
respectively. As for LHYV, its value decreased from 16.5 to 13.2 MJ /kg over the S/F ratio
range 0.25-1.35. Gasifier CGE attained its maximum value (77%) at S/F ratio of ~1.35.
The effect of feedstock moisture was studied at 850 °C and S/F ratio of 0.75. The biomass
moisture was found to have little impact on syngas composition, e.g., increased the Hj
content from 44.8 to 48% over the moisture range 5-40wt%. This was explained by the
seemingly greater influence on gas composition displayed by the S/F ratio as the letter
included the effect of biomass moisture.

Sreejith et al. [180] applied the Gibbs free energy minimization method in Aspen Plus
software to study steam gasification of biomass (dry soft wood) in a 0D gasifier based on
the thermodynamic equilibrium concept with a more realistic real gas Redlich-Kwong
equation of state (R-K EOS) for gaseous phases instead of the ideal gas approach. The
main assumptions of the model included the uniformity of all properties inside the gasifier
volume, no heat loss to the environment, thermodynamic equilibrium of all processes, only
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H,, CO, CO,, and CHy4 species with no tar and char in the syngas, and all gases obeying
the R-K EOS. The chemical reactions included in the analyses were reactions (1), (2), (4),
(6), (7), (8), (10), (12). The objective was to examine the influence of the EOS on the syngas
composition, LHV, combustible gas yield, and energy and exergy efficiencies at process
temperatures 300-1200 °C, S/F ratios 0.2-2, and process pressure 1-8 bar. The simulation
results were compared with simulation results of another Gibbs free energy model based on
the simulated annealing algorithm in MATLAB and with experimental results of [176]. The
effect of gasification temperature was examined for a wood feed rate of 1 kg/s at S/F ratio
of 1, and pressure of 1 bar. Hy content was shown to increase with gasification temperature
reaching a maximum value of 59.3vol% at 700 °C and further decrease to 48vol% at
1200 °C. The trends for CO and CO, were increasing with temperature from ~1% at 300 °C
to 31% at 1200 °C and decreasing from 36% at 300 °C to 10vol% at 1200 °C, respectively,
while CH, mole fraction was nearly constant and close to 5vol%. These trends were
explained by analyzing the gasification reaction chemistry adopted. The syngas LHV was
decreasing to a minimum of 8.9 MJ/ nm?3 at 650 °C and then increasing to 9.80 MJ/ nm? at
1200 °C. This implied that temperature above 700 °C was favorable to gasification. The
effect of S/F ratio was examined for a wood feed rate of 1 kg/s at 730 °C and 1 bar. The
contents of Hy and CO, increased with steam addition from 51vol% at S/F ratio of 0.2 to
62vol% at S/F ratio of 2, and from 8 to 26vol%, respectively. The content of CO showed
a sharp decrease from 39% at the S/F ratio of 0.2 to 10.9% at S/F ratio of 2. CH, content
was negligible and decreased slightly with the S/F ratio. The syngas LHV decreased with
S/F ratio from 11 to 8 MJ/nm3. Based on the sensitivity analysis, it was concluded that
temperature and S/F ratio significantly affected the gasification process while contributions
of gasification pressure and the type of EOS were negligible.

Hajjaji et al. [181] applied Aspen Plus software to investigate steam gasification of
biomass (poultry tallow) at temperatures 300-1000 °C and S/C ratios 2-9 in terms of
perspectives in Hy production, system energetic performances, and environmental impact.
The average molecular composition of feedstock was Cs5,H191.400¢. All data required for
simulations were obtained from literature sources. The equilibrium model used was based
on the concept of minimum Gibbs free energy. The species included in the simulation were
only H, CO, CO,, CHy, and H,O. The problem of carbon deposition was not posed as
all considered configurations had process temperature exceeding 300 °C and S/C ratio
exceeding 2. Simulations showed that the amount of Hy produced at temperatures below
400 °C was relatively low (from 10 to 45 mol/kg feedstock at S/C from 2 to 9) compared
to that at 650 °C (from 155 to 175 mol/kg feedstock at S/C from 2 to 9). The H, yield
increased with temperature, reached a maximum between 550 °C (S/C ratio 9) and 650 °C
(S/C ratio 2), and then slightly decreased to 140 mol/kg feedstock at S/C ratio of 2 and
170 mol/kg feedstock at S/C ratio of 9. The amount of CO produced at temperatures below
400 °C was vanishing compared to that at 1000 °C (from 36 to 14 mol/kg feedstock at S/C
ratio from 2 to 9). As for the CHy, its amount at 300 °C was maximal (42 vs. 34 mol/kg
feedstock at S/C ratio from 2 to 9) and nearly vanished at temperatures exceeding 700 °C.
It was concluded based on these simulations that the syngas with the maximum H; content
and minimum CO and CHj4 contents could be achieved at gasification temperatures of
650 °C and S/C ratio of 5. With this condition, H; yield of 170.6 mol/kg feedstock and CO
content in the syngas of 3.9vol% with a trace amount of CHy (0.03vol%) could be obtained.
These conditions were used in the design of the entire feedstock-to-H, process.

Ku et al. [182] developed a CFD-DEM (discrete element method) methodology capable
of simulating dense, thermal, and reactive multiphase flows inherent in biomass steam gasi-
fication in a fluidized bed reactor. The methodology was based on the Eulerian-Lagrangian
concept, which used the Eulerian method for gas phase and a DEM for dispersed phase.
Each particle was individually tracked and possessed multiple physical (size, composition,
density, and temperature) and thermo-chemical (inert or reactive) properties. Hydrodynam-
ics of dense gas-particle flow with particle collisions, heat and mass transfer, turbulence,
radiation, pyrolysis, particle shrinkage, and homogeneous/heterogeneous chemical reac-
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tions were considered during biomass steam gasification. The methodology was applied to
simulate steam gasification of pine wood particles (1.5 mm in diameter, 11.8wt% moisture)
in a lab-scale fluidized bed reactor [183]. Calculations showed that biomass particles before
entrainment occurred, changed their moving direction, and fell back into the bed many
times due to gas—particle interactions, particle-particle collisions, and boundary effects near
the bed top. Moreover, most of the biomass particles had a relatively lower temperature
compared to bed particles. This mechanism made biomass particles have a long RT in
the reactor and high carbon conversion, which favored the syngas production from char
gasification. In general, the calculated results agreed well with the experimental data. In
addition, a sensitivity analysis was performed to test the response of the integrated model
to variations in reactor temperature, S/F ratio, and biomass injection position. Simulation
results were analyzed qualitatively and quantitatively in terms of particle mixing, entrain-
ment, and flow pattern, product gas composition, bed pressure drop, and CCE. Higher
temperatures were shown to favor the products (e.g., Hy and CO) in endothermic reactions.
The increase of S/F ratio led to the increase in H, and CO, contents and decrease in CO
content. The carbon conversion decreased with the height of the injection point presumably
due to both an increase of solid entrainment and a decrease of particle RT and particle
temperature. This indicated that the proposed model and simulations were successful, and
the model could be used in the multiscale simulation of biomass gasification.

Couto et al. [184] used ANSYS FLUENT software for simulating steam gasification
of MSW in a lab-scale atmospheric pressure electrically heated fixed bed catalytic reactor
operating at temperatures 700-850 °C and S/F ratios 0-2.08. The MSW was composed of
42.3wt% kitchen garbage, 9.6wt% plastics, 11.4wt% wood and yard waste, 16.7wt% paper,
and 20wt% textile; with LHV of 20 MJ /kg. The objective was to investigate the potential of
steam gasification in the treatment of MSW. The gasifier operation was simulated based on
the 2D Eulerian—Eulerian approach to handle both gas and dispersed phases. The kinetic
theory of granular flows was used to evaluate the properties of the dispersed phase, and
the gas-phase behavior was simulated by the k—¢ turbulence model. The main interactions
between phases via mass, momentum, and heat exchange were modeled. To account for
the heterogeneity of MSW, the devolatilization section was modified. The reaction scheme
included gas-phase reactions (7), (8) and (9) (for C;H, steam reforming), heterogeneous
reactions (6) and (12), as well as 5 overall pyrolysis reactions for cellulose, hemicellulose,
lignin, plastics, and primary tar. The numerical model was shown to predict reasonably well
the measured syngas composition at different operating conditions. Relative errors lower
than 20% were found for all the presented fractions. Based on the results of calculations,
the authors presented the analysis for the RDF gasification plant operating at 750 °C and
S/F ratio of 1.5 with the capacity of 50 kg/h, considering a syngas composition comprising
36.2vol% Hy and a 1.51 m? of syngas produced per kg of RDF, which in turns, gave 0.55 m?
of Hy per kg of RDEF. Steam gasification of RDF appeared to be well balanced, displaying
an average efficiency and a low production cost.

Liu et al. [185] developed a 3D CFD model using the Multiphase Particle-In-Cell
(MP-PIC) method for simulating a pilot-scale 1-MW fuel power biomass gasification plant
with the capacity of 6 ton/day. The simulated DFB system included a BFB gasifier, a
riser-combustor, a cyclone separator, and a loop-seal. The multicomponent gas phase was
composed of 8 species (Hp, CO, CO,, H,O, CHy, CoHy, C;Hg, and C3Hg) described by the
Large Eddy Simulation (LES) while the particulate phase was described by the blended
particle acceleration equation. To simulate biomass steam gasification, the momentum,
mass, and energy transport equations were integrated with the equations of chemical
kinetics of feedstock pyrolysis (single overall reaction), heterogeneous gas—solid reactions
(6), (10), and (12) between char (C) and gaseous species, and homogeneous reactions
(1), (4), (7), (8), and (5) for oxidation of CHy, CoH,, C,Hg, and C3Hg. Almond pruning
(moisture 5.2wt%) with a particle diameter of 5.7 mm was used as biomass feedstock in
both experiments and simulations. The simulation results such as syngas composition
and reactor temperature were compared with experimental data to validate the model at



Fuels 2021, 2

607

different operating conditions. The effects of gasifier temperature, S/F ratio, and air supply
to the combustor were also analyzed. The CFD simulations demonstrated salient features
of the transient operation process with nonuniform distributions of feedstock and bed
particles as well as the various gaseous species in the gasifier. The CFD model confirmed
that no produced gas escaped to the combustor and no air leaked to the gasifier in the
presence of steam as a sealing gas in the current DFB system. Therefore, the produced
syngas was free of Np. With the increase in the gasifier temperature, Hy and CO contents
increased, and CO, and CHy contents decreased. The study also showed that high gasifier
temperature promoted syngas production and increased H; content in syngas. Similar
trends were also observed in the study of the S/F ratio. However, the effect of the S/F
ratio was much smaller than gasifier temperature. The effect of the air supply on syngas
composition and H, production was minor since air was only supplied to the combustor
and was not directly involved in biomass gasification.

Yan et al. [186] developed a 1D two-phase model for simulating steady-state biomass
steam gasification in a BFB gasifier using Aspen Plus software. The model assumed that
the BFB gasifier contained a high-density bed region and a low-density freeboard region of
different structures with uniform-size spherical biomass particles exhibiting instantaneous
pyrolysis followed by finite-rate gasification due to heterogeneous reactions (5), (9), and
(13), and homogeneous reactions (6), (8), (9), (14), and (15). Both the hydrodynamic and
kinetic processes were coupled and simulated. The model predictions agreed well with the
experimental data reported in the literature. Sensitivity analyses were also performed to
investigate the effects of different operating parameters, including the inlet biomass flow
rate, S/F ratio, sand circulation flux in the bed, etc. Under the benchmark conditions, the
mole fractions of Hy and CO, were shown to increase along the height of the BFB, while
those of CO and CH4 decreased. The gasification temperature decreased slightly against
the height in the bed zone but increased in the freeboard zone. The superficial velocity
slightly increased and the bubbles grew against the height in the BFB.

Yan et al. [187] developed a computational tool for simulating fluidized bed gasifica-
tion with the MP-PIC approach (see [185]) and implemented it as a user-defined solver to
OpenFOAM software. After validation against available experimental data the tool was
used to simulate the hydrodynamics and the reaction kinetics of an existing pilot scale
DFB steam gasifier. The hydrodynamic model in the tool was based on the 3D two-phase
turbulent reactive flow equations with heterogeneous reactions (1), (6) and (12), and homo-
geneous reactions (2), (4), (5), (7), and (8). The tool was first tested against experiments and
then used for preliminary predictions of steam gasification of biomass in a DFB gasifier.
The predictions agreed well with the results of the experiments. The circulation loop of bed
material in the DFB was formed automatically giving a bed height of about 1 m. The void
fraction gradually increased along the height of the bed zone. The U-bend and cyclone
separated the syngas in the BFB and the flue gas in the circulating fluidized bed. The
content of gasification products was relatively higher in the conical transition section, and
the dry and Nj-free syngas at the BFB outlet was composed of 55vol% Hj, 20vol% CO,
20vol% COQ, and 5% CH4

Adnan et al. [188] used Aspen Plus software to study the effect of the H/O ratio in
the feed biomass (rice husk (0.043), palm frond (0.095), algae (0.133), and mangrove tree
charcoal (0.150) on the Hy /CO ratio in the product syngas on the atmospheric pressure
steam gasification at temperatures 600-1200 °C and zero S/C ratio. The nonstoichiomet-
ric equilibrium approach based on the minimization of Gibbs free energy was used for
modeling the gasification process which involved solid, liquid and gas phases. In the
model, the biomass feedstock and gasifying agent were fed separately to the gasifier. The
product syngas was then sent from the gasifier to a cyclone to remove the remaining char
and ash. The clean syngas was then fed to a reformer for improving the syngas quality
by promoting both the CO, and CHy4 reforming reactions. After the reformer, the syngas
was sent to a CO, absorber with an assumed CO; removal efficiency of 90%. CO; from
the absorber was then cooled to 150 °C and the syngas was cooled to 25 °C. In general,
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gasification involved a set of reversible chemical reactions (1), (2), (4), (6), (7), (8), (10), (12),
and (13). The effect of tar formation during gasification was neglected. The moisture of
feedstocks was 5.3-9.5wt%. A biomass feed rate of 100 kg/h was used in all simulations.
The model was validated against other thermodynamic studies [52,189]. The results of all
simulations agreed closely with each other. The effect of the gasification temperature was
studied at reformer temperature of 800 °C. It was found that the biomass H/O ratio had a
considerable effect on the H, /CO ratio of the syngas: it was linearly proportional to the
increase of H/O ratio from 0.043 to 0.15 in the biomass and increased with the gasification
temperature for rice husk from 0.5 to 1 and for algae from 1 to 2.

Eri et al. [190] proposed a multicomposition multistep pyrolysis and steam gasification
kinetic model, relating the biomass composition to tar composition of syngas. The biomass
was assumed to mainly consist of cellulose, hemicellulose, and lignin, which constituted
the solid phase. The primary pyrolysis reactions were modeled with the first-order Arrhe-
nius kinetics. In these reactions, all product gases except Hy, CO, CO,, CHy, C,Hy4, and
H,O contributed to the tar composition. The secondary pyrolysis reactions (tar cracking
reactions) led to formation of noncondensable gases and char. After pyrolysis, the char
continued reacting with the gases. For pure H,O gasification process, the char heteroge-
neous reactions in the model were represented by reactions (6), (10), and (12), whereas gas
phase reactions were given by reactions (7), (8), and (9) for CoHy with only reaction (7)
considered reversible. ANSYS FLUENT software was used to perform simulations of H,O
gasification of biomass (almond shell) in a fluidized bed gasifier based on the kinetic theory
of granular flow. In the simulation, the steam was introduced from the bottom of the bed,
whereas at the top of the bed the atmospheric pressure boundary condition was used. The
biomass was fed from the side of the bed. Both biomass and sand particles were assumed
to be spherical. The gas phase consisted of noncondensable gases, steam, and tar. The
analysis showed that it was reasonable to consider the primary pyrolysis reactions as the
instantaneous devolatilization reactions. The primary and secondary pyrolysis reactions
occurred in the region of dense bed, and the height of the fluidized bed had no effect on
the pyrolysis products. However, the rates of gas phase reactions varied with the height of
the bed, so that the latter had an obvious effect on syngas composition. In the freeboard
of the bed, with the decrease in concentration and temperature of gases, the rates of gas
phase reactions were smaller. Thus, due to the secondary pyrolysis, the tar at the bed outlet
consisted of C,Hs0H, CH3HCO, CH30H, CH;0, CsHgO3, and CH3COCHj3. With the
increase in height, the mole fractions of C¢HgO3 and CH3COCH3 decreased because they
took part in the gas-phase reactions of secondary pyrolysis. With the increase in steam
gasification temperature the tar content decreased whereas the char yield increased. The
effect of the S/F ratio on tar and char yields was not obvious. With the increase of the S/F
ratio, the tar content decreased slightly, while the char yield changed nonmonotonically.
The proposed kinetic model was shown to be suitable for the simulation of steam gasifi-
cation process and could predict the composition of tar. Hejazi et al. [191] developed a
simple reactor model for predicting the performance of steam gasification of biomass in a
BEB gasifier. In the model, biomass particle pyrolysis was simulated by a two-step kinetic
mechanism with the primary and secondary pyrolysis steps. The primary pyrolysis was
modeled by three parallel first-order reactions producing noncondensable gas, tar, and char.
The secondary pyrolysis was modeled by a first-order reaction producing noncondensable
gas from thermal cracking of tar. In addition to four pyrolysis reactions, five gasification
reactions (6), (7), (8), (10), and (12) were included in the model. An ideal reactor model
was used for the BFB gasifier assuming perfectly mixed solids and plug gas flow. The
model was validated against the experimental data [96] on steam gasification of different
types of biomass (WS, wood chips) in a BFB gasifier in the temperature range 650-780 °C
and S/F ratios 0.4-3. The effects of reactor temperature and S/F ratio on the distribution
of products generated from steam gasification of biomass were predicted and compared
with experiments. The product gas composition from steam gasification showed good
agreement with model predictions.
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Kaushal et al. [192] applied Aspen Plus software to consider steam gasification of
biomass in a fluidized bed gasifier including drying, devolatilization, and char gasification
steps along with tar formation and cracking coupled with reactor hydrodynamics. The
gas phase reactions were defined by Gibbs equilibrium and reaction rate kinetics were
used to determine the products of char gasification. The process was assumed to be steady
state and isothermal, the products of devolatilization were composed of H;, CO, CO,,
CHy, H,O, tar, and char, with the latter being ash free and containing carbon only. A
simplified approach was formulated to model drying. It was assumed that the moisture
present in the biomass irreversibly and instantaneously changed its phase from liquid
to gas at a temperature above 100 °C. To model devolatilization process, a simplified
semi-kinetic approach with 3 competing reactions representing the formation of volatile
matter (gas and tar) and fixed carbon (char) was used. Char gasification was modeled with
both homogeneous (2), (4), (5), (7), (8), and heterogeneous reactions (1), (3), (6), (10), and
(12). The primary tar produced during devolatilization step was subject to cracking in the
gasification step to produce a mixture of noncondensable gases and light hydrocarbons.
The simulation results were validated against two sets of experimental data obtained from
pilot-scale BFB gasification systems reported in the literature. The model could predict
gasifier performance under various operating conditions. The model predictions were in
good agreement with measured values. Defining tar and its kinetics significantly improved
model performance and its credibility.

Kraft et al. [193] used the CPFD Barracuda code to simulate the operation and perfor-
mance of the industrial-size 8-MW fuel power DFB steam gasification system [101]. The
model was set up according to system geometry and operating data. A conversion model
for the biomass particles was implemented which covered the drying, devolatilization, and
gasification processes. At the first, drying, step the moisture was released from biomass.
In the following primary pyrolysis step the volatiles, wood gas, and tar were released,
whereas the remaining char was solid and consisted of inert ash and fixed carbon. During
the primary pyrolysis step, the particle size decreased, which was considered in the model.
The kinetics for the drying and primary pyrolysis was modeled with a zero-order Arrhenius
type reaction. The secondary pyrolysis step was modeled as a homogeneous reaction of
tar decomposition to a wood gas. Furthermore, the simulation included homogeneous
reactions (2), (4), (5), and (7), and heterogenous reaction (1). As in the real plant reaction (7)
was not in equilibrium condition, its equilibrium constant was adapted to match real con-
ditions. As the time scales of reactions (6) and (12) were large compared to the time scales
of drying and devolatilization processes, they were omitted for simplicity. In general, the
simulation model correctly predicted the different fluidization regimes and pressure drops
in the reactor system. It was also able to predict with reasonable accuracy the compositions
of the syngas and flue gas, as well as the temperatures inside the reactor.

Huang et al. [194] used Aspen Plus software to study atmospheric pressure steam
co-gasification of wet SSW (moisture 80wt%) and torrefied biomass (spruce, birch) at tem-
peratures 400-1000 °C. The approach was based on the nonstoichiometric thermodynamic
equilibrium model with the Gibbs free energy minimization. For co-gasification of wet SSW
and torrefied biomass, the water in the SSW acted as the gasification agent. The blending
ratio of the SSW was adjusted to achieve no solid carbon formation at a fixed temperature.
The effects of torrefaction temperature, blending ratio, and gasification temperature on
solid carbon formation behavior, carbon conversion, dry syngas composition, and H; yield
were addressed. The optimal condition and blending ratio of SWW were determined by
the maximum Hj yield. Calculations showed that a high blending ratio of SSW and high
gasification temperature were required for the high CCE. The gasification temperature of
850 °C was a favorable level for the Hj yield and energy input. The optimal blending ratio
range of SSW for low and middle temperatures torrefied biomass samples was between 30
and 40%, while that for higher temperatures was ~55%. The maximum yield of H, was
33.60 and 32.17 mol/kg for mixtures of torrefied spruce/SSW and torrefied birch/SSW at
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850 °C. The authors provided a feasible technical route and basic data for the resource and
energy utilization of SSW and biomass.

Yan et al. [195] used ANSYS FLUENT software to simulate steam gasification of
biomass (hardwood and softwood pellets) in a pilot-scale atmospheric pressure DFB gasi-
fication plant. The Eulerian—-Eulerian model was developed in the form of user defined
functions to predict the gasification and combustion processes in the DFB reactors simulta-
neously. The model was validated against several experiments to assess its accuracy and
reliability with respect to both the fluidization hydrodynamics and gasification kinetics.
Then, the effects of operation parameters including the biomass flow rate (5-15 kg/h), S/F
ratio (0.5-1.5), and gasification temperature (700-900 °C) on the biomass steam gasification
properties in the DFB reactor were analyzed. The highest CGE (82.9%) was obtained for the
case with the biomass feeding rate of 15 kg/h, S/F ratio of 1.5, and gasification temperature
of 900 °C. For this case, the H; content in the syngas was 46.6vol% dnf.

Qi et al. [196] applied a coupled 3D CFD—Coarse Grain Model (CGM) for simulating
biomass H,O gasification in a BFB gasifier of [183]. The CGM approach used the con-
cept of parcels. In the model, the gasification process consisted of several sub-processes
(evaporation, devolatilization, homogeneous, heterogeneous reactions). In the BFB, when
biomass feedstock was fed into the system, particles were heated up by the gas and the bed
material immediately. Water vapor was released first, then the devolatilization occurred,
which produced the volatile, tar, and char. Meanwhile, the gaseous species reacted with
the ambient gas, and the char gasification took place with gasifying agent. These processes
affected each other through heat and release of products in a smaller time and length scales
compared with that of the whole system. For modeling these processes, overall reaction
schemes for the homogeneous and heterogeneous reactions, and 0D particle models were
used. The CFD-CGM was used to study the effects of different operating temperatures
and S/F ratios on the gasification process and syngas composition. The results showed
that higher temperature enhanced the production of CO, and a higher S/F ratio improved
the production of Hj, while it suppressed the production of CO. For the main product,
H;, the maximum relative error was less than 4%. For the syngas yield and H; yield, the
maximum relative errors were less than 7%. The predicted contents of different product
gases were in good agreement with experimental data.

Yang et al. [197] demonstrated that numerical simulation became a powerful and
valuable tool for studying the internal two-phase gas-solid flow in gasification reactors.
They proposed and validated the MP-PIC model coupled with heat transfer and heteroge-
neous/homogeneous reactions and applied the model for better understanding the bed
hydrodynamics in a lab-scale spouted bed steam gasifier. The predicted spatial distri-
butions of biomass particles, gas species, gas—solid fluxes, and spout—annulus boundary,
together with the effects of operating parameters were analyzed. The results revealed the
phenomenon of segregation of biomass and sand particles which resulted in the accumula-
tion of large biomass particles near the bed surface. High temperature did not change the
general distribution of the spout-annulus boundary. The gaseous products were shown to
mainly concentrate in the fountain. The S/F ratio had a promoting effect on H, production
while higher gasification temperature reduced the Hj yield.

Larsson et al. [198] provided reference data and discussed differences and similarities
in design and operational strategies used in existing large-scale DFB gasifiers to facilitate the
development of the steam gasification technology, as well as the downstream equipment.
The gasification temperature on the level of 750-870 °C (bed temperature) in the existing
DEFB gasifiers was shown to have a limited impact on the gas quality compared to the
impact of active (catalytic) compounds. The optimal gasification temperature in a large
steam gasifier was shown to be plant specific as it was the result of a tradeoff between
availability of catalytic compounds, heat demand of the process, char conversion rate,
composition of the tar, total yield of tar, and in the case of fluidized bed gasifiers also the
risk of agglomeration. The key to a good conversion was to ensure access of the volatiles to
the active components. In DFB gasifiers this could be achieved with a well-fluidized bed.
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Both in-bed and on-bed fuel feeding could result in low tar yields. Finally, the data from six
large-scale DFB gasifiers showed a relatively low sensitivity of the gas composition to the
size, design, operation, and control strategies chosen, which indicated that the technology
was robust and could be upscaled. Thus, the presented gas and tar compositions constituted
relevant reference data for large scale steam gasification of biomass.

3.2.2. Mixed H,O/CO, Gasification

Renganathan et al. [52] performed a thermodynamic analysis of gasification of CCMs
(dry wood, coal, etc.) by CO;, or HyO/CO, mixture using Gibbs free energy minimization
concept. Simulations were implemented with Aspen Plus software and were aimed at
better understanding of the effect of different operating conditions on gasification products.
The analysis was made for the gasification temperatures 500-1200 °C, pressures 1-10 bar,
CO,/C ratios 0-0.5, and H,O/CO; ratios 0-0.8 vb. For biomass gasification with pure
CO, with CO,/C ratio of 0.5, when the temperature was increased, the H, producing
reactions (6) and (8) and H, consuming reverse reaction (7) were favored. The net effect
was an increase in Hy content from 22vol% at 500 °C to 32vol% at 700 °C followed by a
gradual decrease to about 30vol% at 1200 °C. Accordingly, the Hp /CO ratio gradually
decreased with temperature from 3.5 to 0.5. The content of CHy decreased with temperature
from ~6vol% at 500 °C to nearly 0 at 800 °C due to the positive and negative influence of
temperature on reactions (8) and (10), respectively. Variation of CO,/C ratio from 0 to 0.5
at 850 °C was shown to result in the maximum CO, conversion at the CBP, when CO,/CO
ratio was equal to 0.3. With an increase in CO, /C ratio, content of CO increased due to a
shift of reaction (12) in the forward direction and reaction (7) in the backward direction.
The content of CO reached a maximum value (~62vol%) at CBP and then remained almost
constant at this level. The content of H, decreased from 50vol% at zero CO, /C ratio to
30vol% at CO,/C of 0.5 due to increasing backward shift of reaction (7). The H, /CO ratio
varied from about 1 to 0.5 over the range of the CO,/C ratios examined. The content
of CO, remained very small until the CBP due to its utilization in gasification through
reaction (12). After the CBP, the content of CO, gradually increased since it was not utilized
in gasification. The content of CH4 was negligible due to the high operating temperature
(850 °C) of the gasifier. A CGE greater than 100% was obtained at CO,/C ratio exceeding
0.1. Simulations were also carried out by gasifying biomass using an H,O/CO; blend
(both entering at 230 °C) as gasifying agent at an operating temperature of 850 °C. The flow
rate of the gasifying agent was varied keeping the molar composition at a chosen value
(0-80% H0). At any CO,/C ratio, more carbon conversion took place with increasing H,O
content in gasifying agent due to enhanced gasification caused by the increased presence of
H,O relative to CO,. Thus, with 80% H,O in the CO, /H,O blend, full carbon conversion
was attained at a CO,/C ratio of 0.06 rather than 0.3. Based on the value of the minimum
energy required for complete carbon conversion, an optimal operating temperature of
850 °C was identified for gasification of any biomass feedstock. Thus, the use of H,O
as a co-gasifying agent to CO; could reduce the CO; and energy requirement but also
reduce CO; conversion. Syngas with a wide ranging H,/CO ratio could be obtained
using CO, gasification. Trends of simulation predictions were qualitatively consistent
with experiments.

Chaiwatanodom et al. [189] conducted the thermodynamic analysis of biomass (CH; 4
Og) gasification using CO,, H,O, and HyO/CO, combination applying Aspen Plus
software at temperatures 800-1200 °C, CO, /C ratios 0-1, and process pressures 1-60 bar.
Simulations assumed isothermal operation in gasifier with a biomass feed rate of 100 kg/h
and the syngas composed of C(s), Hp, CO, CO,, CHy, HyO, and O, with a fixed H, /CO ratio
of 1.5. The objective was to examine whether the recycle of CO, to biomass gasification in
these conditions showed the potential benefit on the syngas production. Several important
results obtained are worth mentioning. Firstly, allothermal CO, gasification of biomass
was shown to be the most thermodynamically efficient and environmentally friendly mode
of gasifier operation as compared to autothermal gasification for all temperatures, CO,/C
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ratios, and pressures in the ranges adopted. Secondly, for the analysis, in addition to CGE
the authors introduced a new index referred to as the gasification system efficiency or NPE
defined as the energy output-to-input ratio. The output energy included the energy of
product syngas and energy produced from syngas cooling. The input energy included the
energy of biomass feed and the energy required for gasifier, steam production, and CO,
absorption. The variations in CGE and NPE for CO, gasification at CO,/C ratio ranging
from 0 to 1 was simulated for 900 °C. Despite the CGE being shown to be constant at a
level of 119%, the NPE decreased sharply from 86% at zero CO,/C ratio to 69% at CO,/C
ratio of 1, thus indicating that the energy requirement to produce syngas increased with
CO,/C ratio. This suggested that CO, did not increase much syngas production, while its
effect on energy requirement was high.

Parvez et al. [199] used Aspen Plus software to simulate the performance of a perspec-
tive atmospheric pressure fluidized bed gasifier processing 40 ton/h of biomass (rice
straw) with steam and CO, considered as gasifying agents. The flow rate of steam
(150 °C and 5 bar) was 12 ton/h, while the flow rate of CO, (25 °C and 1 bar) was
10 ton/h. The gasifier was assumed to operate at 1 bar and 900 °C. In the equilibrium
model, the main gasification reactions under steam and CO, atmosphere included reactions
(1), (6), (7), (8), (10), and (12). First, the gasifiers using steam and air as gasifying agents
were compared. The use of steam with external heat input to the gasification system
was shown to provide better gasification performance than the use of air in terms of the
combustible gas production (91 vs. 85vol%) and H; content (54 vs. 47vol%). Furthermore,
calculations were made for the composition of syngas (H,, CO, CO,, and CHy) at vari-
ous CO,/F ratios (from 0 to 0.87) when temperature and S/F ratio were kept constant at
900 °C and 0.3, respectively. The percentage of H, gradually decreased from 54 to 34vol%
while that of CO increased from 37 to 40vol% resulting in a gradual decrease of the H, /CO
ratio in syngas. The content of CHy was negligible in all cases. The CGE increased with
CO,/F ratio from 66 to 93% due to the rising partial pressure of CO, enhancing carbon
conversion. Therefore, higher efficiencies could be achieved by selecting a proper CO,/F
ratio. The enhancement of CO production with the increase of CO, content was attributed
to reactions (7) and (12). Reaction (12) also favored the formation of more CO,, which
competed with CH, formation reaction. As most of the gasification reactions were en-
dothermic, the product gas composition was sensitive to temperature, which was a major
parameter for gasification. For both conventional H,O and CO,-enhanced H,O gasifi-
cation, H, content increased sharply when temperature increased from 600 to 1100 °C,
while CO; content showed an opposite trend. The CO content increased considerably with
temperature and reached the maximum at about 900 °C for both cases. At temperatures
of 500-600 °C, endothermic reactions of char gasification and steam reforming were very
slow, and the pyrolysis of biomass played a more significant role. As the CGE did not
consider the heat supplied to the gasifier, it was not applicable for evaluating the benefits
of CO; addition as the extra energy required might offset the advantage of the additional
production of syngas. Therefore, for evaluating the CO,-enhanced steam gasification the
concept of NPE was adopted. The NPE was shown to be 50% lower than the CGE. Despite
the CO;, addition increased syngas production, this had a significant influence on energy
requirement. At lower CO,/F ratios, e.g., 0.25, the NPE for conventional H,O gasification
was higher than that of CO,-enhanced H,O gasification. This suggested that CO, addition
had more significant impact on energy requirements. In contrast, with the increase in
CO, /E which resulted in higher syngas production, less energy was required and the NPE
increased. The results showed that the NPE was a better index to evaluate the performance
of COy-enhanced H,O gasification process than CGE. The addition of more CO; in the
gasification process contributed to an increased NPE. When CO, /F ratio exceeded 0.37,
the NPE of CO;-enhanced H,O gasification became higher than that of conventional H,O
gasification and attained a maximum value of ~58% at CO,/F ratio 0.87. CO, could be
used as gasifying agent to obtain a desired H, /CO ratio and an acceptable CO, content
in syngas. Moreover, the utilization of CO,, which is known to be a GHG, could produce
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a positive effect on the environment. Thus, the increase in the CO, /F ratio from 0 to 0.87
changed the H, /CO ratio and CO; content in the syngas from 1.46 and 3vol% to 0.85 and
11vol%, respectively.

3.3. Discussion

The literature review indicates (Tables 2 and 3) that the main bottlenecks of existing
allothermal, atmospheric pressure, noncatalytic, direct low-temperature HyO/CO, gasifi-
cation technologies of CCMs consist in low-quality syngas due to high content of tar (up
to 27wt% db) and CO; (up to 30vol% db), low gasification efficiencies due to high char
residues (up to 40wt% db), difficult in-situ gas quality control due to the need in long RTs
of feedstock in the reaction zone (up to 100 min), and low yields of syngas due to low gas
yields (below 90wt% db), high tar and char contents and partial use of syngas (together
with product char) for the production of heat required for gasification in the existing DFB
gasifiers [140]. The current R&D efforts are mainly directed on feedstock preprocessing
(e.g., biomass torrefaction) and postprocessing (reforming) of produced syngas, as well as
improving feedstock reactivity by adding various catalysts. Despite some improvements
in the CCE and other performance indices, all these activities lead obviously to the increase
in the syngas production costs. As for the positive effect of catalysts on carbon conversion
at 800900 °C, it indicates that the feedstock conversion is kinetically controlled, i.e., heat
and mass transfer is, in general, faster than chemical transformations. This kinetically
controlled gasification is provided even by small fluidization velocities and low turbulence
intensities in fluidized bed gasifiers on the level of 1 m/s. The increase in the gasification
temperature other conditions being equal (e.g., at fixed flow rate of steam) results in the
increase of both, the reaction rate and the intensity of heat and mass transfer, and by the
decrease in the gas RT in a gasifier. The latter is due to the increase in the flow velocity
of the gasifying agent caused by its density decrease with temperature. If the process is
still kinetically controlled then all observed improvements in syngas quality detected in
the experiments discussed above are mainly due to higher mixing intensity and trade-of
between enhanced reactivity and reduced RT.

These considerations imply that for improving the process performance the kinetically
controlled mode must be replaced by the diffusion-controlled mode when the chemistry is
fast compared with heat and mass transfer processes. This can be attained only by increas-
ing both the gasification temperature and velocity slip between phases (gasifying agent
and feedstock particles). With increasing the gasification temperature and velocity slip
between phases the rates of chemical reactions will increase drastically only if interphase
and intraphase transport processes ensure the availability of hot reactants due to turbulent
and molecular heat and mass transfer in both phases.

The optimal conditions for diffusion-controlled gasification could be obtained by
applying the modern CFD approaches, which allow the optimization of gasifier design to
ensure a required RT for gases and solids. Despite significant progress in understanding the
various hydrodynamic and thermal processes in gasifiers and successfully simulating their
overall performance, the existing approaches fail to adequately represent the gasification
chemistry, one of the most important aspects of the process. Firstly, the chemistry used
in the CFD studies is based on overall molecular reactions (see Table 1) between valence-
saturated molecules with high apparent activation energies. As a matter of fact, chemical
reactions proceed through active intermediates like atoms and radicals via different reaction
channels, and the corresponding reactions possess zero activation energies. Secondly, the
reaction rates in the CFD studies are calculated based on the mean temperature and species
concentrations. In reality, reaction rates are governed by local instantaneous temperatures
and species concentrations, which could differ considerably from their mean values, in
particular, at the presence of intense turbulent transport.
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Table 2. Some representative experimental studies of low-temperature steam gasification of CCMs at 1 bar.

cpe Feedstock; . H, LHV
Ref. Reactor Heating Gas(lg/clf)hon Tg, °C Process Time (Particle Size; Gas dileld (COy) ;l;; S‘;‘a(;b (HHV)
Moisture) vol% db wite MJ/nm?
) Rotary kiln G:2-5s o 27-65 .
[104] 2 rpm/7° Electr. H,0 + N, 850-1050 S 15 min RDF 60-89wt% (4.6-17.6) No info 17 14.6-17.8
. . . RDF (2 mm; 25-30wt%); poplar 43-52
[113] Rotary kiln Electr. 0.8H,0 + 02N, 850 G: 9 min wood (4 mm); scrap tires (2 61-90wt% (5-23) No info 14-41 13.4-25.3
2rpm/3 2.1) S: 15 min mm) p
. . 5.7-9.5%
Updraft fixed H,O a1 Wood chips (15-20 mm; o 37-52
[122] bed Comb. (2.8-5.4) 530-930 G: 1min 19wt%) 40-52wt% (27-31) z((;5/()1;111%(; 15-21 (10-12)
Spruce wood
Co-current H,O . 0.6-0.7 51-64 60
[127] fixed bed Electr. (2-3) 700-800 No info (197’?,\,11;;5) nm®/kg (8-23) ¢ /nm’ 15-20 8.4-11.1
Meat;
[128] Fixed bed Electr. I_(IS(Z_B gz 650-850 30 min bone meal 29-37wt% (?g:;lz) (Eil_Sg) 13-27 17.7
il (0.005-3.2 mm; 4.3wt%) 2
. H,O + N, G:5-6; Waste tires o 51-65 o
[138] Rotary kiln Electr. @) 850-1000 S: 100 min (6 mm); 35-86wWt% (3-8) 5-27wt% 33-43 14.6-25.1
H,O0 . Plastics 1.0-2.1 34-50 142-370
[140] DFB Comb. 21223) 850 No info (PE, PP, PET) 3 /kg (6-29) g /nm? 4-9 16.4-27.2
1 Estimated; G = gas; S = solid.
Table 3. Some representative experimental studies of low-temperature CO, and HyO/CO, gasification of CCMs at 1 bar.
cps Feedstock; Gas Yield
. Gasification Process 4 co Tar Char Gas LHV
Ref. Reactor Heating Tg, °C X (Particle Size; (CO; free, o o o
(CO,/F) Time Moisture) Wt%) % db wt% db wt% db (HHV)
[158]  Fixed bed Electr. CO, 300-500 2.5 min Sﬁ;&%ﬁf)ss 13-36 13-43 vol 24-37 33-64 No info
CO,, CO, + beech wood chips . .
[159] Tubular Electr. N, 850 135s (4-5 mm; 10Wt%) 67-72 5-5.5 wt No info 11 No info
Fluidized
a CO, + N, g ) Pine WS B (11.7-12.1
[162] be(t ;éxed Electr. (0.6—1.6 mb) 700-934 60 min (0.3 mm; Swt%) 51-77 92 wt 11-14 13-34 MJ/nm?)
. Poplar WS . 18-31
[68] Tubular Electr. CO, + Np 100-800 60 min (0.3-0.6 mum; 8.4wt%) 11-41 No info 8-42 17-81 MJ/kg
H,0, CO beach wood, bagasse, olive wastes, Miscanthus
[165] Rotating Electr. HZZO ’+ C OZ; 750 120 min pellets, straw pellets 60-70 No info 10 5-26 No info

(6-12wt%)
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4. High-Temperature H,O/CO,-Assisted Allothermal Gasification

At high gasification temperature exceeding 1200 °C externally supplied hot gas offers
the possibility of all C and H atoms in organic material to be transformed to syngas. The
energy for the gasification process can be supplied in different ways, e.g., by combustion,
electrical or solar heating, plasma, etc. This energy is spent for drying, volatilization, vapor-
ization of solid/liquid material and for multiple chemical reactions of syngas formation. In
such systems, the gasifying agent is heated prior or upon entering the reactor, so it acts
as both reactant and heat carrier. The systematic research on high-temperature HyO/CO,
gasification of organic wastes started in 2000-es. In recent years, research on this topic
has become an area of growing interest because in addition to a drastic decrease in waste
volume it produces a gaseous fuel with relatively higher H, content which could be used
in various clean energy technologies. Presented below is a summary of the research work
on high-temperature H,O/CO,; gasification for the previous 20 years. We put them in
chronological order. Excellent reviews of the publications on plasma gasification of wastes
were previously reported in [49,200-204].

4.1. Experimental Studies: Conventional Heating

Kruesi et al. [205] conducted experiments on steam gasification of biomass (bagasse)
in a lab-scale atmospheric pressure electrically heated combined type drop-tube and
fixed-bed reactor at temperatures 800-1300 °C and S/B ratio 0.94 at biomass feed rate of
0.48 g/min. The objective was to study allothermal steam-assisted gasification of bagasse
under conditions simulating solar radiation. The reactor was assembled from a heat-
resistant alumina tube placed inside an electrical tube furnace. The tube was equipped
with a reticulated porous ceramic foam with a centered hole (diameter 10 mm) serving
as a grate at the center of the hot zone. The feedstock was dry sieved bagasse. The mean
particle size was 455 um. Bagasse was fed from an Ar-purged hopper on the reactor
top via a calibrated screw feeder and mixed at the top of the tube with Nj-entrained
steam generated in an external generator. Experiments showed that the production of Hj
gradually increased with temperature to a value of 54vol% at 1300 °C, thus approaching
the concentration predicted by equilibrium model (55vo0l%). The CO content remained
relatively constant at a level of 34vol% over the whole temperature range investigated. At
800 °C it was higher than that predicted by equilibrium model (34 vs. 30vol%). For all other
experimental conditions, CO levels were over-predicted by the model. The measured CO,
contents decreased with temperature but were significantly higher than those predicted by
the model. At 1300 °C, the measured and calculated values were 11 vs. 5vol%. Although
the presence of CHy was not thermodynamically favored at above 950 °C, it was still
detected in tests (~1vol%) at temperatures as high as 1300 °C. C,-gases, especially CoHy
were detected in very small amounts (~0.1vol%) up to 1000 °C. Increased temperatures
yielded a high-quality syngas with H,/CO ratios of up to 1.60, CO,/CO ratios as low as
0.31, and the LHV as high as 15.3-16.9 MJ /kg (11.8-16.1 MJ/nm3). The CCE increased with
temperature from 65 to 84%. Despite at 1000 to 1200 °C a steady syngas composition was
observed, the low CCE values implied that neither gas nor solids spent sufficient time at
high temperatures.

Li et al. [206] conducted experiments on steam gasification of biomass (wood) in a
lab-scale atmospheric pressure electrically heated fixed-bed gasifier at temperatures up
to 1435 °C and steam flow rates 0-18 g/min. The rated power of the furnace was 8 kW,
and its allowable maximum temperature was 1700 °C. Wood pellets 20 mm in diameter
and 30 mm heigh were used as feedstock. A 10-g biomass sample was fed to the top of the
reactor. The objective was to determine the proper temperature and steam flow parame-
ters through experiment and chemical equilibrium calculation for obtaining the highest
H; yield. The effect of gasification temperature was studied by varying it from 700 to
1435 °C at a fixed steam flow rate of 9 g/min. It was found that syngas composition
changed nonmonotonically with temperature. From 700 to 900 °C the effect of temperature
on H, yield was strong because most reactions were endothermic, whereas from 900 to
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1400 °C the effect of temperature was relatively weak. At 900 °C, the H; yield attained
a value of 59.8vol% and further increased up to ~60vol% at 1300-1400 °C. The contents
of CO, CO,, and CHy in the syngas at 1300-1400 °C was 15, 20, and ~1vol%, respectively,
giving the values of 4 and 1.3 for the H, /CO and CO,/CO ratios. The contents of higher
hydrocarbons (C,Hy and CH;) decreased with temperature from 3.3 and 1.7vol% to van-
ishing values at 1300-1400 °C, indicating that steam gasification of biomass at temperatures
above 1200 °C help produce a high quality and easy-to-use syngas. The absolute H; yield
in these conditions attained the maximum value of 0.8-0.9 nm3/ kg of biomass, i.e., 75-77%
of the potential theoretical H, yield from the feedstock.

Billaud et al. [207] conducted experiments on pyrolysis and steam or CO, gasifi-
cation of biomass (beech WS) in a lab-scale atmospheric pressure electrically heated
drop tube reactor at temperatures 800-1400 °C and steam flow rates 12.1-18.8 L/min
with keeping a gas mean RT constant at 4.3 s in the reactor. In tests, different atmo-
spheres were studied: Ny, H,O, and CO;. The feedstock WS was sieved in a size range of
0.315-0.450 pm. In all tests the wet biomass (moisture 8.7wt%) feeding rate was 1 g/min.
Wood particles were continuously injected into the reactor with transport N, stream at
1.5 L/min through a water-cooled feeding probe equipped with a dispersion dome for
distributing the particles over the reactor cross section. The main gas stream, which could
be Ny, or a blend of N, with H,O or CO; was electrically pre-heated before entering the
reactor. For the introduction of HyO into the reactor, a steam generator working at 180 °C
was used. The objective was to study biomass gasification between 800 and 1400 °C by H,O
and CO; gasifying agents both experimentally and theoretically. The addition of H,O or
CO, was shown to have a significant influence on carbon distribution especially at 1200 and
1400 °C. In pyrolysis experiments, the conversion of carbon into gas reached a maximum at
1000 °C (67%) and remained constant between 1200 and 1400 °C. In H,O and CO, gasifica-
tion experiments, the maximum was reached at 1400 °C with respectively 77% and 71% of
carbon from initial biomass. This was attributed mainly to char gasification reactions. The
presence of steam or CO; led to a decreasing amount of carbon in tar and soot, certainly
because of the consumption of soot precursors. As for the syngas composition, H,, CO,
CO,, CHy, and HyO were the major species, followed by CoHy, CoHy, CgHg, CoHg, and
C3Hg. Experiments showed that H, and CO yields always increased with temperature in
both HyO- and CO,-experiments attaining the values of 40 vs. 26vol% and 22 vs. 40vol% at
1400 °C. In these conditions, the contents of CO, and H,O in the syngas were 6 vs. 24vol%
and 8 vs. 12vol%. As compared to pyrolysis experiments, the addition of H,O or CO; had a
notable effect on Hp and CO yields above 1000 °C. At 1200 and 1400 °C, H; yield increased
in HyO-experiments and decreased in CO,-experiments, while CO yield did not change in
H,O-experiments but increased in CO,-experiments. For light hydrocarbons (CH,, CoHo,
CyHy, CoHg, and C3Hg) and benzene, the addition of CO, or HyO had no influence even at
high temperatures. Comparison of experiments with equilibrium calculations showed that
reaction (7) was at equilibrium at 1200 and 1400 °C, whatever the gasifying agent. This
reaction then was concluded to control the relative H,, CO, CO,, and H,O contents in
the syngas. In general, the equilibrium calculations provided good predictions of carbon
conversion and char consumption with temperature and reproduced satisfactorily the
effects of H,O and CO,. Moreover, the model allowed reproducing the major gas yields
with good accuracy in terms of trends and absolute values of species concentrations.

4.2. Experimental Studies: Thermal Plasma

Murthy et al. [208] conducted experiments on steam-assisted plasma gasification of
ozone depleting substances (ODS) such as CClyF; and CBrF3. In the experiments, an Ar
plasma jet was produced by means of a 50-kW atmospheric pressure DC plasma gun. The
ODS was injected with a gasifying agent (O, or steam) at the end of the plasma gun to
the zone with estimated temperature on the level of 2000 °C. The mixture of hot post-
plasma gases flowed through a water-cooled flight tube in which the temperature dropped
substantially. A fine liquid spray quenched the hot acidic gases, and the exhaust gas
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was analyzed by GC-MS to determine the composition and quantity of the ODS residual
compounds. It was shown that the use of HO rather than O, as gasifying agent resulted
in a significant decrease in the production of CCIF3 and CFy: the formation of CF4 was
completely eliminated, whereas the level of CCIF; in the exhaust gas was decreased by a
factor of nearly 10 relative to the case of O,-assisted gasification.

Kim et al. [209] applied non-transferred DC steam plasma process for atmospheric
pressure treatment of liquid hazardous waste such as PCBs, chlorinated solvent wastes,
pesticide wastes, etc. at process temperatures between 1200 and 1400 °C. The test waste
was the mixture PCB/CCly at 27%/73%. Superheated steam was used as a plasma gas,
heat carrier and a reactive gas, whereas Ny or Ar were used as the protection gases of
a cathode with tungsten. The amount of steam was properly controlled to decrease the
power consumption of plasma gun and to obtain the conditions of zero H; productions
for complete transformation of chlorines in PCB to HCl. The lab-scale apparatus was
equipped with a 100-kW plasma gun, vertical circular reactor, quencher, high-purification
wet scrubber, and demister. The waste was fed by a feeding unit mounted between
plasma gun and the reactor. To improve the contact between steam plasma and waste,
the waste was injected tangentially to plasma jet. The system was designed to ensure
that the temperature of the reaction region maintained at least 1300 °C for 10-20 ms. The
objectives were to minimize the toxic byproducts such as dioxins and furans and to evaluate
the possibility of using steam plasma for waste-to-fuel gas transformation. Experiments
showed that content of combustible gas in the syngas was about 30% wb with 29% CO and
1% CHy, whereas the emission level of PCDD and PCDF was below emission standard
for incineration. It was concluded that the steam plasma process was more effective for
waste-to-energy and hazardous waste treatment than the air plasma process. The lifetime
of electrodes for plasma gun was in the range of 300-500 h.

Nishikawa et al. [210] applied the atmospheric pressure DC steam plasma gun to
determine whether it could be used for the gasification of CCMs. Graphite was used as
feedstock. A lab-scale experimental apparatus consisted of hermetically sealed plasma
gun, gas control system, steam generator, reaction chamber, and exhaust system. A sample
of graphite was placed in the reaction chamber and was subject to either Ar or Ar-H,O
plasma. Ar was used as a plasma gas in every experiment. Stable steam plasma was
generated by spraying Ar plasma with steam. In the tests, weight reduction and the
temperature of graphite sample surface were measured. In Ar plasma, the weight reduction
occurred because of pyrolysis, whereas in the case of steam plasma, the weight reduction
occurred because of both pyrolysis and gasification. In steam plasma the graphite had
10 times larger weight reduction compared to Ar plasma though the surface temperatures of
graphite for both plasmas were almost similar (~1300 °C). Moreover, in steam plasma, high
concentrations of Hy (5.1vol%) and CO (2.3vol%) were measured by gas chromatography
compared to the case of Ar plasma (below 0.01 and 0.02vol%). These results clearly
indicated the contribution of reaction (6).

Van Oost et al. [211] conducted experiments on combined H,O/CO, gasification of
CCMs (wood) in a pilot-scale atmospheric pressure 140-kW plasma reactor with the DC
gas/water plasma gun. The reactor was designed to operate at wall temperatures up to
1700 °C with biomass flow rate up to 20 kg/h. All parts of the reactor were water-cooled,
and the inner lining of the reactor was made from special refractory ceramics. The plasma
gun with an electric arc stabilized by a combination of Ar flow and water vortex generated
an O-H-Ar plasma jet with extremely high plasma temperature. The hybrid gas—water
stabilization provided the possibility of controlling the parameters of the plasma jet and
plasma composition in a wide range. The gun was attached at the reactor top. The anode
of the gun was a rotating water-cooled copper disc, which was positioned outside the arc
chamber downstream of the gun exit nozzle. Plasma entered the reactor volume through
the nozzle in the wall of anode chamber. In addition to water (0.2-0.3 g/s), CO, (4 slm) was
added into the reactor to increase the bound oxygen content and to reduce the production
of solid carbon deposits within the system. The exit centerline velocity and temperature



Fuels 2021, 2

618

of plasma jet was estimated at 4-5 km/s and 19,000-22,000 °C, respectively. The 20-kg
feedstock container was equipped with a controlled flow rate, continuous supply system.
The pressure in the supply system was kept higher than the pressure inside the reactor by
N flow to prevent reactor gases from penetrating the system. Crushed biomass (moisture
7wt%) was injected into the plasma jet ~30 cm downstream of the plasma entrance nozzle
at the reactor top and was partly gasified during its flight within the jet. The ungasified
part of biomass fell to the bottom of the reactor where it was gasified in the hot gas flow.
The exit tube for syngas was in the upper part of the reactor, forcing the produced gases to
pass through the high-temperature zone within the plasma jet or close to it. The syngas
produced in the reactor flowed through the connecting tube to the quenching chamber. At
the upper entrance of the cylinder the gas was quenched by a water spray. Experiments
at process temperatures 1100-1300 °C showed that the product gas contained more than
90% Hjy-rich combustible gas with the contents of Hy, CO, and CHy of 41.3-53.4, 36.2-44.7,
and ~1vol%, and relatively low contents and CO,, O,, N, and Ar (and 1-4, 0.1-2.4, 0.8-1.1,
and 5.1-8.2vol%), respectively, with Ar concentrations corresponding to the amount of
Ar fed to the gun, and N, concentrations corresponding to the amount of N input in
the feedstock feed conveyer. Measurements of tar content with liquid chromatography
showed that the amount of PAH was on the level of 2-3 g/nm? with the maximum yield
of pyrene (0.8-2.3 g/nm?). The results showed that all feedstock was decomposed in the
reactor and heat transfer between plasma, feedstock and produced gases was sufficient for
complete conversion.

Shie et al. [212] used the batch-type atmospheric pressure pilot-scale reactor for
biomass (rice straw) pyrolysis and gasification in a 10-kW thermal plasma gun to assess the
feasibility of plasma gun gasification of waste biomass with different water contents and
to examine the effects of operation parameters. For this purpose, the pelletized biomass
samples (10-mm diameter and 20 mm long cylinders made of 0.4-0.6 mm particles) were
adjusted by wet impregnated method to 5, 15, 35, and 55wt% water contents. A 10-g
biomass sample was used in the tests. The carrier gas (N,) was delivered to the apparatus
at a controlled flow rate. The reactor contained a crucible of ~1 L capacity, where the plasma
contacted with the biomass sample directly. For refractory insulation in the reactor, two
shells were used which could tolerate high temperatures. For measuring the surrounding
temperature of plasma gas, a thermocouple was inserted into the reactor. Despite the
gas temperature initiated in the core of thermal plasma gun was very high, the measured
process temperatures were kept on the level of 500 to 700 °C. This temperature range was
selected to diminish useless heat losses by radiation and conduction to the surroundings.
To control the process temperature, the specific power for plasma gun was set in the range
of 2-6 kW. In experiments, both instantaneous and accumulated gas compositions were
measured. The maximum concentrations of gaseous products were detected at process
times less than 1 min. Almost 90% of gas was produced in 4 min reaction time. Exper-
iments showed that with increasing the process temperature and sample moisture the
yields of syngas and H; increased. Thus, at the same sample moisture (5wt%), the syngas
ratio (mass of syngas/mass of biomass db) increased from 20wt% at 500 °C to 24wt% at
700 °C. At 600 °C, the yields of syngas increased from 23wt% at 5wt% moisture to 47wt%
at 55wt% moisture. As for H, content in the accumulated syngas, at the same sample
moisture (5wt%) the yield of Hj increased from 43vol% at 500 °C to 48.6wt% at 700 °C.
At the same process temperature (600 °C) it increased from 46.9wt% at 5wt% moisture
to 48.3wt% at 55wt% moisture, while the mass of Hj increased by a factor of nearly 2.3.
The lowest residue content of ~7.5wt% was obtained at the highest temperatures with the
highest moisture in the investigated range, implying that the higher process temperature
and moisture favored the reaction completeness. Based on these results, it was concluded
that the optimum process condition should be controlled at 600 °C and 55wt% moisture.
The Hy /CO and CO, /CO ratios at these optimal conditions were 1.1 and 0.16 vb, indicating
a very good syngas quality.
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Yuan et al. [213] conducted experiments on atmospheric pressure gasification of
aqueous phenol by DC water plasma in the absence of inert gases or air injected. The
experimental system included a feed tank and pump, plasma gun and power supply,
condenser and liquid collector, and gaseous measurement instrument. The arc power was
0.84-0.98 kW with an arc current of 6 A. The energy consumption in the arc was lower than
in conventional thermal plasma devices, performing a relatively high energy efficiency
of 90%. The arc was ignited by a short contact of anode and cathode. A nozzle-type
copper was used for the anode design. The cathode was made of hafnium embedded into a
copper rod. The initial content of phenol in distilled water was 0.1vol% (5.23 g/L), 0.5vol%
(26.3 g/L), and 1vol% (52.8 g/L). The aqueous phenol solution was introduced into the gun
with a constant feed rate (0.16-1.7 mg/s). When the arc was ignited, the phenol solution
was evaporated spontaneously to a plasma supporting gas. Quartz wool was a route for
loading up the liquid into the arc discharge region. The RT of phenol solution in the plasma
was about 1 ms as estimated based on the plasma jet velocity (~100 m/s) and length of
effective decomposition zone (~0.1 m). Phenol would be decomposed rapidly in the arc
region, where the nozzle temperature of the plasma gun was estimated to be higher than
5000 °C. The objective was to study water-plasma assisted phenol decomposition and the
composition of the product syngas. Experiments showed that the decomposition of aqueous
phenol was successfully achieved in DC water plasma at atmospheric pressure. Phenol
was effectively decomposed in high concentration of 5.23-52.8 g /L. Furthermore, Hp, CO,
CO,, and CH, were detected as the major products in the syngas with volumetric contents
of 63-68, 3.6-6.3, 25.3-28.1, and 0.1-0.2%, respectively, while HCHO and HCOOH were the
major byproducts in the liquid effluents. The estimated energy yield from decomposition
of 0.1-1% mol aqueous phenol solutions was 0.19-3.48 g/kWh. It was noted that some
CyH; and C¢Hjg formed at high phenol loading conditions. Therefore, additional efforts
would be needed to deal with suppressing these intermediates by means of increasing arc
power or modifying cathode materials.

Narengerile et al. [214] continued their experimental campaign on atmospheric pres-
sure gasification of aqueous phenol by DC water plasma started in [213]. As compared
to their previous study, the phenol CCE and energy yield were significantly increased to
99.99% and 8.12 g/kWh by changing arc current from 6 to 8A and the voltage from 110 to
150 V. The concentration of phenol was reduced from 52.8 g/L down to 10-° g/L atan arc
current of 8 A. Major gaseous compounds in the syngas were Hy, CO,, CO, and CH4 with
the corresponding contents of ~66-70, 4-6, 24-25, and 0.1-0.2vol%, respectively. At a low
arc current, trace levels of C4Hg, and CsHg were detected in effluent gas, and HCOOH and
HCHO in liquid effluent. The phenol decomposition mechanisms, as well as the by-product
formation mechanisms, were also studied in detail. The analysis of reaction intermediates
and carbon balance allowed the main reaction pathways to be proposed. After phenol
decomposition, the intermediate species were assumed to participate in reactions to form
stable compounds in plasma region. The favorable mechanism was CO formation through
the ring open step of C4Hs0 and CgHg by thermal decomposition or the attachment of
active species like O, H, and OH with respect to CO formation. In downstream region, the
intermediate species were easily recombined with H or oxidized by OH to form unwanted
products like HCHO, H,O, and HCOOH.

Hlina et al. [215] conducted experiments on steam and CO;-assisted gasification of
biomass (WS, pellets, waste plastics, and pyrolysis oil) using a medium-scale atmospheric
pressure DC H,O/Ar plasma gun with arc power of 100-110 kW. The plasma gun with
water cooled jacket was mounted at the top of a reactor. The plasma gun involved the
combination of arc stabilization by Ar and H,O. Water was injected tangentially to the arc
and formed a vortex surrounding the arc. Produced plasma had a very high temperature
(above 10,000 °C) and low mass flow rate (around 0.3 g/s H,O and 0.2 g/s Ar). Gasifi-
cation temperature monitored by thermocouples in the reactor ranged between 1200 and
1400 °C. The feedstock included WS (spruce, 10.5wt% moisture), wood pellets (spruce,
6-mm diameter, 7.4wt% moisture), waste plastics (pieces of 1-6 mm, 89%PE, 10%PP, 1%PET,
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CHj 99 vb), and pyrolysis oil from thermal decomposition of waste tires (complex mixture
of PAH, CHj 47 vb). A hopper for feedstock was connected to the reactor by a screw feeder
on the top of the reactor. The flow rates of feedstocks ranged from 9 and 30 kg/h. The flow
rates of gasifying agents ranged from tens to hundreds of slm for CO; and 11 kg/h for
H,O. The outlet for syngas was also located in the upper part of the reactor. The produced
syngas entered a quenching chamber, where it was cooled down to 300 °C by water spray.
Experiments showed that Hy and CO formed approximately 90vol% of produced syngas
for all feedstocks. The contents of Hy, CO, CO, and CH,4 were in the ranges 41-60, 30-52,
3-7, and 0-4.5vol%, respectively, with the highest and lowest Hj yields for WS and pyrolytic
oil, respectively. High syngas yields (320-960 slm) were caused by extreme properties of
plasma and by low dilution of the syngas by plasma gas. The CCE ranged between 80
and 100%, with the lower values caused by the formation of solid carbon. Feedstocks with
smaller particle size (WS) exhibited higher CCEs. Low CO, concentrations, even when
CO, was used as a gasifying agent, showed sufficient reaction time and temperature in
the reactor. Moreover, extremely high centerline plasma velocity (estimated as ~5 km/s at
the gun exit) caused strong turbulence in the reactor. Measured compositions of syngas
corresponded well with theoretical predictions.

Agon et al. [216] conducted experiments on steam and combined H,O/CO, gasifi-
cation of RDF in a medium-size atmospheric pressure plasma gasification reactor with
a hybrid DC H,O/ Ar stabilized plasma gun of [211]. The plasma gun was mounted on
top of the reactor and could operate at currents 350-550 A and arc powers of 90-160 kW.
The feedstock was processed from waste excavated from landfill sites and had moisture of
4.6wt%. It was composed of MSW (59wt%) and industrial waste (41wt%) and had an LHV
of 22.37 MJ /kg db. The maximum particle size was 25 mm. The feedstock was continuously
supplied from a hopper by a screw conveyer and fell into the reactor. The inlets for the
gasifying agents (liquid HyO and gaseous CO;) were in the upper part of the reactor. The
reactor wall temperatures in tests with HyO and combined H,O/CO; gasification of RDF
were 1120-1160 °C and 1170 °C, respectively. Tests with steam gasification conducted with
water flow rates of 300 and 385 mL/min showed that Hy was the largest fraction in the syn-
gas composition with ~53vol% for both cases. The contents of CO, CO, and CH, were 30 vs.
28vol%, 3.5 vs. 6vol%, and 4.1 vs. 4.2vol%, respectively. The rest (9—10vol%) was Ar. The
H,/CO and CO,/CO ratios attained the values of 1.77 vs. 1.95 and 0.1 vs. 0.2, respectively,
indicating a high-quality syngas. As seen, the addition of extra water led to a decrease
in CO content and increase in CO, content due to a shift in equilibrium of reaction (7)
towards the products. The syngas content corresponded well to the theoretically expected
composition, except for the presence of some CHy, suggesting that the conditions inside the
reactor during plasma gasification were close to thermodynamic equilibrium. The syngas
produced by plasma gasification with a HyO/CO; blend exhibited lower contents of H;
(87vol%), CO (42vol%) and CHy (3.5v0l%), while the content of CO; (8.5vo0l%) was higher,
and the content of Ar was the same (~9%). The H, /CO and CO,/CO ratios attained the
values of 0.9 and 0.2, respectively. The plasma gasification of RDF yielded the syngas with
an LHYV of up to 10.9 MJ/nm?. The tar content in the syngas was very low and ranged from
130 to 540 mg/nm?3, which was considerably lower than for conventional gasification. Note
that the actual syngas composition showed a higher Ar concentration than the theoretical
composition, while the exact same amount of Ar was used in the tests. This means that
the total volume of produced syngas was lower than the theoretical calculated volume
considering complete conversion. The CCE thus achieved was 82-83%.

Hrabovsky et al. [217] conducted experiments on steam and combined H,O/CO,
gasification of different CCMs (WS, wood pellets, pyrolytic oil, RDF, lignite, and waste
plastics) using a 140-kW power atmospheric pressure plasma gasification reactor with
a hybrid DC H,O/ Ar stabilized plasma gun of [211,216]. The mass flow rate of plasma
(18 g/min) in the plasma gun was very low compared with the flow rate of feedstocks
(up to 1 kg/min). Nevertheless, the high-speed plasma jet in the reactor produced homo-
geneous heating of the whole reactor volume due to high level of plasma temperature
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and jet induced turbulence. The wood feedstock was fir WS with moisture 7.7wt% and
wood pellets 13 mm long and 6 mm in diameter with moisture of 7wt%. Pyrolytic oil
produced from waste tires had an overall formula CsHgO and contained various PAHs and
21wt% water. The pyrolytic oil was fed into reactor through a water-cooled feeding nozzle
0.5 mm in diameter. The RDF was processed from waste excavated from land sites and
composed of MSW (59wt%) and industrial waste (41wt%). The material was composed
of plastics 47wt%, wood and paper (24wt%), textiles (10wt%), and fines (18wt%). Lignite
was a fine powder of soft brownish coal with moisture of 45wt%. Waste plastics from
bottles were crashed to pieces with dimensions 2-10 mm. Before feeding the feedstock, the
reactor was heated to the wall temperatures about 1000 °C by an electrical heating unit.
Thereafter the plasma gun was ignited, and the reactor was heated to the wall temperatures
1200-1300 °C. After starting feedstock feed together with the gasifying agent, the temper-
ature of reactor walls decreased and reached a steady state value depending on the gun
power and feedstock feed rate. The feedstock feed rates were 25 and 41 kg/h for WS, 30
and 60 kg/h for wood pellets, 8.8 and 10.6 kg/h for pyrolytic oil, 40 and 60 kg/h for RDF,
60 kg /h for lignite, and 11 kg/h for waste plastics. The CO; flow rate was 86 to 125 slm
for WS, 248 slm for wood pellets, 182 slm for pyrolytic oil, 191 and 215 for RDF, and 300
slm for waste plastics. The H,O flow rate was 10.6 kg/h for pyrolytic oil, 143, 293, 301
and 465 g/min for RDF, 18 g/min for lignite and 18 g/min for waste plastics. Syngas
composition was measured on-line by the mass spectrometer. In tests on CO; gasification
of WS, syngas consisted mainly of Hy (35-42vol%), CO (42-54vol%), CO; (3-15vol%), and
CHy (~1vol%) with an LHV of about 1011 MJ/nm?. Syngas produced by CO, gasification
of wood pellets contained 38-40vol% H;, 40-54vol% CO, 2-3vol% CO,, and (~1vol%) CHy
with an LHV of 11 MJ/nm?3. In tests on CO, gasification of pyrolytic oil, syngas consisted
mainly of Hj (19-27vo0l%), CO (53vol%), CO, (16-25v0l%), and CHy (~2vol%) with an
LHYV of 9.4-10.7 MJ/nm?. Syngas produced by H,O gasification of pyrolytic oil contained
58vol% Hy, 33vol% CO, 4vol% CO,, and (5vol%) CH4 with an LHV of 12.1 MJ/nm?3. After
experiments with pyrolytic oil, soot samples were withdrawn from the reactor. Particles
had a regular spherical shape and their size ranged between 100 and 1000 nm with the
prevailing size of 100-200 nm. Also, small amounts of sulfur were detected. In tests on CO,
gasification of RDF, syngas consisted mainly of Hj (33vol%), CO (56vol%), CO; (10vol%),
and CHy (~1vol%). Syngas produced by H,O gasification of RDF contained 58-59vol% H,
34-36vol% CO, 2-4vol% CO,, and 4-5vol% CH,4. Syngas produced by combined H,O/CO,
gasification of RDF contained 41vol% H;, 44-47vol% CO, 9vol% CO,, and 4-5vol% CHy. In
tests on H,O gasification of lignite, syngas consisted mainly of H, (61vol%), CO (25vol%),
CO;, (13vol%), and CHy (~1vol%) with an LHV of ~10.1 MJ/nm3. Syngas produced by
combined H,O/CO, gasification of waste plastics contained 42vol% Hy, 50vol% CO, 7vol%
CO,, and no CHy with an LHV of ~10.8 MJ/nm?3. For all tested materials, the content of tar
and higher hydrocarbons in the syngas was substantially below 10 mg/nm?. This content
was lower than in most nonplasma gasifiers, where the tar content varied from 10 mg/nm?
to 100 g/nm3. The syngas composition was close to that determined by thermodynamic
equilibrium calculations.

Wang et al. [218] conducted experiments on CO, gasification of textile dyeing sludge
using an atmospheric pressure rotating DC arc plasma system. The system consisted of a
plasma gun, injector, quenching unit, and sampling device. The gun of inner diameter of
25 mm consisted of water-cooled tube-shaped copper anode and a rod-shaped tungsten
cathode. The anode and quenching section were connected by flanges. A field coil was
designed around the copper anode for generating a magnetic field, which would make
the arc rotating with a high speed. The rotating arc formed a uniform and stable high-
temperature jet and contributed to the mixing between feedstock and working gas (CO,).
The estimated arc rotational speed was 7800 r/s. Experiment was started by turning on the
cooling water and power supply and adjusting the experimental parameters and excitation
current. Thereafter, the working gas was introduced to form the plasma reaction zone.
Finally, feedstock particles were injected to the reactor by means of a screw feeder and
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carrier gas (Ar), and the gas products were sampled and analyzed at the outlet. Before
gasification tests the textile dyeing sludge was pretreated. It was dried to constant weight
and after grinding and screening, the 100-200 mesh sludge particles were selected as
feedstock. The sludge powder was injected into plasma gun at a feed rate of 36 g/min,
with a carrier gas flow rate of 35.7 g/min, and a magnetic flux intensity of 0.077 T. The
input power was about 15 kW, and the CO, flow rate varied from 0.075 to 0.71 nm?/h
(23.24 g/min). The objective was to study the effect of CO, flow rate on the gasification
efficiency of sludge and the fixing efficiency of heavy metals in sludge. A series of experi-
ments were conducted to investigate the effect of CO, flow rate on sludge gasification at a
fixed input power. The CO; flow rate greatly affected sludge conversion. Under all CO,
flow rates, the gaseous products were rich in H; and CO, whereas solid products were
rich in metal elements. The yields of H, and CO both reached the peak value at a CO,
flow rate of 0.43 nm3/h, and then declined slightly when the CO, flow rate continued to
increase to 0.71 nm3/h. The H, and CO contents in the syngas increased firstly and then
decreased with the CO; flow rate, reaching the peak values of 27.5 and 48.6vol%. The CO,
content in the product gas was zero from 0.075 to 0.34 nm?/h, and gradually increased
from 0.34 to 0.71 nm3/h attaining a value of 11vol%. When the CO, flow rate was small,
H, and CO contents increased with the CO, flow rate, because more CO, could generate
more reactive species and improve the mixing of sludge and gasifying agent, which made
the gasification reactions more complete. When the CO, flow rate continued to increase,
CO, was gradually overloaded, and the excess CO, became part of the product syngas and
thereby reduced the percentage of H, and CO. The CCE reached a peak value of about
100% at a CO, flow rate of 0.34 nm?/h, after which it slightly decreased to 93.4% at the
CO, flow rate 0.71 nm3/h. The system NPE was related to the yield of syngas, the feed rate
of sludge and the input power and attained a maximum value of 72% at the CO, flow rate
of 0.43 nm?/h. In these conditions, the syngas LHV was 8.9 MJ/nm?>. The solid products
of gasification (slag) were black and rigid, with different sizes and irregular shapes. The
density of solid products was 1.566 g/cm3, which was considerably higher than the bulk
density of dried sludge (0.921 g/cm?), indicating that textile dyeing sludge reached a
considerable volume reduction after CO, thermal plasma gasification. The test of toxicity
characteristic leaching procedure indicated that the solid slag was harmless. The fixing
efficiency of heavy metals was found to be more than 99%, which was superior to MW-
assisted pyrolysis of textile dyeing sludge. Overall, the treatment of texting dyeing sludge
by CO, thermal plasma technology provided new opportunities for the treatment of textile
dying sludge and other hazardous wastes and could achieve the multiple goals of “perfect”
hazardous waste treatment, including harmlessness, minimization, and reclamation.

4.3. Experimental Studies: Microwave Plasma

Sekiguchi et al. [219] experimentally studied atmospheric pressure pyrolysis and
steam gasification of 3-mm diameter PE pellets in an MW heated vertical reactor attached
to a MW waveguide, in which electromagnetic field was concentrated from the 2.45-GHz,
600-W MW generator. In experiments, pure Ar and a 20% H;O + 80% Ar blend were used
as pyrolysis and gasifying agents. A crucible with a 1-g PE sample was set at 45 mm below
the waveguide. The reaction time was 5 min. Experiments showed that H,O addition
promoted the sample weight decrease and significantly enhanced production of Hy, CO,
CO, and CHy as compared to Ar-plasma treatment. The conversion of PE to H, and CHy in
steam plasma was a factor of 3—4 higher than that in Ar plasma, and conversion of PE to CO
and CO; attained 25% and 13% as compared to the zero level in Ar plasma, thus indicating
the contribution of reactions (6) and (7). At H,O addition, the treatment was finished in
3 min, while sample remained at the same time in Ar plasma. The crucible temperature
measured with a thermocouple indicated that the apparent temperature in 1 min was
130 °C and increased to 470 °C in 3 min. Since the true local temperature of PE sample was
considerably higher than that of the crucible, the pyrolysis likely became dominant after
1 min. In Ar plasma, the pyrolysis was considered to take place in every part of PE in
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contrast to the surface reaction with the H,O plasma, resulting in the continuous weight
decrease in PE and the reduction in the syngas production rate. In general, experiments
demonstrated that addition of H,O to Ar plasma promoted PE gasification and the treat-
ment of MSW plastics with MW plasma was effective to obtain syngas.

Lin et al. [220] conducted comparative experiments on CO, gasification of biomass
(dry sugarcane bagasse) in a lab-scale atmospheric pressure reactor with conventional
electrical heating system and with MW heating system at temperatures 450-550 °C. The
dried bagasse was ground and sieved to particle sizes of 0.12-0.45 mm. The flow rate of
CO, was controlled at 75 mL/min (25 °C). In the experiments with conventional heating,
the reaction unit comprised a quartz reaction tube and tubular furnace. The bagasse (20
g) was placed in the tube situated in the furnace. In the experiments with MW-assisted
heating, the reaction unit was also made up of a quartz tube. The feedstock was the
blend of bagasse (10 g) and charcoal (blending ratios 0.1 or 0.3) used as the MW absorber.
Char coal was preliminarily ground and sieved to particle sizes of 0.12-0.45 mm. The
blend was packed at the bottom of the tube. The reaction temperature was fixed at 550
°C. The objective was to examine the gasification behavior of biomass under different
heating modes (conventional and MW heating) and to evaluate the potential of CO; as
a gasifying agent. Experiments indicated that the yields of gasification products were
greatly influenced by the heating modes. In the conventional heating, the prime product
was liquid tar, and its yield was in the range of 51-54wt%, whereas biochar was the major
product in MW-assisted heating and its yield ranged from 61 to 84wt%. The solid yield
decreased when the absorber blending ratio decreased from 0.3 to 0.1, while the gas and
tar yields increased. This was attributed to more energy consumed for biomass gasification
at the lower blending ratio. Hydrogen was produced under the MW gasification and its
concentration was between 2 and 12vol%. This indicated that the secondary cracking of
vapors and the secondary decomposition of biochar in CO, environment with MW heating
was easier than those with conventional heating.

Vecten et al. [221] conducted experiments on steam gasification of biomass (wood
pellets) in a lab-scale atmospheric pressure moving-bed MW-induced plasma reactor
using pure steam as the plasma gas. This study was the first to use MW technology for
biomass gasification in pure steam. The MW gun was a plasma source connected to a
MW generator operating at 2.45 GHz with power up to 6 kW. The MWs were directed
through a standard waveguide to a quartz tube in which the plasma was generated. The
steam was produced in a steam generator providing up to 50 g/min of steam at 200
°C. The plasma was ignited by inserting a tungsten rod in the quartz tube. The reactor
was equipped with a syngas outlet near the top. The feedstock inlet composed of an
inclined tube connected to the feeding system with a ball valve was located on the opposite
side. Wood pellets (moisture 6.8wt%) were pushed into the reactor using the plunger.
Thereafter the ball valve was closed for preventing air ingress in the reactor. The pellets
were dropped in the inclined tube and set at the reactor bottom. The tube with the plunger
was removable and rechargeable with wood pellets for additional feedstock injection. Three
wood pellets injections of 50 g with 20 min intervals were made for each set of MW gun
operating conditions. According to estimations, only 0.2-0.3% of H,O passing through the
plasma gun was converted to Hy and O,. Once wood pellets were injected, the measured
O, content dropped to zero as O, was consumed in oxidation reactions enhancing the
overall gasification, while the Hy from H,O dissociation enriched the produced syngas.
For each injection of wood pellets, two gasification periods were distinguished: fast and
slow. The fast period was attributed to the rapid conversion of wood pellets to syngas
upon entering the reactor and was defined as the gasification with CO production (CO
concentration above 1.5% at condenser exhaust). This period was driven by wood pyrolysis
into char and volatile hydrocarbons, which then reacted with H,O in reactions (6) and (9).
Because these reactions are endothermic, the temperature at the reactor bottom (defined
as the gasification temperature) dropped by about 30-50 °C after feedstock injection.
After wood devolatilization, the gasification process evolved to slow period attributed
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to the conversion of the remaining char to syngas. The slow period produced mainly
H; and CO;,. It was driven by the conversion of char to gas through reaction (6), but
due to the abundance of H,O, all the CO was then converted to CO, through reaction
(7). The slow period lasted long time. The gasification tests were repeated for forward
MW of 3, 4, 5, and 6 kW. The gasification temperature was directly proportional to the
forward MW power and followed a near linear increase over time explained by the slow
reactor warm-up. Therefore, the gasification of the second and third batch of wood pellets
occurred at higher temperatures than the first injection. When increasing the forward MW
power from 3 to 6 kW, the average gasification temperatures increased from 500-560 to
770-900 °C. Temperature was one of the main drivers of gasification reactions. Thus, the
volume of syngas produced during fast mode increased from 24 L at 510 °C to almost 60 L
at 900 °C. The increase in syngas volume was mainly driven by enhanced H, production at
elevated temperatures, but also an increase in CO, and CO production at a lower level. The
presence of higher concentrations of chemically active species like ions, electrons, excited
species, and photons at elevated MW power served to enhance the chemical reactions and
H; production, i.e., syngas production was not only influenced by the temperature but
also by plasma characteristics through the plasma catalysis effect. Contrary to Hp, the
CH4 production remained relatively constant. This was explained by a balance between
CHy release from biomass devolatilization and conversion through steam reforming, both
enhanced at elevated temperatures. The syngas was mainly composed of H, with volume
fraction ranging between 45 and 65% and positively correlating with forward MW power.
In contrast, the content of CO ranged between 15 and 30% across the same MW power
range but decreased with the forward MW power. Similar results were observed for
CHj4 content, which was between 5 and 10vol%. The content of CO, remained relatively
constant at ~15%. The results indicated that the elevated gasification temperature enhanced
CHj4 and other hydrocarbons conversion to Hy because of reaction (9). Consequently, the
syngas LHV was in the range 10.5-12 MJ/nm?. The system efficiency was determined by
calculating three performance parameters: CGE, NPE and CCE. The CGE and NPE were
calculated for both the fast and the total (fast + slow) gasification periods, whereas the CCE
could only be estimated for the total gasification period. All efficiencies were improved
when increasing the forward MW power. The CCE increased from 58.5 to 98.4% when
increasing the forward MW power from 3 to 6 kW. The highest MW power enabled a near
complete conversion of the introduced biomass and the remaining char was mainly carbon
(83 to 90wt% carbon). The CGE varied between 34.8 and 65.2% for the fast gasification
period and 40.5% to more than 100% for the whole process. Nearly two thirds of the
biomass energy was recovered during the fast period and one third during the slow period.
Nevertheless, for a continuous solid feedstock supply, the fast and slow gasification could
occur simultaneously. The CGE was directly proportional to the CCE but also related to the
nature of the gasifying agent. This study demonstrated that complete energy recovery was
achievable when using steam. The NPE was calculated through a global energy balance
of the system including the energy of the MWs. The NPE of fast gasification increased
from 13.1% at 3 kW to 22.7% at 6 kW, whereas the NPE of the total gasification increased
from 8.3% at 3 kW to 10.2% at 6 kW. The NPE improved with the forward MW power as it
improved the energy recovered from biomass into syngas in a greater proportion than the
additional energy applied through the MW gun. Nevertheless, the NPE was low. Further
work using a continuous biomass feeding is necessary to estimate the potential NPE of the
process and to investigate the presence and composition of tar in the product syngas.

4.4. Experimental Studies: Solar Heating

Piatkowski et al. [222] conducted experiments on steam gasification of coal, biomass,
and carbon-containing waste feedstocks in a solar-driven beam-down packed-bed reactor.
The solar reactor configuration featured two cavities in series. The upper cavity functioned
as the solar absorber and contained a small quartz window to accept concentrated solar
radiation. The lower cavity functioned as the reaction chamber and contained the packed



Fuels 2021, 2

625

bed on top of the steam injector. The cavities were separated by an emitter plate, which was
irradiated directly and acted as solar absorber and radiant emitter to the lower cavity. Its
main objectives were to provide uniform heating of the bed through re-radiation and ensure
a clean window during operation by eliminating contact between the quartz window and
the reactants/products and preventing deposition of particles and condensable gases. An
H,O/ Ar mixture at 130 °C with water flow rates up to 8 mL/min and an Ar flow rate of
2 L/min was injected through injection nozzles in lower cavity. Experiments were per-
formed at PSI solar simulator composed of an array of Xe-arcs with ellipsoidal reflectors,
which simulated a concentrating solar system. Up to 7 Xe-arcs were ignited in sequence at
1 to 7 min intervals. The maximum radiative flux at the quartz window was equivalent
to a solar concentration ratio of 2953 suns (1 sun = 1 kW/m?). The test duration was
120 to 180 min. The process temperature was estimated based on temperature measure-
ments by a thermocouple at the top of the lower cavity and was 1150-1220 °C. The lower
cavity thermocouple was mounted on the outer surface of the SiC walls to protect them
from direct steam and ash exposure, i.e., the actual process temperature could be consider-
ably higher. The feedstocks used in the steam-gasification experiments (industrial sludge,
SSW, scrap tire powder, fluff, lignite, and beach charcoal) represented a wide range of
physical and chemical properties. Feedstock particle sizes ranged from 0.1 to 30 mm, and
bed porosity ranged from 0.28 to 0.7. In the gasification tests, a high-quality syngas with
a typical H, /CO and CO,/CO ratios of 1.5 and 0.2 vb and with an energy content up to
30% increased over that of the input feedstock, was produced. Efficiencies of solar energy
conversion varied between 17.3 and 29%. During heating of the packed bed, pyrolysis was
identified through the evolution of higher gaseous hydrocarbons and liquid tars.

4.5. Theoretical Studies

Van Oost et al. [223] following their experimental campaign on combined H,O/CO,
gasification of CCMs (wood) in a pilot-scale atmospheric pressure 140-kW plasma reac-
tor with the DC hybrid gas/water plasma gun [212] estimated the performance of their
gasification plant in terms of syngas quality and NPE at different process temperatures
(500-1800 °C), feedstock moisture (0-30wt%), and feedstock feed rate (7-47.2 kg/h) using
equilibrium calculations. It was shown that depending on operation conditions, the main
components of produced syngas at temperatures above 1200 °C were H, (43% mol/g) and
CO (57 mol/g), while other species (CO,, CHy, etc.) had trace contents. The tar content
was below the sensitivity of the analysis method (1 mg/nm?). No effect of arc power on
gas composition and flow rate was observed for tested feed rates up to 47.2 kg/h. The
estimated value of NPE defined as the ratio of produced syngas LHV to available energy
spent for its production depended on the process temperature and decreased from 330% at
1200 °C to 270% at 1800 °C. Available energy increased with the arc power and decreased
with the process temperature. Thus, at reactor wall temperatures 1100-1200 °C, the ratio of
energy available for wood treatment (after all losses subtracted) to total arc energy was
estimated at 0.35-0.41 for arc power 95-100 kW and 0.41-0.46 for arc power above 130 kW.
The NPE was maximum for the dry feedstock and gradually decreased with feedstock
moisture. The mixing processes in the reactor were more intense at higher feed rates, so
conversion efficiency increased with the feedstock feed rate, indicating that the maximum
possible feed rate was not reached in the tests. It was concluded that the conditions within
the reactor ensured complete feedstock conversion due to homogeneous heating of the
reactor volume and proper mixing of plasma with treated material occurred despite the
relatively low plasma mass flow rate and constricted plasma jet.

Hrabowski [224] and Hrabowski et al. [217] reported the results of thermodynamic
calculations for high-temperature gasification of CCM aimed at determining the maximum
CCM-to-syngas conversion efficiency when all carbon was oxidized to CO. It was presumed
that for a sufficiently long RT an equilibrium state was achieved, and the composition of
gasification products could be determined by thermodynamic calculations. Calculations
were made for wood and pyrolytic oil with added CO, and/or H,O. The pyrolytic oil was
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represented by formula CsHgO. The gas phase was represented by H,, CO, CO,, CHy,
H,0, C;Hj, and CyHy. The ratio of solid carbon moles to a number of all moles in the gas
phase was attributed to solid carbon Cs. Formation of Cg could be suppressed by adding
more oxidizing medium. Both wood and oil were seen to produce syngas with the joint
content of Hy and CO close to 100% at temperatures above 930 °C. At wood CO,/H,0O
gasification with the mass flow rates of wood, CO,, and H;O at 8.33 g/s, 85.4 slm, and
0.3 g/s the contents of Hy and CO in these conditions were 44 and 56vol%, i.e., the H, /CO
ratio was about 0.8. At steam gasification of oil with the mass flow rates of oil and steam at
9.91 L/h and 3.25 g/s the contents of H, and CO in these conditions were 62 and 38vol%,
i.e., the Hy /CO ratio was about 1.6.

Popov et al. [225] performed comparative analysis of different schemes of biomass
gasification (updraft, downdraft, twin-fire, cross-draft, entrained flow, and fluidized bed)
in terms of their feasibility for implementing thermal plasma technologies. A conclusion
was made that the downdraft and twin-fire gasification schemes were most appropriate
for this purpose due to the interaction of pyrolysis products with plasma jet and due to
long RT of solid pyrolysis products in a high-temperature zone. Also presented are the
results of thermodynamic calculations on plasma-assisted gasification of biomass (wood)
considering air, CO,, and H,O as plasma-forming gases. It was shown that with the use of
air plasma the increase in the specific power (per 1 kg of biomass) led to the increase in
contents of Hy and CO and decrease in contents of CO; and N in the syngas. With the use
of CO, or H,O as plasma-forming gases, the trend was opposite. This was caused by the
fact that besides providing heat for endothermic gasification reactions, a part of plasma
energy was consumed for decomposition of gasifying agent molecules, and this part of
energy increased with the input power. The calculated values of H, /CO ratio varied from
0.64 t01.07 for air plasma, from 0.18 to 1.07 for CO, plasma, and from 1.07 to 3.65 for H,O
plasma. The presence of H, /CO ratio 1.07 common for all the plasmas was explained by
the common pyrolysis stage with zero flow rates of plasma-forming gases.

Campo et al. [226] developed a mathematical model describing a trailer-scale biomass
steam gasification system coupled with a solar collector heat source and a micro gas
turbine providing the output of 20 kWe. The model was based on several submodels
including those of gasifier, syngas heat recovery, solar collector, and micro gas turbine
(with compressor, combustor, and turbine units), coupled with mass and energy balance
equations. The main input parameters of the gasifier model were the steam temperature,
S/F ratio, and types of feedstocks. The main outputs included the equilibrium gasification
temperature and syngas composition. The syngas was assumed to be composed of 5 species,
namely, Hy, CO, CO,, CHy, and H;O (tar production was omitted). The biomass feedstocks
were wood, rubber, plastic, and MSW. The objective was to evaluate and optimize the
performance of the system at gasification temperatures 800-1200 °C and S/F ratios 0-20. In
the simulations, biomass feed rates were increased from 1 kg/h in an iterative process until
the power output of 20 kWe was obtained. Simulations showed that biomass feed rates
under optimal conditions (steam temperature 800 °C and S/F ratio 2—-4) ranged between 23
and 63 kg/h depending on the feedstock type and other parameters. With temperature
increase, the biomass feed rate decreased insignificantly. The effect of S/F ratio on the
biomass feed rate was significant. At 800 °C, H, and CO had relatively low contribution
to syngas yield at low S/F ratios and increased until they reached a steady state with S/F
ratios above 6-8 for wood (8.3 vs. 3.5 kg/h), plastics (8.2 vs. 4 kg/h) and MSW (8.7 vs.
2 kg/h) except for rubber where steady conditions (8.5 vs. 1.8 kg/h) were reached after
a S/F ratio of 14; CH4 had a different behavior, it started with a high contribution at low
S/F ratio and decreased to nearly zero at these steady-state values of S/F ratio. As for
COy, similarly to Hy and CO, it started with relatively low contribution at low S/F ratio
and increased steadily until reached a steady condition at higher S/F ratios (83, 88, and
94 kg /h for wood, plastics and MSW at S/F ratio above 6-8 and 73 kg/h for rubber at S/F
ratio above 14). When comparing the magnitude of other species production, it was clear
that CO, had a much greater contribution in general, however because this species was
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not combustible, it only decreased the syngas LHV therefore reducing the performance of
the micro gas turbine. Water consumption was low at low S/F ratios and a maximum and
steady condition was obtained at higher S/F values (54, 68, and 50 kg/h for wood, plastics
and MSW at S/F ratio above 6-8 and 67 kg/h for rubber at S/F ratio above 14). In the
optimized system configuration, consumption of water was reduced using a condensation
and recirculation process in a heat recovery unit. Also, the required solar energy was
reduced using a recuperator extracting heat from the combustion products. A utilization
factor evaluating the overall system performance was found to range between 30 and 43%.
When comparing this system to a baseline case of an air-blown gasification system of a
similar scale, it was found that LHV of the produced syngas was over twice as high as that
obtained by air gasification. Steam gasification also led to a 25 and 50% reduction in CO,
and NOx emissions respectively relative to the baseline case.

Messerle et al. [227] reported the results of thermodynamic calculations of the high-
temperature steam gasification of MSW. The chemical composition of the MSW included
34.15wt% C, 5.85wt% H, 6.29wt% O, 8.16wt% N, 0.94wt% S, 5.3wt% Cl, 32.31wt% H,O,
3wt% FepOs, 2wt% SiOy, and 2wt% CaCOs. The calculations were made for temperatures
30-2700 °C at an atmospheric pressure without accounting for energy loss. Steam gasifi-
cation of MSW was calculated for the mass of the working fluid (WF) consisting of 10 kg
of MSW and 1 kg of steam. The yield of syngas was shown to increase with temperature
attaining nearly constant value above 930 °C. In these conditions solid-phase carbon was
completely transformed to CO in the gas phase. The maximum yield of syngas reached
94.5vol% (60.9% Hj, 33.6% CO). The content of oxidants at high temperatures was very
low (fractions of percent). The concentration of ballasting N, remained virtually constant
in the temperature range 930-2700 °C, amounting to 3.4%. The content of HCI changed
little in the considered temperature range, varying from 1.2 to 1.6vol%. Up to 1630 °C,
sulfur was represented by H,S, which, with increasing temperature, dissociated into S and
H atoms. At temperatures above 1330 °C, CaCly, Fe, SiO and Cl with a total content of
less than 1vol% appeared in the gas phase. This ensured 100% carbon conversion. In the
temperature range 930-1930 °C, the mineral part of the feedstock was mainly represented
by S5i0,, CaSiOs3, Fe3C, and Fe. At temperatures above 1930 °C, the mineral components of
the feedstock completely passed into the gas phase, forming the corresponding gaseous
compounds. Of particular importance was the fact that there were no harmful impurities
in the gas and condensed products of high-temperature steam gasification of MSW. The
LHYV of the syngas obtained by steam gasification was 19.4 M]/kg. As the mass of syngas
obtained was equal to 11 kg, the total energy of the syngas was 213.4 MJ (59.3 kWh) and
the specific energy was 5.93 kWh/kg of feedstock. The specific energy consumption per
1 kg of feedstock for the gasification process increased with temperature in the entire range
under study. Thus, at 1230 °C it was about 2.3 kWh/kg of feedstock, whereas at 1730 °C it
increased to 2.7 kWh/kg of feedstock.

Fadeev et al. [228] performed thermodynamic calculations of the high-temperature
steam gasification of various CCMs (PE production wastes, textiles, and WS). The amount
of steam added was that required for stoichiometric gasification of 1 kg of feedstock. Unlike
PE, textiles contained internal oxidants: bound oxygen and water. Wood differed from
PE and textiles in that it contained enough oxygen and water for complete stoichiometric
gasification of available carbon. A significant excess of the oxidizing agent in the form of its
most energy-intensive part, H,O, increases the specific energy consumption for gasification,
therefore, before processing WS, it was partly dried. At the same time, the dried WS also
contained enough oxidizing agent for complete gasification of the available carbon. The
yield of syngas for all three feedstocks at 1230 °C considered was 98-100%. In case of PE,
to each 1 kg of PE, 1.285 kg of H,O was added to the reaction zone of the gasifier. With
such an amount of H,O, reactions (1) and (6) took place. As a result, the H,/CO ratio
was equal to 2, and the syngas LHV was 11.57 MJ/nm?>. The use of HyO as gasifying
agent for textile provided syngas with the LHV of 11.27 MJ/nm?3. In the calculation for
WS, 0.2 kg of moisture was removed from 1 kg of WS and the remaining 0.8 kg of WS
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were introduced into the gasifier, while the elemental composition of the WS changed
significantly. In this case, the mass of the added H,O as gasifying agent was formally
equal to zero, i.e., it corresponded to pure pyrolysis. For the WS, the syngas LHV was
11.27 MJ/m? and its volume was 1.24 nm?/kg of feedstock. The authors claimed that
the calculated gas composition and the LHV of MSW and WS corresponded well to the
experimental data obtained in plasma reactors and the arising differences (10 to 15%) were
attributed to energy losses not included in the thermodynamic calculations.

4.6. Discussion

The literature review (Table 4) indicates that the main advantages of existing al-
lothermal, atmospheric pressure, noncatalytic, direct plasma and solar high-temperature
H,0/CO; gasification technologies of CCMs consist in high-quality syngas due to negligi-
ble or low content of tar (less than 1 g/ nm?) and CO; (less than 6vol% db), high gasification
efficiencies with CCE attaining 100% due to negligible or small tar and char residues, easy
in-situ gas quality control due to relatively short RTs of feedstock (less than 5-10 min) in
the reaction zone, and high yields of syngas due to the use of electric or solar energy for
the production of heat required for gasification.

The conventional heating systems with the operation temperatures up to 1400 °C
could be considered as exception, because the lab-scale experiments with fixed bed and
drop tube reactors show relatively low CCEs (77-84%) due to different reasons (residual
char in locally cold zones, short RT, etc.).

The highest CCEs are attained in arc plasma systems evidently due to availabil-
ity of high temperature and high velocity (up to ~1 km/s) gasifying agent. The pres-
ence of ions, electrons, excited molecules, and photons in the arc plasma jet enhances
chemical transformations.

MW plasma is also efficient due to a specific heating mechanism of a feedstock. When
a CCM is exposed to electromagnetic field, delocalized p-electrons start to move through
broad regions of the material inducing its heating due to electrical resistance and formation
of multiple localized hot spots (“microplasma”) with temperatures above 5000 °C. Chemical
transformations in these hot spots are enhanced by the high-velocity microjets of plasma
gases facilitating heat and mass transfer with the material. As for solar gasification of
CCMs it can be considered as a means of storing solar energy in feedstock gasification
products in a controlled form.

Despite many advantages, high-temperature plasma and solar gasification technolo-
gies have certain drawbacks which limit their widespread applications. Due to high
operating temperatures water-cooling systems and or special construction materials and
refractory liners are required for gasifier walls. Industrial scale arc and MW plasma tech-
nologies require enormous electric power. Moreover, the efficiency of plasma guns is at
most 70-80%, and the lifetime of arc electrodes amounts hundreds of hours only. Despite
very high plasma temperatures in the arc-jet (above 10,000 °C) and MW “microplasma,”
the typical working temperatures in plasma gasifiers are only 1300-1700 °C to keep the
reactor wall temperatures at an acceptable level dictated by refractory material of the wall.
The question then arises what is the energy-consuming gas—plasma transition needed for if
most of the feedstock is gasified at such a relatively low working temperature? As for the
MW plasma, in addition to electric energy requirements its gasification efficiency highly
depends on feedstock properties, which requires sorting operations. Also, there is often
a need in mixing a feedstock with special materials possessing appropriate polarization
properties in electromagnetic field, i.e., an additional operation which requires optimiza-
tion is introduced. The main drawback of solar gasification is its intermittent character
depending on time of day and weather conditions. Also, there is always a need in keeping
a reactor window clean and providing uniform heating of feedstock.



Fuels 2021, 2 629

Table 4. Some representative experimental studies of high-temperature H,O/CO, gasification of CCMs at 1 bar.

Feedstock; H,; CO

Ref. Reactor Heating Gasification Procesos Pr(fcess Particle Size; (COy) Tar Cohar COC E LHV 3
Temp., °C Time Moisture vol% db db wt% db Yo MJ/nm
22-40;
[207]  Drop tube Electr. N%gzo' 800-1400 43s 030 Z;i}IInWSS7w %) 26-40 0-8wt% 47 Noinfo  Noinfo
vl O—U. ;0. o
(6-8)
. 43-51;
[212] lthf;mal . Plasma H,0 + N, 500700 4 min (10 icggt”nf‘g gfg;j e 43-50 No info 7.5 Noinfo  Noinfo
plasma gu ’ B 4-7)
WS (10.5wt%); wood pellets (6 41-60;
[215] F20/Ar Plasma HO+Ar 12001400  up to 10 min mum; 74wtt); 30-52 below 10 Noinfo  80-100  Noinfo
plasma gun plastics (1-6 mm); (3-7) g/nm
pyrolysis oil
37-53;
[216] H0/Ar Plasma 0 H0+ 1504170 2-5 min RPF . 2842 130‘5403 No info 82-83 10.9
plasma gun CO, (25 mm; 4.6wt%) (3.5-8.5) mg/nm
WS (7.7wt%);
wood pellets (13 x 6 mm;
. TWt%); 19-61;
[217] 1H2§/ Arn Plasma HZ% gzo T 1200-1300  up to 40 min pyrolytic oil (21wt%); 33-54 iel?:rglg Noinfo  75-95 9.4-12.1
plasma gu 2 RDF, (2-25) &
lignite (45wt%);
plastics (2-10 mm)
. 28;
[218] Rotating-arc Plasma CO; + Ar No info No info textile dyeing sludge 49 No info Noinfo  93.4-100 8.9

plasma gun (0-11)
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In addition, plasma and solar gasification plant optimization requires highly sophis-
ticated CFD software providing a solution of a coupled hydrodynamic (Navier-Stokes)
and electrodynamic (Maxwell) equations complicated by chemical transformations and
turbulent/molecular transport in a multicomponent environment. There are actually
no publications on detailed numerical simulations of HyO/CO, gasification of CCMs in
plasma or solar gasifiers aimed at optimizing their operation conditions.

5. High-Temperature H,O/CO;-Assisted Allothermal Detonation-Based Gasification
5.1. Preliminary Remarks

In existing steam generators, superheated steam is usually obtained by heat transfer
from the hot combustion products of some fuel: heat is first supplied for heating feed
water to saturation temperature and its vaporization, and then to saturated water va-
por. As a result, superheated steam of a given temperature is obtained at the outlet of
steam generator, which cannot exceed the adiabatic combustion temperature of the fuel
(for example, for a mixture of CHy with air it is about 1950 °C) and is determined by
the heat resistance of the material of heat exchanger walls. Even if the wall of heat ex-
changer is made of heat-resistant steel, its maximum temperature usually does not exceed
~1000 °C. Therefore, the production of USS, i.e., steam with a very high temperature (above
2000 °C) is a problem that has not yet been resolved. To solve this problem, a new method
was proposed in [39] for generating USS using its shock or detonation compression and
heating in a cyclic or continuous operation process based on pulse-detonation [229] or
continuous-detonation [230] burning of fuel. First, in this method, instead of a relatively
slow heat transfer through heat exchanger walls, a fast process of shock compression
and heating of steam in a traveling shock wave (SW) or detonation wave (DW) is used,
which increases the pressure and temperature by factors 25-30 and 8-10, respectively,
within few microseconds. Secondly, in terms of energy efficiency detonation of fuel is more
efficient than deflagration [43]. In [39] several options of producing USS are considered.
The first option implies that USS is obtained by compression and heating of a detonable
premixed fuel gas—oxidizer-steam mixture in propagating DWs. In the second option, USS
is obtained through compression and heating of steam by propagating SWs generated by
detonation of a fuel gas—oxidizer mixture. In both options, USS is additionally obtained
as a product of detonation of fuel gas. The devices proposed in [39,41] allow practical
implementation of technologies [37,38] since the walls and internal elements of USS guns
are heated to low temperature (from 120 °C [231] to 500 °C [232] depending on the pulsed
detonation frequency) due to periodic filling of cool gas mixture, i.e., a USS gun can be
made of conventional construction materials.

To get an insight on the parameters and composition of detonation products Figure 1
shows the results of thermodynamic calculations for HyO-diluted (40vol%) stoichiometric
oxygen mixtures of syngas with the H, /CO ratios of 1 (Figure 1a) and 2 (Figure 1b), as well
as CHy (Figure 1c), and C3Hg (Figure 1d). The curves show the equilibrium product gas
composition at different temperatures and atmospheric pressure (P-T problem). Closed
circles in the plots correspond to the temperature and composition of detonation products
in the Chapman-Jouguet (CJ]) point, while open circles correspond to the temperature and
composition of detonation products after their isentropic expansion to 1 bar. As seen, the
expanded detonation products of syngas have a temperature of 2300-2400 °C and contain
70-80% H,0O, 15-20% CO,, up to 7% CO, 1-2% Hj, and trace amounts of other species,
including O;. The expanded detonation products of CH4 and C3Hg have a temperature of
2500-2600 °C and contain 60-70% HyO, 15-20% CO,, 4-7% CO, 2-3% H,, 2-3% O, and
trace amounts of other species. Thus, based on the studies of Section 4.5 the syngas with
the Hy /CO ratios of 1 and 2 could be considered as fuel gas for obtaining a gasifying agent
for organic feedstocks with the H,O/CO; ratio of 4-5. As for CHy and C3Hg, these gases
could be considered as good starting fuels for gasifiers operating on the USS obtained
by gaseous detonations. The literature contains only few publications on the effect of
H,O on the properties of gaseous detonations. The latter deal mainly with H,—O; or
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Hy—air mixtures as well as with CO-0O, or CO-air mixtures and H, /CO blends and are

mostly related to the explosion safety of nuclear power plants rather than to the production
of USS.
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Figure 1. Equilibrium composition of detonation products for the steam-diluted (40%) stoichiometric fuel gas—O,—steam
mixtures. Closed circles correspond to temperature and composition at the CJ point; open circles correspond to temperature
and composition of detonation products isentropically expanded to 1 bar; (a) syngas (H, /CO = 1); (b) syngas (Hp/CO = 2);

(C) CH4,' and (d) C3Hg.

Reported in [233] were the measured detonation cell sizes in Hy—O, mixtures diluted
with He, CO,, HyO, and Ar in a tube 15 cm i.d., 7.5 m long at initial temperatures, pressures
and Hj concentrations of 20-120 °C, 0.2-1.6 bar, and 0-60vol%, respectively. In [234], the
effect of initial temperature of Hy—air-H,O mixture on the detonation cell size at 1 bar was
investigated experimentally. Tests were conducted in a heated detonation tube 10 cm in
diameter and 6.1 m long at initial temperatures 20-430 °C. The cell size decreased with
temperature and increased with H,O content. Addition of H,O significantly narrowed
the detonability limits of the mixture in terms of H; content [235]. Detonation of the
stoichiometric Hy—air-H,O mixture was possible at volume fraction of H,O below 40%.
In [236], tests on deflagration-to-detonation transition (DDT) were conducted with Hy—
air-H>O mixtures in a tube 28 cm in diameter and 6.4 m long with regular obstacles. The
DDT run-up distance was inversely proportional to the detonation cell size. The effects of
H,0 in fuel-lean and fuel-rich mixtures were different. Detonability of Hy—air-H,O/CO,
mixtures at different pressures and temperatures was studied experimentally in a heated
43-cm-diameter detonation tube [237]. A significant reduction in the ability of CO; and
H,O to inhibit a detonation as the temperature increased from 20 to 100 °C was revealed.
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For mixtures diluted with H,O or excess air, the detonation cell size was shown to decrease
only slightly with pressure between 1 and 3.3 bar. Theoretical analyses in [238] showed
that addition of CO to Hy—air mixtures could increase their detonability. For example, 10%
Hj—air mixture became detonable when 5% CO was added. Addition of H,O to Hy—CO-air
mixtures reduced their detonability. There were several papers reporting the results of
experiments on detonations of C3Hg-O; (e.g., [239]) and CH4—O7 (e.g., [239,240]) mixtures,
but no publications were found for the measured detonation properties of C3Hg-O,-H,O
and CH4-O,-H,O mixtures. Such studies were recently conducted in [231,241,242].

5.2. USS Detonation Guns

The invention [39] relates to methods and devices for producing USS for use in various
technological installations including those for processing and disposal of biomass, SSW,
MSW and other wastes using O,-free technologies. Figure 2 shows a schematic of the first
version of the USS detonation gun. The main element of the device is a pulse-detonation
tube (PDT) referred to as the pulsed USS gun. The inlet of the gun is connected with a
steam manifold equipped with a valve. The gun and steam manifold are placed in the
steam supply tank with a feed water level sensor and a temperature sensor. The device
also includes a spark ignition, oxidizer and fuel supply, and control systems. The gun and
the supply lines of the oxidizer and fuel are immersed in the feed water, and the steam
manifold with a valve located in the upper part of the supply tank, which is filled with
steam. Figure 3 shows a schematic of the second version of the device. In contrast to the
first version, the main element of the device is a continuous-detonation combustor referred
to as the continuous USS gun equipped with a forced cooling system. All other systems
are the same as in Figure 2. Note that the USS is issued from the gun at the velocity over
1 km/s and temperature above 2000 °C, as seen from the images of the exhaust plumes
in Figures 2 and 3. Moreover, the issuing USS possesses the density, which is a factor of
~2 higher than the initial density of the low-temperature saturated steam. The ignition
energy of pulsed and continuous detonations is negligible as compared to plasma torches.
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Figure 2. Pulsed detonation steam superheater (left) and its pulsed USS exhaust plume (right).
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Figure 3. Continuous detonation steam superheater (left) and its continuous USS exhaust plume (right).

The proposed devices operate as follows. The device of Figure 2 operates cyclically at
a frequency set by the control system. The operation cycle begins with filling the gun with
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a detonable mixture diluted by steam. The oxidant and fuel are fed into the gun through
the corresponding supply lines. Steam is fed into the gun through a steam manifold with
a valve from the upper part of the steam supply tank. The control system can provide
several modes of device operation. In mode I, the oxidizer, fuel, and steam are fed into the
gun simultaneously until it is completely or partly filled. In mode II, only steam is initially
supplied to the gun, and then, in addition to steam, oxidizer and fuel are simultaneously
supplied until the gun is filled with steam, and partly filled with the detonable mixture. In
mode III, only steam is first supplied to the gun, and then the supply of steam is stopped
and at the same time only the oxidizer and fuel begin to be supplied, and the filling of the
gun continues until it is filled with such a stratified mixture in whole or in part. Upon
reaching a given degree of gun fill, the supply of oxidizer and fuel stops. The filling of the
gun with a combustible mixture ends when, at the command of the control system, the
detonation process is initiated in the gun using the ignition system. The detonation process
is carried out in accordance with the principle set forth in [229]. When the operation mode I
is implemented, the USS is obtained because of its compression in a DW traveling through
the fuel-oxidizer—steam mixture. When the operation modes II and III are realized, the
USS is mainly obtained because of steam compression in a strong traveling SW. In all
considered operation modes of the device, the resulting mixture of USS with an admixture
of detonation products, e.g., CO,, is sent to a gasifier through the gun outlet section until
the control system gives a signal to start the next operation cycle with filling the gun by a
fresh portion of the WF.

In the device of Figure 3 the continuous-detonation operation process is supported in
accordance with the principle set forth in [230]. Here, the USS is obtained because of its
compression in a DW continuously rotating in the USS gun, filled with the fuel-oxidizer—
steam mixture. Detonation of the fuel-oxidizer mixture produces an additional amount
of USS, if fuel contains hydrogen. The resulting mixture of USS with an admixture of
detonation products, e.g., CO;, is continuously injected in a gasifier through the gun outlet.

Figure 4 shows the 3D model and photographs of the pulsed USS detonation gun. For
its operation, C3Hg and CHy4 were used as starting fuels, and O, as oxidizer [231,241,242].

Vigag

aturated steam
S

S:

* Oxygen

e B e—

‘ s Al

Figure 4. 3D model and photograph of the 50-mm i.d. USS gun (left) and USS gun at test firing (right).

The gun was a round tube 2.7 m long and 50 mm in diameter with one closed and
one open end. The closed end was equipped with the ports for fuel gas and O, supply.
Downstream the ports, two standard spark plugs with the ignition energy of 100 mJ were
mounted. A Shchelkin spiral made of steel wire with a diameter of 6 mm, pitch of 50 mm,
and length of 1.5 m was inserted into the gun to ensure reliable detonation initiation [43].
The gun was equipped with water cooling jacket. An electrically heated water boiler of
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adjustable capacity was a source of low-temperature steam for the USS gun. The boiler
delivered steam with a temperature of 102 °C to the gun through a thermally insulated line
under a small overpressure of ~8 kPa downstream the spark plugs. The gas feed system
was set up to ensure complete fill of the gun with the mixture. In these conditions, DDT
occurred at a short run-up distance from the ignition source in a wide range of compositions.
The fuel-to-oxygen ER was varied from 0.14 to 1.77 in C3Hg—O,-H;O mixtures and from
0.3 to 1.84 in CH4—0O,-H,0 mixtures. The volume fraction of H,O in the mixtures, X, was
varied from 0 to 0.7. A set of eight ionization probes (IPs) was used to measure the velocities
of reaction fronts including DWs [243]. The velocity of reaction front was determined as
the quotient of dividing the distance between the IPs by the time required for the reaction
front to pass this distance.

Figure 5 shows the dependences of temperature and composition of isentropically
expanded detonation products on steam volume fraction X in the stoichiometric C3Hg—O,—
H,O (Figure 5a) and CH4-O,-H,O (Figure 5b) mixtures [242]. The shaded areas show the
conditions in which DWs were registered experimentally. The temperature of expanded
detonation products is seen to exceed 2000 and 2200 °C, respectively. The detonation
products contain mainly USS (80 and 75vol%) and CO, (18 and 15vol%), respectively. These
findings correspond well with Figure 1c,d. In general, results of [231,241,242] showed
that cyclic detonations of ternary C3Hg—O,-H,0O and CH4-O,-H;O mixtures allowed
producing USS with temperatures above 2000 °C at 1 bar. The maximum steam dilution
in the mixtures could be as large as 60% for C3Hg—-O,-H,O and 40% for CH4—O,-H,O
mixtures. The maximum content of USS in the expanded detonation products could attain
80vol% for C3Hg—O,-H,O and 75vol% for CH4—O,-H,O mixtures with the rest represented
mostly by CO,. It could be expected that a USS gun with a larger diameter of detonation
tube would exhibit wider detonability limits in terms of the highest possible steam dilution
of the initial mixture. This goes from the known dependence of detonability limits on
tube diameter: the larger the diameter, the wider the concentration limits. Therefore, the
amount of steam in USS guns with larger tubes could be larger. The measured temperature
of gun walls in the tests with low operation frequency (below 1 Hz) was below 130 °C due
to periodic filling of the USS gun with the cold gas mixture. The operation frequency was
readily increased to 5-6 Hz by increasing the flow rates of mixture components.

Processing of organic wastes by such USS is accompanied by their pyrolysis, thermal
destruction, and complete gasification. As a result, a high-quality syngas is generated,
which can then be partly (estimated as 20% of total syngas yield) used as a fuel gas for the
USS gun and for heat/electricity production and/or other downstream applications.

5.3. Gasification Plant 1

The objectives of invention [41] were to create a method and device for steam gasifica-
tion of CCMs using high-speed USS jets obtained by shock or detonation compression of
steam in a cyclic operation process with a pulsed USS detonation gun. Figure 6 shows a
schematic of the USS gasifier. The main units of the device are a vortex reactor equipped
with a pulsed USS gun and a CCM feeder. The USS gun is installed in the lower part of the
vortex reactor and is oriented tangentially, as shown in the cross-section A-A. Inside the
vortex reactor, lower and upper screens are provided for bordering the gasification region
of CCM particles. The CCM feeder for supplying feedstock particles is made in the form of
a metering device that provides the supply of feedstock particles to the USS gun upstream
the inlet port of the vortex reactor. The proposed device operates as follows.

The two-phase USS-CCM mixture is supplied to the vortex reactor cyclically with the
frequency of USS gun operation, whereas production of syngas in the vortex reactor occurs
in a continuous mode.
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Figure 5. Parameters of detonation products of stoichiometric mixtures C3Hg-O,-H,O and CH4-O,-H,0 depending on
H,O volume fraction (X) after isentropic expansion to atmosphere: (a,b) temperature, (c,d) composition. Conditions in

which detonation is registered experimentally are indicated by shaded areas.
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Figure 6. Waste gasification plant: (a) schematic, (b) operation principle.

The operation of the device includes three stages. Stage I is the start-up stage, at which
the USS gun operates on the starting fuel. Stage II is the stage of reaching the operation
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mode, in which the USS gun gradually switches from the starting fuel to syngas produced
in a vortex reactor. Finally, stage III is the working stage, in which the USS gun operates on
a part of syngas produced in a vortex reactor, while the remaining part of syngas goes to
the downstream equipment.

Feedstock particles are fed from the CCM feeder into a high-speed USS jet. In the
USS jet, aerodynamic fragmentation of particle agglomerates and initial thermochemical
transformation of a two-phase mixture occur. The two-phase mixture is directed tangen-
tially into a vortex reactor, where, under conditions of a strongly swirling flow, feedstock
particles are gasified to produce syngas. The resulting syngas is removed from the gasi-
fication zone to feed the USS gun and to go to downstream equipment. The bottom ash
formed during feedstock gasification is fed to the bottom ash removal system. To ensure
oxygen-free operation, the reactor operates at a slightly elevated pressure with the lowest
overpressure on the level of 0.1-0.2 bar. Preliminary CFD calculations showed that the
USS temperature in the central parts of the reactor exceeds 2000 °C, whereas the peripheral
(near-wall) temperatures depend on the thermal boundary conditions and can attain the
level of cooling water temperature. Nevertheless, due to the complex structure of the
vortical high-speed flow in the reactor, resembling the flow structure in a reciprocating
piston engine, the RT of feedstock particles in the high-temperature zone is sufficient for
complete conversion.

Invention [41] is implemented in the lab-scale setup shown in Figure 7. It is based on
the pulsed USS detonation gun of Figure 4 and uses natural gas (96% CHy,) as a starting
fuel and O, as oxidizer. The vortex reactor is made of a standard 40-L gas cylinder. The
feedstocks used are the coffee residue, WS, lignin, and water—coal emulsion (WCE). The
WCE contained 60wt% bituminous coal and 40wt% water. The average size of coal particles
in a WCE was 10-15 um. The WCE was fed to the USS gun as a spray produced by a
centrifugal injector with a mean droplet size of about 0.5 mm. The mass flow rate of
feedstock in the setup attained 11 kg/h. The maximum wall temperature of the vortex
reactor was 700 °C. The overpressure in the reactor was 0.2-0.5 bar. The S/F ratios were
0-3. The preliminary tests indicated that steam gasification of the feedstocks using the
pulsed USS gun was comparable with plasma gasification in terms of syngas composition
and conversion efficiency. Syngas composition depended on the feedstock. Thus, syngas
produced by WS gasification tended to contain H, and CO up to 40-45vol% daf in pro-
portion about 1:1 with small amounts of CO, and CHy. The other important finding was
that feedstock particles entering the USS gun were subject to extremely high dynamic and
thermal stresses, which facilitated chemical transformations even before they entered the
vortex reactor. Thus, upon feeding the WCE into the gun, coal particles radiated intensely
at the gun exit despite the emulsion contained 40wt% H,O. A preliminary gas analysis of
the WCE gasification products showed that they mainly contained H; and CO in a ratio
close to 2:1. The degree of coal conversion depended on the USS gun operation frequency
and reached 90% at a frequency of 5 Hz.

ok : I AV ‘ =
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Figure 7. Laboratory scale gasification reactor: (a) schematic, (b) photograph.
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5.4. Gasification Plant 2

Invention [42] relates to method and device for neutralizing fly ash generated during
incineration of MSW. Chemical compounds (dioxins, furans, etc.) as well as vapors of
heavy metals (mainly Pb, Cd, Zn, Cu, Cr) formed during MSW incineration condense on
fly ash particles in the economizer part of boilers with decreasing flue gas temperature.
According to [244], fly ash particles concentrate up to 78% Cd, 43% Pb, and 38% Zn entering
a furnace with MSW. The development of methods and devices reducing the toxicity of fly
ash is an important task. One of the most effective ways to reduce the toxicity of fly ash in
MSW incinerators is its neutralization by treatment with USS, which provides gasification
and thermal destruction of toxic chemicals in the absence of O,, as well as the conversion
of heavy metals into nonhazardous oxides and salts.

Figure 8 shows a schematic of the device [42]. The device includes a vortex reactor, a
pulsed USS detonation gun split into two branch tubes, a feeder of toxic fly ash, an outlet for
removing neutralized fly ash, and reactor cooling and control systems. The device operates
as follows. Toxic fly ash in the form of small smoke particles is first separated from flue gases
using cyclones and then supplied continuously or cyclically by the ash feeder to the branch
tubes. The pulsed USS gun periodically generates supersonic jets of USS supplied through
the branch tubes into the vortex reactor. The mass flow rate of toxic fly ash provided by the
feeder and the frequency of issuing USS jets must be such as to ensure the injection of the
supplied toxic fly ash into the reactor during the time between two successive detonation
shots. Toxic fly ash under the action of USS jets enters the vortex reactor and is drawn into
the vortex motion formed in the reactor due to the interaction of counter USS jets coming
from two opposite branch tubes. The vortex motion in the reactor ensures the formation
of stable high-temperature zones in the central region far from the reactor walls, while
the wall temperature remains low, but above the steam condensation temperature, which
is provided by the reactor cooling system. The stability of the high-temperature zones is
maintained by the periodic injection of USS supersonic jets.

Fly ash

Two-phase jet

Outlet

/ ( ~ - ,
[ ( ) Vortex zone
\\ 4 N
Vortex reactor

S Two-phase jet
uss [j} Fly ash
Feeder

Figure 8. Schematic of fly ash detoxification reactor.

Particles of toxic fly ash, involved in the vortex movement, circulate in the reactor,
periodically entering the high-temperature zones, where they are rendered harmless under
the action of USS in the absence of O,. Complex organic compounds adsorbed in fly ash,
including dioxins, furans, etc. are thermally decomposed, gasified, and converted into the
syngas containing simplest acids HCI, H;S, etc., while inorganic compounds are converted
into the simplest oxides and salts. Periodic intense SWs accompanying the injection of USS
supersonic jets prevent the agglomeration of fly ash particles. The cycle continues until
a preset pressure rise in the reactor, e.g., by 30%. Thereafter a mixture of steam with the
gasification products of the fly ash and detoxified fly ash itself are taken from the reactor
for subsequent condensation of steam to obtain condensed products (acids, oxides and
salts) and further disposal of neutralized fly ash.
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3D CFD calculations demonstrating the method and device were performed in [42].
The calculation considered a spherical flow-type reactor with a volume of 110 L with two
sections for supplying pulsed counter jets of USS (with a temperature above 2000 °C) [245].
Toxic fly ash was modeled by a set of spherical particles of constant diameter (0.1 or 1 mm),
initially located in the region near the outlet of each of two branch tubes of the USS gun.
The frequency of pulsed USS jets was set at 5 Hz. The following variables depending on
time (f) were specified at the reactor inlets: the mass flow rate mg iy (f) and temperature
Tg,in(t) of the detonation products of the stoichiometric ternary mixture 60% Hy + 30%
O3 +10% HyO, and also the mass flow rate 1, in () of particles. The dependences g i (f)
and T in(f) were obtained by a preliminary 3D calculation for a PDT of length L =2 m
attached to the reactor. The detonation velocity of such a mixture was D ~ 2800 m/s.
Calculations indicated that, once the DWs entered the reactor, most of the particles (97%)
were surrounded by USS at 1700-2100 K. In 0.6 ms after the detonation shot, about 93%
of particles were in contact with the USS flow at 1900-3500 K, and in ~100 ms after the
shot, nearly all particles were in the USS flow with temperatures 1900-2300 K. Immediately
before the next shot, only 3% of the particles were contacted by the USS at 1400-1500 K.
The maximum calculated RT of particles in the reactor was 10-15 s, and their median mean
RT was about 2 s. Estimates showed that more than 80% of the particles were contacted by
USS with a temperature above 2000 K for at least 1 s. Under these conditions, the particles
could be completely gasified. For example, the evaporation times of droplets of rapeseed
and sunflower oil methyl ester (C1gH3,07) with diameters of d,, = 0.1 and 1 mm even at
1000 K were less than 10 ms and 1 s, respectively [246]. It is easy to show using the
data [247], that at temperatures above 2000 K the rates of gas-phase oxidation of organic
substances and soot by H,O and CO, are extremely high; therefore, the rate of the overall
gasification reaction is limited by the rate of particle thermal destruction or evaporation.
Finally, Figure 9 shows the USS gasification plant designed based on the concept of [42]
and CFD studies of [245]. The plant is designed for the mass flow rate of MSW /biomass
up to 100 kg/h.

Figure 9. (a) Gasification plant based on pulsed USS gun and (b) thermal radiation of the uncooled USS gun during operation.

6. Conclusions

A selective literature review on atmospheric-pressure, combustion-free, allothermal,
noncatalytic, direct HyO/CO, gasification of organic feedstocks like biomass, SSW, MSW,
etc. is presented, which demonstrates the pros and cons of the various approaches and
provides future perspectives. In the review, three groups of gasification technologies are
considered, namely low-temperature (500-1000 °C), high-temperature (above 1200 °C),
and promising high-temperature detonation technology. The most important findings are
given below:
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The existing low-temperature gasification technologies are mainly based on kinetically
controlled feedstock conversion when gasification chemistry is slower than transport
processes. Therefore, the low-temperature gasification technologies are character-
ized by relatively low-quality syngas, low gasification efficiencies, difficult in-situ
gas quality control, and low yields of syngas.

The existing high-temperature plasma and solar gasification technologies provide
high-quality syngas, gasification efficiencies up to 100%, easy in-situ gas quality
control, and high yields of syngas. However, despite these advantages, they have
certain drawbacks which limit their widespread applications. Firstly, industrial scale
arc and MW plasma technologies require enormous electric power, and the efficiency
of plasma guns is at most 70-80%, whereas solar gasification depends on time of day
and weather conditions. Secondly, in view that most of feedstock in plasma guns
is gasified at relatively low temperatures (1300-2000 °C), the gas—plasma transition
appears an unnecessary energy-consuming stage. Thirdly, in addition to water-
cooling systems they require special construction materials and refractory liners for
gasifier walls.

As a more efficient alternative to high-temperature plasma guns, a novel environ-
mentally friendly USS detonation gun technology for gasification of organic wastes
is proposed and demonstrated. Such a technology has several attractive features.
Firstly, in a USS gun, high gasification temperatures (above 2000 °C) are attained by
detonating a part of produced syngas (about 20%), while the energy consumption for
detonation ignition is negligible. Secondly, the corresponding gasification plant can
be made from conventional structural materials. Thirdly, such a plant can be readily
scaled-up from small to large scale by applying multiple USS guns of the same power
or guns of high power, keeping in mind that detonation phenomenon can be readily
scaled up. Moreover, such a plant can be implemented as a mobile version, e.g., in
the form of a trailer to a car or onboard ship. Nevertheless, for further progress in this
direction there is a need in a thorough economic analysis of organic waste H,O/CO,
gasification using the USS detonation gun technology.
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Abbreviations

0D zero-dimensional

1D one-dimensional

2D two-dimensional

3D three-dimensional

BFB bubbling fluidized bed

HPR biomass heatpipe reformer
CBP carbon boundary point

CCE carbon conversion efficiency
CCM carbon containing materials
CEC chlorinated fluorocarbon
CFD computational fluid dynamics
CJ Chapman-Jouguet

CGE cold gas efficiency

CGM coarse grain model

CHP combined heat and power

CO,/C  COj;-to-carbon ratio
CO,/F CO,-to-feedstock ratio
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daf dry ash free

db dry basis

DC direct current

DDT deflagration-to-detonation transition
DEM discrete element method

dnf dry and nitrogen free basis

DW detonation wave

ER equivalence ratio

FICFB fast internally circulating fluidized bed
FT Fischer-Tropsch

GHG greenhouse gas
GC-MS  gas chromatography-mass spectrometry

GM grain model
HFSS High-Flux Solar Simulator
HGE hot gas efficiency

HHV Higher heating value
HSW hospital solid waste

HW hazardous wastes

IP ionization probe

KW kitchen waste

LES Large Eddy Simulation
LHV lower heating value

L/W lignite-to-wood ratio

mb molar basis

MP-PIC  multiphase particle-in-cell
MSW municipal solid waste

ODS ozone depleting substances
OP olives pomace

0/Ss oxygen-to-steam ratio

NPE net process efficiency

PA paper labels

PL plastic labels

PAH polyaromatic hydrocarbons
PCB polychlorobenzyl

PCDD polychlorinated dibenzo-p-dioxins
PCDF polychlorinated dibenzofurans

PDT pulse-detonation tube

PE polyethylene

PET polyethylene terephthalate
PEX crosslinked polyethylene
PM paper mixture

PP polypropylene

PS polystyrene

PSI Paul Scherrer Institute
pPvVC polyvinyl chloride

p-vs-g pyrolysis vs gasification
RDF refuse derived fuel
R-KEOS Redlich-Kwong equation of state
RME rapeseed oil methyl ester

RMS root-mean-square
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ROP raw oil palm
RPM random pore model
RPF refuse paper and plastic fuel
RT residence time
RTD residence time distribution
S/C steam-to-carbon ratio
S/F steam-to-feedstock ratio
SNG substitute natural gas
SRF solid recovered fuel
SSW sewage sludge wastes
DSSW digested sewage sludge wastes
SSSW secondary sewage sludge wastes
STP Standard pressure and temperature
TOP and torrefied oil palm
TR tire rubber
USsS ultra-superheated steam
vb Volume basis
VM volumetric model
VOCs volatile organic compounds
wb wet basis
WBC woody biomass chips
WCE water-coal emulsion
WF working fluid
WS wood sawdust
WW waste wood
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