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Abstract This review focuses on the fundamentals, recent technology develop-
ment, environmental and economic analyses, and commercialization of power
generation by gasification of municipal solid wastes (MSW) and biomass wastes for
distributed power application. Design and operational factors affecting the perfor-
mance and emission characteristics of power generation systems using syngas are
reviewed. The performance characteristics include maximum power output, engine
efficiency, and specific fuel consumption of various technologies. Emissions
characteristics include levels of carbon dioxide (CO,), carbon monoxide (CO),
nitrogen oxides (NOy), unburned hydrocarbon (HC), sulfur dioxide (SO,), and
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/PCDF). Large-scale
system (>1 MW) is typically selected for power generation via MSW gasification,
which is generally accomplished using plasma-based gasification followed by the
use of internal combustion (IC) engines or gas turbines to achieve high efficiency.
Plasma is preferred for treating MSW due to its unique capability to ionize mate-
rials, minimize tars, and improve syngas quality. Besides, co-gasification of MSW
and biomass is also an alternative for power generation. Finally, techno-economic
and life cycle analyses of power generation from plasma gasification system are
summarized.
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1 Introduction

With an increase in price of natural gas, gasification can take essential role in power
production since clean energy from gasification can be harvested at a low cost and
gasification is capable of using diverse types of feedstock such as biomass and
MSW. Gasification allows the organic feedstocks to be in a limited oxygen envi-
ronment inside the gasifier reactor in order to produce synthetic gas or syngas,
which is a mixture of combustible gases such as carbon monoxide (CO), hydrogen
(H»), and methane (CH,). Feedstocks such as biomass, agricultural residues, coal,
and municipal solid waste (MSW) are commonly used [1]. As an illustration, recent
natural gas price for industrial customers in China has reached to around 10-15
USD/MMBtu and is predicted to steadily increase in the coming years, while
syngas production cost is approximately 5-6 USD/MMBtu [1, 2]. The increase in
price of natural gas price is mostly contributed by the use of liquefied natural gas
(LNG) in the natural gas pipeline networks that requires further processing for
liquefaction and transportation at the receiving terminal that eventually increases
the final cost, commonly known as landed price. The gasification process, through
the use of local resources, such as biomass, coal, and MSW, can directly eradicate
the necessity of pipeline network for delivering it to the end-customers.

The syngas can directly be utilized in an internal combustion engine and gas
turbine to produce heat and electricity. Syngas energy content, when air is used as
the gasifying medium, is approximately one-third compared to natural gas. Syngas
energy content typically ranges from 4 to 15 MJ/Nm®, while natural gas energy
content ranges from 35 to 40 MJ/Nm® [3]. Although the energy content of syngas is
considerably lower than that of natural gas, syngas provides several compensations.
Syngas can be easily stored, transferred, and injected into natural gas pipeline
network; syngas can be also further converted into several valuable chemicals, such
as methanol, alkanes [4]. Moreover, syngas-operated engine provides an excellent
performance for the power generation with minimum modification. The current
development of the internal combustion engine has an output power range up to
6,500 kW and potentially brings a high return of the investment due to an increased
efficiency, longer interval maintenance, lower noise level, and robust emission
performance [5].

This chapter reviews power generation for distributed power application via
biomass and MSW gasification and feeding 100% syngas into IC engine including
gas turbines. Advantages and constraints such as system efficiency, modification
requirement, and emission performances are discussed in detail. An economic
assessment of power generation from MSW gasification is also presented.
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2 Gasification Designs

To produce a high-quality and stable syngas that delivers high-power generation
performance, selecting appropriate gasifier depending on requirements of feedstock
and downstream equipment is critical. Each of the gasifiers has its unique operational
characteristics including its advantages and disadvantages, (summarized in Table 1).

2.1 Fixed-Bed Gasifier

Fixed-bed gasifier can either be a downdraft or updraft. In downdraft gasifier, the
biomass and syngas both move downward. The biomass is fed from the top, drops
downward and reacts with the air or other gasifying agent, which is injected from
another side of the reactor. Then, both producer gas (syngas) and solid products
(ash and char) are formed and move down to the base of the reactor. In updraft
gasifier, biomass is fed from the top and moves downward, but the gasifying agent
is fed from the bottom of the reactor and moves upward to form syngas, which exits
near the gasifier top (Table 1).

2.2 Fluidized Bed Gasifier

Fluidized bed reactors (FBGs) have been used for years in the gasification process
because of their flexibility in accepting wide particle size, but their performance is
limited due to low carbon conversion [6]. The gasification medium is fed in con-
tinuously from the bottom, while the feedstock is fed close to the bottom (reactor
bed). The main advantage of FBGs is uniform distribution and mixing of feedstock
with sand bed and gasifying agent, thereby reducing heat and mass transfer limi-
tations. Generally, there are two main types of FBRs: the bubbling fluidized bed
reactor (BFBG) and the circulating fluidized bed reactor (CFBG). Technically,
CFBG is more preferred as it can handle large feed throughputs since it can recycle
large amounts of solids [7], prevent the buildup of ash due to high operating
temperature range (800-1000 °C), avoid the oxygen trap in the bubble, and,
therefore, maintain high efficiency [8].

2.3 Entrained Flow Gasifier

The entrained flow gasifiers (EFGs) operate based on the co-current feed of the fine
materials (typically less than 75 pm) and the gasification medium in the pressurized
and turbulent-flow environment [9, 10]. Normally operated at temperatures of
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Table 2 Proximate and ultimate analyses of MSW and biomass

Feedstock type MSW-1 | MSW-2 | MSW-3 | Switchgrass | Wood Red
(References) [25] [25] [70] [26] chips [71] | cedar
[72]
Proximate (wt%, dry basis)
Moisture content 51.7 44.0 20 7.69 7.50 10.39
(wet basis)
Volatile matter 44.2 46.9 75.95 |78.60 82.20 78.31
Fixed carbon - - 10.23 | 17.47 17.60 20.42
Ash 4.1 9.1 13.81 | 3.93 0.20 1.27
Ultimate (wt%, dry basis)
Carbon, C 21.2 24.7 48.23 |49.63 52.13 54.44
Hydrogen, H 3.0 33 6.37 | 5.72 6.36 5.80
Oxygen, O 23.1 18.3 28.48 |40.37 41.23 38.28
Nitrogen, N 0.3 0.33 1.22 | 0.30 0.07 0.20
Sulfur, S 0.03 0.03 0.76 | 0.05 0.01 0.01
Lower heating 6.80 9.10 16.30 | 16.49 20.17 18.44
value (MJ/kg)
Higher heating 7.14% 9.55% 20.20 |17.73 21.24 19.69
value MJ/Kg)
Bulk density 1,051 91 660 122
(kg/m®)

*Note: calculated using 1.05 * LHV

1,200-1,600 °C and at pressures of 2-8 MPa [7, 11], the gasifier has short resi-
dence time and high carbon conversion (98-99.5%); therefore, it can produce
tar-free syngas [9]. Due to their advantages, EFGs are the most commonly used for
commercial gasification of coal [11]. The disadvantage of this gasifier is mostly
related to the high operating temperature. Such high temperatures reduce burner and
refractory life and require the use of expensive materials of construction as well as
the use of high-temperature heat exchangers to cool the syngas [11].

2.4 Plasma Gasifier

Plasma gasifier is a relatively new method of gasification especially for using
municipal solid waste (MSW). The plasma gasification was firstly introduced by
Dr. Camacho in 1973 [12]. “Plasma” is defined as any gas with part of the atoms or
molecules partly or fully ionized. Plasma is formed by running an electric current
through a gas resulting in high temperature that breaks organic molecule, thus
generating syngas. At the same time, melting of inorganic components (glass,
metal, silicate, and heavy metals) gives rise to a slag that vitrifies on cooling.
Plasma gasification typically operates at temperatures of over 5,000 °C [13]. Due to
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unique characteristics and high complexity of MSW (properties compared in
Table 2), plasma gasifier offers significant advantages including tar-free syngas,
flexibility in accepting feedstocks including hazardous wastes, and high carbon
conversion. Plasma gasifier can reduce up to 90% (volume basis) of the feedstock
materials, making it a robust technology to reduce landfill area for disposing MSW
[14]. However, drawbacks of this system mostly relate to its high capital cost,
ranging from 5,000 to 13,000 USD/kW [14, 15], high process temperature com-
pared to the conventional non-plasma gasifiers. Since it is a relatively new method
for treating MSW, the technology is not well developed [14].

3 Syngas Properties

Performance of power generation through gasification is heavily dependent on
syngas properties including gas composition, heating value, particulates, and tar
contents.

3.1 Gas Composition

Gas composition affects the flame speed, ignition, knock characteristics, spark
timing, and air-to-fuel ratio that are required to have an optimal engine performance
[16]. Primary combustible portion of syngas includes carbon monoxide (CO),
methane (CH,), hydrogen (H,), and small fraction of other hydrocarbons such as
acetylene (C,H,), ethylene (C,H,), and ethane (C,Hg). Non-combustible gases such
as carbon dioxide (CO,) and nitrogen (N,) are also generally found in the syngas
generated from biomass and MSW. Gaseous heavier hydrocarbon in the syngas can
directly increase syngas energy content because heavier hydrocarbons, such as
ethylene and ethane, have high energy content [17]. However, the process of
producing heavier hydrocarbon of the syngas is impractical due to complex oper-
ating parameters in the gasification such as feedstock types, moisture content,
reactor temperatures and pressure, gasification medium, residence time, and pres-
ence of bed catalyst [18]. Furthermore, high hydrogen content can increase effi-
ciency of power production because hydrogen could improve cylinder pressure
inside the combustion chamber, leading to an increase in thermodynamic efficiency
of the internal combustion (IC) engine [19, 20]. High hydrogen content can also
improve combustion temperature and flame speed inside the cylinder [21]. In
addition, hydrogen potentially inhibits combustion knock during engine operation
[22]. Syngas with high hydrogen content has also shown to reduce emissions of
nitrogen oxides (NO,), hydrocarbon (HC), and carbon monoxide (CO) [19]. Both
N, and CO,, normally available in syngas do not contribute to syngas energy
content, but the presence of these gases, especially CO,, might reduce the knocking
tendency of the engine [23].
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3.1.1 Effect of Feedstock Properties

In order to increase energy content of syngas, feedstock selection is crucial.
Regardless of the feedstock type, homogeneous carbon-based material is highly
preferred to generate CO and H,. In contrary, the non-combustible components
such as ash and metal do not contribute to the syngas generation. MSW/biomass
converts into syngas with an efficiency of 80-95% [7, 24]. However, gasifying
MSW is more challenging than biomass due to its diverse composition that includes
plastic and metal. Typically, organics content such as paper and food waste are
abundant (63-71%) in MSW (composition of MSW in the world and USA as
shown in Fig. 1). Plastics are found in the range of 10-13%.

As commonly known, the higher the heating value of syngas is, the better the
combustion, flame quality, and performance of the power generation will be. Due to
high ash content of MSW, the syngas generated from MSW is low in energy
content. With air as a gasification medium, syngas energy content (LHV) ranged
from 4.0 to 7.0 MJ/Nm?® [24, 25]. The energy content can increase up to 10 MJ/
Nm?® if oxygen is used as a gasification medium [24]. In comparison, biomass
gasification typically generates syngas with energy content of 4—6 MJ/Nm® and 10—
15 MJ/Nm® when air and oxygen is used, respectively [7]. To further increase
syngas energy content, steam can be used as a gasification medium as steam does
not dilute the syngas with nitrogen as air does [26] and steam promotes the reaction
producing hydrogen, such as water—gas and water—gas shift reactions [8].

Composition of MSW varies widely depending on collection method, but in
general MSW contains plastics and has relatively high ash content. Most plastics
are considered suitable feedstock for gasification, because these are carbonaceous
materials and are converted into syngas. With 100% polypropylene as feedstock
resulted in syngas with the heating value (LHV) of 6-9 MJ/Nm® and tar content of
2 g/Nm® [27]. However, results might be different if other plastic components are

(a) (b)

Metal

4%
Glass Organic :
5% 46% it
Plastic

10%

Rubber, leather /
Paper & textiles 9%

1%

Fig. 1 Typical composition of MSW in the world (2009) [55] and in the USA (2013) [69]
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used including polyethylene terephthalate (PET), high-density polyethylene
(HDPE), polyvinyl chloride (PVC), low-density polyethylene (LDPE),
polypropylene, polystyrene, polyethylene (PE), acrylonitrile butadiene styrene
(ABS), polyamide (PA) or nylons, and polybutylene terephthalate (PBT) [28].
Chlorinated plastics, such as PVC, can result in dioxin if reaction environment is
favorable. However, gasification typically generates syngas free from dioxin
(PCDD) and furan (PCDF) [29, 30].

3.1.2 Effect of Gasification Medium/Oxidizing Agent

The gasification medium heavily effects composition and energy content of the
syngas. Air is commonly used as gasification medium to reduce cost, but nitrogen,
present in the air, dilutes the syngas and lowers the syngas heating value. Steam or
oxygen gasification generates syngas with higher energy content, but adds to capital
and operating costs. Steam also promotes hydrogen producing reactions including
water—gas and water—gas shift reactions [8]. An oxygen/steam gasification produces
syngas with hydrocarbon components (e.g., ethylene and ethane) only in the order
of less than 5% [31], while steam gasification can produce heavier hydrocarbons up
to 7% [32], leading to an increase in syngas energy content. Heavier hydrocarbons
of the syngas could potentially increase greenhouse gas (GHG) emissions because
of incomplete combustion [33]. Typically, syngas energy (LHV) of 4-6 MJ/Nm®,
10-12 MJ/Nm?, and 15.69 MJ/Nm> was reported using air, oxygen, and steam,
respectively, as gasifying medium [32, 34, 35]. If the oxygen is used to partially
oxidize the feedstock to provide heat required for endothermic reactions, the pro-
cess is typically termed as directly heated, while indirectly heated gasification needs
external energy sources [35].

3.2 Tar Content and Removal Mechanism

Another property of syngas that is severely important to control for power pro-
duction is its tar content. Tar is defined as the organics produced under thermal or
partial oxidation (gasification) of any organic material and assumed to be largely
aromatic [36]. Based on chemical solubility and condensability of different tar
compounds, tars are classified into five: tar class I (GC undetectable), tar class II
(heterocyclic), tar class III (light aromatic: 1 ring), tar class IV (light polycyclic
aromatic hydrocarbons (PAH) compounds), and tar class V (heavy PAH com-
pounds) [37]. Tars lead to an increase in corrosion, agglomerations, and fouling in
the engine and pipes, as well as considered a health hazard [23]. Tars also are
detrimental to catalysts used for syngas conversion and application in fuel cell [4].
For power generation, syngas tar content should not exceed 100 mg/m> to ensure
reliable operation and life of an engine [36].
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Tar removal techniques are generally categorized into (a) primary removal
techniques and (b) secondary removal techniques. Primary removal techniques refer
to techniques that are employed inside the gasifier without the need of a secondary
reactor. These include selection of gasifier design, optimization of gasification
operating conditions, and addition of catalysts in the gasifier bed (called in-bed
catalysts) [37]. Secondary tar removal techniques use a separate reactor to destruct
and reform tars. Secondary tar cleaning techniques are divided further into dry, wet,
catalytic, and thermal/hot gas cleaning system [37]. As tar removal is critical for
commercialization of gasification-based technologies, environmental friendly but
effective and robust techniques, such as biomass filter [38] and low-density energy
of plasma cracking [39], are also being explored. For power production, recipro-
cating IC engines are relatively more tolerant of contaminants than gas turbines [35,
40]. The recommended limit of syngas tar content for reciprocating IC engine
ranges from 10 to 100 mg/m? [36, 40]. Robust gas filter and syngas cleaning system
are essential before syngas can be injected into IC engines.

4 IC Engine

IC engine is economical for power generation applications as compared to the
newer technologies (e.g., microturbines, fuel cells) due to the technology maturity,
proven performance, rapid start-up and shutdown, relatively high efficiencies, and
low costs [5]. Current generation efficiencies range from 30 to 37% (HHV), and
current installed costs range from about $1,000/kW to about $700/kW for gener-
ation capacities between 100 and 5,000 kW [5]. With maintenance cost of 0.01—
0.02 USD/kWh, this technology is highly preferred especially for distributed power
generation application.

Theoretically, three operating parameters that affect the engine power are engine
design, operating conditions, and fuel consumption. The mathematical equation
describing that condition can be expressed as below [41]:

P.=n-i-Vrpy,-1n,-C-Fe-Fg-Hye - ne (1)

where P. = the power output of the engine, kW; n = the number of engine revo-
lutions per second, rev/s; i = the index that depends on the engine type (1 for
2-stroke engine and Y2 for 4-stroke engine); Vr = the engine displacement, m>;
pia = the referenced air density, kg/m” for intake manifold pressure and tempera-
ture; 1, = the engine volumetric efficiency; C = the volume correction factor,
indicative of the volume occupied by the gaseous or vaporized fuel; F,. = the
equivalence ratio in the engine admitted mixture; F, = the stoichiometric
air-to-fuel ratio of engine intake mixture, kg of fuel per kg of air; H,. = the energy
content of the fuel, kJ/kg; and 1. = the effective efficiency. Thus, the parameters
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affecting the engine are: (1) engine design, K4 =1 - V1 - 1, - 1n¢; (2) operating
condition, K, = n - p;, - Fe; and (3) fuel composition, EFQ = C - Fg, - Hye.

Typically, the IC engine can be classified into natural gas engine, gasoline
engine, compressed ignition (diesel) engine, and gas turbine. These engines are
technically proven to run on syngas generated from gasification of biomass and
MSW as described below.

4.1 Natural Gas Engine

Natural gas engine is one of the spark ignition (SI) engines. The three advantages of
using natural gas engine, compared to gasoline and diesel engines, are that it
produces lesser emissions (sulfur, nitrogen, and carbon dioxide), are less expensive,
and are considerably more efficient. In addition, the natural gas engines do not
produce a pungent odor [42]. Sridhar et al. [43] fed syngas with LHV of 4.9 MJ/m’
and density of 1.7 kg/m® into 12.1 L, 4-stroke, six-cylinder, and 101 kW natural
gas engine at 1,500 rpm of engine speed and compression ratio of 10. By modi-
fying the carburetor, they found that the maximum brake power output,
brake-specific fuel consumption, and engine (electrical) efficiency were about
60 kW, 5.06 kg/kWh and 24.7%, respectively. CO and NO, emissions were 1.4—
6.5 g/lkWh and 0.7-2.5 g/kWh, respectively. Raman and Ram [34] fed 100%
syngas with LHV of 5.6 MJ/m® and density of 1.05 kg/m’ into six-cylinder,
100 kW natural gas engine running at engine speed of 1,500 rpm. The engine was
adjusted to have compression ratio of 12 with air-to-fuel ratio of about 1.2. The tar
content was reduced from 350 to 30 mg/m> using a series of gas cleaning system
equipment that included a venturi scrubber, chiller, fabric filter, and paper filter. The
engine ran smoothly producing maximum power output of about 73 kW with the
engine efficiency of about 21% and specific fuel consumption of about 3.21 kg/
kWh. However, emissions performance was not reported. Tsiakmakis et al. [44] fed
syngas generated from fluidized bed gasification of olive, peach, and grape kernel
into a 4.7 kW, one-cylinder natural gas engine running at 3,400 rpm of engine
speed with the compression ratio of 10, and air-to-fuel ratio of about 1.74. The
syngas energy contents ranged from 4.52 to 6.96 MJ/Nm®, depending on the
feedstock. Authors also used propane to increase the energy content of the syngas
mixture up to about 23.73-24.4 MJ/m®. The maximum engine power output was
3.55-3.68 kW, depending on the feedstock with the engine efficiency in the range
of 23.2-26.2%. The engine was not modified, and emission performance was not
reported. Margaritis et al. [45] fed 100% syngas (containing 53.1-55% N,, 23.6—
24.1% H,, 3.8-4.1% CHy, 9.5-10.6% CO, and small fraction of O,, with energy
content of 5.65 MJ/Nm?) derived from downdraft gasification of olive kernel into
six-cylinder 135 kW natural gas engine at 1,500 rpm engine speed and power
setting of 70 kW. Tar and particulates from the syngas were removed using venturi
scrubber, heat exchanger with chiller, a mist of eliminator, and a series of fine
filters. A gas blower was also used to ensure stable flow of the syngas entering into



Recent Advances in Power Generation Through Biomass ... 379

the gas engine. The cold gas and electric efficiency were 75% and 16.1%, respec-
tively. However, air-to-fuel ratio as well as any operational issues were not
reported. Henriksen et al. [46] tested a two-stage gasifie—the pyrolysis and char
gasification taking place in separate reactors—with a 75 kW three-cylinder natural
gas engine and observed stable operation producing power for approximately
410 h. The syngas had 6.2 MJ/Nm® of energy content with 32-35% H,, 28-30%
N,, 20% CO,, 15-18% CO, and 2-3% CH,. The maximum power output of the
engine runs with natural gas, and 100% syngas was 25 kW and 20 kW, respec-
tively; hence, 80% of de-rating factor was observed. The efficiency from gas to
mechanical power (engine efficiency) was about 28%. During the operation, one of
the cylinders did not ignite for several reasons.

4.2 Gasoline Engine

The gasoline engine is a type of SI engine. Shah et al. [47] tested a 5.5 kW gasoline
engine running on 100% syngas reducing tars to about 14 mg/m>. The engine was
modified by adding two air venturies in series to establish the flow of syngas from
the storage tank to the air intake manifold. To run the engine on syngas, the engine
was first cranked on gasoline and then the gasoline was turned off with the syngas
supply being turned on simultaneously. The engine efficiency was about 19% with
maximum brake power of 1.39 kW. CO emissions decreased by 30-96% when
syngas was used compared to gasoline. The higher CO emission of gasoline might
be because of the operation of the gasoline in rich conditions and higher carbon
content of gasoline (88.7% w/w versus 16.9% w/w of syngas) [48]. However,
syngas operation resulted in 33—-167% higher CO, emission compared to gasoline.
This can be attributed to higher conversion of CO to CO, during the syngas
operation. The exhaust CO, was 10.6-13.1% for syngas operation and 4.9-8.1% for
gasoline operation. There was no trend observed for HC emission—HC emission
was found to be less than 40 ppm for almost all the load variation. This might be
due to the very low HC (1.2-6.4%) in the syngas. Syngas operation resulted in 54—
84% lower NOx emission than the gasoline operation. The Zeldovich mechanism
can be used to explain the lower NO, emission from syngas. As LHV of syngas is
lower (5.6 MJ/m? ) than that of gasoline (44.4 MJ/kg), the temperature of com-
bustion for syngas operation is lower, resulting in lower NO, emission. Mustafi
et al. [16] tested a gasoline-based engine using syngas with LHV of 15 MJ/m>. The
specific fuel consumption was about 1 kg/kWh at 2,000 rpm. The maximum torque
produced was 22 Nm (~16.22 Ib-ft), which resulted in maximum brake power
output of 4.61 kW. The HC emissions from syngas were very low (about O—
20 ppm) compared to those from gasoline (90-225 ppm) and from natural (20—
106 ppm). CO, emissions from syngas were higher (19% v/v) compared to that
from gasoline (15% v/v). CO emission was low, indicating complete combustion in
the engine. However, syngas operation resulted in higher NOx emission
(~4500 ppm), compared to gasoline operation (~1500 ppm).
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4.3 Compressed Ignition (Diesel) Engine

Diesel engine is a type of reciprocating IC engine, called compression ignition
(CI) engine. However, in CI engine, air is compressed first, and then, the fuel is
injected in the CI engine allowing the engine to design for high compression ratio.
Several studies reported performance of diesel engine (with little modification)
running on syngas. Homdoung et al. [49] tested the modified diesel engine running
on 100% syngas. The modification to the engine included changes to the com-
bustion chamber, reduction of compression ratio, mounting of ignition system in
place of injector nozzle, and mounting of air—gas mixer. The tar content of the
syngas (LHV of 4.64 MJ/m’) was reduced using gas cleaning system to below
50 mg/m’>. The highest engine efficiency attained was about 24% with the specific
fuel consumption of 5.52 kg/kWh producing 3.5 kW at 1700 rpm. The compres-
sion ratio used was 14:1. CO, and HC emissions were in the range of 0.3-0.4% and
3.5-10 ppm, respectively. Sridhar et al. [43] also investigated performance of a
modified 28 kW diesel engine running on syngas with tar content of about 60 mg/
m°>. A new carburetor was developed to ensure that the carburetor maintains the gas
pressure close to that of air pressure, thereby ensuring that the air-to-fuel ratio is set
irrespective of the total air—fuel flow rate. Homogeneity of the fuel and air mixture
entering the engine was effected by long interconnecting duct along with a few
bends (with a large diameter for keeping pressure losses to a minimum) between the
gas carburetor and intake manifold. The maximum power achieved was 20 kW
(engine efficiency of 27.6%, and de-rating of 20-30%) with the compression ratio of
17:1 and mixture energy density of 2.2 MJ/kg. The fuel-specific consumption was
about 4.07 kg/kWh if the syngas density was assumed to be about 1.7 kg/m>. CO
and NO, emissions were in the range of 14.4-57.6 g/kWh and 0.1-0.7 g/kWh,
respectively. Nataraj et al. [50] investigated a single-cylinder, 3.7 kW (at
1500 rpm) diesel engine with compression ratio of 17.5 running on 100% syngas
(energy content of 5-5.6 MJ/m> and tar content below 50—-60 mg/m?). The maxi-
mum power output and engine efficiency were 2.96 kW and 18.9%, respectively.
Engine modification, if any, was not reported. CO, NOx, and HC emissions were in
the ranges of 0.3-0.4%, 40-100 ppm, and 20-50 ppm, respectively. The summary
of recent researches on these engines (natural gas, gasoline, and compressed igni-
tion) is presented in Table 3.

4.4 Gas Turbine

The power plant based on advanced combined cycle gas turbine can offer gross
thermal efficiency of 50-54% at HHV basis [51]. Recent advances in gas turbines
have made these suitable to use syngas with low LHV (7-12 MJ/Nm®) [52].
However, gas turbines are generally very sensitive to gas quality and can only allow
extremely low levels of contaminants including tar, alkali metals, sulfur, and
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Table 3 Summary of engine power generation and emissions performance compared to previous works using 100% syngas

Emission parameters

Engine parameters

Gasification parameters

Total emission
CO, SO,

CO  NOy

HC
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Table 3 (continued)

Emission parameters

Engine parameters

Gasification parameters
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Table 3 (continued)

Emission parameters

Engine parameters

Gasification parameters
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Table 4 Typical gas quality requirements for power generation [34-36, 40]

Parameter Boiler Internal combustion engine Gas turbine
LHV (MJ/Nm®) >4 >4 >4
Particulate (mg/Nm3 ) None <5-50 <5-7

Tars (mg/N m>) None <10-100 <100-500
Alkali metals (ppm) None <1-2 <0.2-1

chlorine compounds. General limits of contaminants are presented in Table 4 [35].
The use of a properly designed dual-fuel combustion system and their controls is
key to achieving reliable and robust gas turbine operation using syngas generated
from biomass and MSW [52].

An electrical efficiency of 31.5% was achieved by feeding syngas with LHV of
9-20 MJ/Nm® that was generated from 2 x 80 MW CFB gasification of wood
biomass (moisture of up to 37.5%) in Lahti Energia steam power plant of Valmet,
Finland [53]. The CFB gasifier operated at 5-30 kPa and 750-900 °C using air as
gasification medium, while the steam power plant was run on 120 bar and 550 °C.
The plant achieved nearly 80% of operational availability in 2014 with no major
maintenance issue including no indications of corrosion or erosion on the boiler
tubes; tube manufacturing marking was still visible after 13,000 h of operation.
However, a small amount of dust/slag in gas cooler, and thin dust layer in the boiler
was visible [53].

5 Power Generation from Biomass and MSW Gasification

The power generation through gasification of biomass and MSW is promising
throughout the world, especially in the areas that have abundant availability of
unused biomass and solid wastes and are still not connected to the electrical grid.
Biomass gasification has been known and used since the World War II, when
approximately one million downdraft gasifiers were used to operate cars, trucks,
boat, train, and electric generators in Europe [54]. On the contrary, the use of MSW
in gasification is relatively new as MSW generation is projected to increase globally
from 1.3 billion tons (1.2 kg per person per day) in 2012 to over 2.2 billion tons
(1.42 kg per person per day) in 2025 [55]. Compared to current practices of
incineration and landfill of MSW, gasification is considered superior from envi-
ronmental perspectives as it can produce power without release of methane,
dioxins, and furans (PCDD/PCDF) [29], can reduce the landfill area needed by over
88% [14], and produce non-leaching vitrified slag [30].
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5.1 Co-gasification of Biomass and MSW for Power
Generation

Co-gasification is defined as gasification of a mixture of biomass, waste, or coal to
improve operational reliability and/or achieve low carbon footprint by reducing
greenhouse gas (GHG) emissions [56]. Most reports on co-gasification are based on
a mixture of biomass and coal since the majority of conventional power plants are
steam-based coal power plant and adding biomass to replace some parts of coal can
reduce GHG emissions. Co-gasification of biomass and MSW offers significant
advantages as global MSW generation has been increasing by approximately 69.2
million tons per year [55]. MSW has become a public health hazard by contami-
nating soil, water, and air through leaching and biodegradation processes. As
compared to coal and biomass, MSW can generate additional revenue from tipping
fees that can make the process much more economical. Low operational cost of
MSW gasification can be achieved by deploying gasification technologies (e.g.,
fixed-bed gasifiers) instead of high-power thermal plasma gasification that generally
used for the gasification of wastes [30, 57].

Robinson et al. [58] reported the co-gasification of wood pellets and refused
derived fuel (RDF) in gasification temperature of 725, 800, and 875 °C, with RDF
ratio of 0, 25, 50, and 100 wt% and air as gasification medium and equivalent ratio
of 0.29-0.31 in a bubbling fluidized bed gasifier. The tests resulted in a syngas with
LHV of 4.9-5.7 MJ/Nm®, gasification efficiency of 48—58%, and tar content of 15—
50 g/Nm’. However, agglomeration of ash was found at gasification temperature of
875 °C for all mixtures containing RDF that prevented the steady-state operation of
gasifier.

Similarly, Ong et al. [59] conducted the co-gasification of wood chips and dried
sewage sludge in a fixed-bed downdraft gasifier with sludge ratio of 0, 20, and 33
wt%. The tests generated syngas with LHV of 3.6-4.6 MJ/Nm’ and gasification
efficiency of 63.2% at gasification temperature of 650-900 °C. However, the test
could only use sludge at maximum ratio of 33 wt% due to agglomerated ash that
leads to blockage of gasifier.

Narobe et al. [60] performed the co-gasification of wood pellets and plastics with
plastics ratio of 0, 25, 75, and 100 wt% on 100 kW dual fluidized bed gasifier with
steam as gasification medium (steam-to-carbon mass ratio of 2.3) and using olivine
as heterogeneous catalyst. The experiment resulted in syngas with LHV of 16 MJ/
Nm?® at plastic ratio of 75 wt% in gasification temperature of 850-900 °C and
generated tar of 0.2—1,3 kg/h with syngas flow rate of 7-17 kg/h. Elevating plastics
content in feed lowered syngas yield but increased fractions of ethane and ethylene
and decreased CO, in syngas.

A co-gasification of switchgrass and MSW has recently been conducted at
Oklahoma State University. The proximate and ultimate analysis of the feedstocks
is summarized in Table 2 for MSW-3 and switchgrass. The ratio of MSW on the
feedstock was varied from 0, 20, 40, and 60%. The gasification used downdraft
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reactor with thermal capacity of 60 kW and equivalent ratio of 0.20; air was used as
the gasification medium. The feedstock throughput was constantly maintained at
95 kg/h. The co-gasification resulted in the syngas energy content (LHV) of 6.47,
6.76, and 6.72 MJ/Nm? and cold gas efficiency (CGE) of about 68, 59.4, and 58.6%
for MSW ratio of 0, 20, and 40 wt%, respectively. The co-gasification produced
stable and maximum power output of 5 kW at all MSW ratios (0, 20 and 40 wt%)
using 10 kW natural gas SI engine and confirm system workability for off-grid
power generation application. Details regarding this are provided elsewhere [61].

At large scale, co-gasification of MSW and bottom ash has been reported [25].
With the feedstock throughput of 251.8 ton/day and using oxygen rich air (36%
oxygen) as gasification medium, the operating temperature inside the gasifier
(combustion and melting zone) reached 1,000—1,800 °C and generated syngas with
LHV of 4.4 MJ/Nm’. With the total plant capacity of 50 MW consisting of steam
turbine and gas engine, total power output of the steam turbine and gas engines
reached 9.0 and 1.6 MW, respectively, with cold gas and power generation effi-
ciencies of 54.6 and 18.9%, respectively, and with the average power generation of
408 kWh/t-MSW [25]. The PCDD/PCDF in the flue gas was 0.0082 ng/Nm3, much
lower than the local regulation of 0.05 ng/Nm® [25].

5.2 MSW Gasification Using Plasma Technology

Among thermochemical treatment processes, gasification using thermal plasma
(“known as plasma gasification”) seems one of the most appropriate and proven
technologies to deal with various components of MSW. The comparison between
plasma gasification and other thermochemical treatment processes is summarized in
Table 5.

Generally, plasma technology can be classified into two groups: thermal or
equilibrium plasma and non-thermal plasma [57]. The main characteristics of
thermal plasma are the use of extremely high temperature, high intensity,
non-ionizing, and high energy density radiation that can reach temperature of up to
20,000 °C. The main advantages of thermal plasma include high energy density and
high temperature that allow high heat and reactant transfer rate, smaller footprint
size of equipment, and rapid start-up and shutdown [62]. However, the major
drawbacks include high electricity consumption (15-20% of power output of the
plant [24]) and the need to replace electrode due to sputtering that increases the
maintenance cost [63]. In comparison, non-thermal plasma (also known as “cold
plasma”) has lower degree of ionization; thus, it is generated either at low pressure
or at lower power, or in different pulsed discharge systems, requiring much less
power consumption [57, 64]. Thermal plasma can be classified into four categories:
direct current (DC) electric discharge, alternating current (AC), or transient arcs
(e.g., lamps, circuit breakers, or pulsed arcs), radio frequency (RF) inductively
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Table 5 Comparison between plasma gasification and other thermochemical technologies for
MSW [24, 30, 37, 53, 74]

Parameters Incineration Conventional Pyrolysis Plasma gasification

gasification

Process goal | To convert To convert To convert To convert wastes into
wastes into wastes into wastes into | high-quality syngas
high-temperature | syngas mainly
flue gases consisting bio-oil and

primarily of CO, | syngas
H,, CH,

Temperature | 850-1200 550-900 500-800 >4000

O

Pressure Atmospheric Varies Slight over | Atmospheric

atmospheric

Fuel created | Not applicable Syngas Bio-oil and a | Syngas

small
fraction of
syngas (CO
and H,)

Emissions SO,, NO,, HCl, | H,S, HCI, COS, | H,S, HCl, S0O,, NOy, HC],
PCDD/PCDF, NHj;, HCN, tar, | NH;, HCN, | particulates
particulates alkali, tar,

particulates particulates

Ash Is composed of Is a vitreous slag | Contains Is an inert,

ferrous metal, that can be used | high carbon | non-hazardous and

nonferrous metal,
and inert
materials

as construction
aggregate

are disposed
as industrial
waste

non-leaching glassy
slag that can be used as
construction aggregate

Gas cleaning

Treatment is

Syngas must be

Syngas must

Complex syngas

system mandatory to cleaned before it | be cleaned cleaning system is not
meet the air can be used. before it can |required as tars, and
pollution be used other pollutants are
standard vitrified in slag

Power 3-30% 14-35% Not 20-40%

generation applicable

efficiency

coupled discharge, and microwave discharge. The non-thermal plasma can also be
classified into several categories, which are corona discharge, pulsed corona dis-
charge, dielectric barrier discharge, spark discharge, and atmospheric pressure
plasma jet. The differences among these categories are discussed in more detail
elsewhere [64]. A MSW plasma gasification with capacity of 300 ton/day using
four 300 kW plasma torches operated in Utashinai, Japan, producing syngas with
high CO and H,. The syngas generated was used to produce steam for powering
steam turbine producing 8 MW power. However, about half of total power output
was used for the plant operation [65].
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5.3 Recent Commercialization of MSW Gasification
Jor Power Generation

Several power plants using plasma gasification, mostly using plasma torches that
run on high temperature (>4,000 °C), have been reported (summary of plants
operating since the late 1990s is in Table 6). Among these plants, several have
stopped operating due to inconsistent supply of feedstock or inefficient operation.
However, many plants are operational and economically competitive because of
their uniqueness of processing complicated MSW feedstock such as medical and
hazardous wastes.

6 Environmental and Emissions Standards

The environmental pollutants produced during power generation through gasifica-
tion of biomass and MSW are available either in three forms: (1) ash/slag, (2) fly
ash/flue gas, and (3) engine emissions. Among the elemental pollutants generated
(shown in Table 7), hazardous and lethal pollutant that are of major concern include
PCDD/PCDFs and tar that can be significantly reduced by the limited oxidizing
environment of gasification and robust syngas cleaning system.

Ash generated from biomass/MSW gasification must comply with pertinent
standard. Leaching test and acid extraction are the common method used to mea-
sure potential to contaminate groundwater. Table 8 shows contaminants from
gasification of a MSW power plant with capacity of 50 MW and associated stan-
dard [25].

Table 9 compares the emission performance of a biomass gasification power
plant using steam cycle with emission standards. The plant used CFB gasifier and
operated at 5-30 kPa and 750-900 °C, while the steam power plant was run on
120 bar and 550 °C. Among the emissions, NOy emission was dominant
(~161 mg/Nm?), but still under the EU and USA standards.

MSW gasification offers considerably high reduction of emissions as compared
to incineration and landfill disposal with gas capture. MSW gasification generates
only about 1 kg of CO, equivalent per kWh of generated power, while landfill with
gas capture produces approximately 2.75 kg/kWh and incineration releases
approximately 1.6 kg/kWh of power generated [66]. MSW gasification generates
31 g of NOy and 9 g of SO, per ton of waste, while landfill releases 68 g of NOy
and 53 g of SO, per ton waste, and incineration generates more than 192 g of NO,
and more than 94 g of SO, per ton waste [66].



389

Recent Advances in Power Generation Through Biomass ...

Suruorssruwod K3ojouyoey
10§ ewse[d jo 1opraoid oy ST DM “AIOINI9[ Jo MIA ST SunerouaS M SIA Jo pdl 009
[6L] uo3y paredoid Sureg | jeon o3 pausisap st {(SHD) "d10) suonnjog AS1oug plromudaln Aq paumo 9foxd oy, eury) ‘a1lig ur pajeooy juelq aifig
sourguo seS uni 0y
pasn Apoaxrp st pojerouad seSuks oy pue soyo1o) ewsed om) Suisn A 8T JO 1ojem oy
$107 2ouIs | pue MIN ¢1 A[Iedu Jo K)ownodfe [ejo) Sunerouss sdigo poom jo pd) [ Yim paurquiod QoueI]
[¢L] uoly uonerado up [ 9ysem [emsnput Jo pdy oo uo suni juerd oayJ, “ewsejdoing si Jopraoid £Sojouyod) ayJ, XUQDIOJA| UI PAJedo] Jue[d XUIDIOA
800 douIs ourduo se3d Juisn
[¢1] uoly uonerado uy K1o1nod[9 Jo (3ou) MIA + SoIeIoUdS pue M SIA d[9Koa1-1s0d Jo pdy ¢ syean jued oy, | epeue) ‘eme)Q Ul pAJedo] Jue[d 0dse|d
10 2ouIs 9[0Ad wied)s Jursn A)OLOJ[ pojerouad 'UIYD ‘Tey3ueyS Ul Pajedo]
[og] Ddm uonerado ug pue soisem [eorpaw jo pd) (¢ 1ean 0y )inq sem ‘AS1eug SO Aq paumo 9uerd ayJ, Aoy 9isem snopIezey noj3udy)

[LL] T8 19 st

€10c ut
uonerodo pasea)

ndino A31oud jo %8/
st uononpoid se3uAs oqiym ndur A310u9 ) JO %1z IMoQqe st Judwalinbar emod Yooy,
*9[oAd (aunyuey]) wieays ysnoxy) paonpoid sem Aomos[o oy, "A[oAn0adsar ‘96, pue N
/IIN 6'11 punoIe Jo Aoudroyje ses p[oo pue AHT YIm seSuks pajerouds pue D, 00S‘S
aAoqe 1 pajerado soyoIo) rwise[d "PUS oyl 0) A0SR Jo MIN S'T Sutkiddns (ernyxtwa
05:05) (ISV) anpisar 1opparys oyne pue M SIN Sunean 103 pdy G971 jo Aroedes [e101 im
€00¢ urt uonerado ueSaq ‘uoneiodio) asnoy3unsop pue ryoeiry £q paiosuods ‘querd oy,

ueder ‘reuryse)n) ur
pajeoo] Jued Ao[[eA-00T

910¢ ur 309foxd sty papuadsns jonpoid

Iy ‘SoNNOLYIP JIWOUOID PUE [BOIUYD) O NP ‘JOAIMOH “MN/ASN 000°E] Paydear
1509 109f01d oy, ((DdM) uonerodio) ewse[d 9SNOYSUNSIAN WoIj parmboe drom sayoI0)
BWSE[J "€10T ABJA UO 9)IS 0} PIISAIOP U3q dARY JAYISLS Jo syun oM, "MIN 0S X ¢

[9L ‘o¢l] 910¢ dy Jo Kyoedes indino omod Te101 yyim Juerd somod uoneoyrses ewsed 1s9331q SN

J193uasSOIN ‘DdM | @durs papuadsng ay sem 9onpoid ary £q paumo 9oafoxd AafreA s, oy Y00Ispad) Jo pdi 000°T YA | IseayIou ur pajeso] jue[q AS[[eA ST
[sL ‘o€l pus oy 01 parodxa st KOLA[L Jo MIN 9T

Aydmpy pue 800C dourts | Aparewrxoiddy pejean A[snosueynuurs axe pd) g/ jo Ayoedes [e10) Yiim 9)sem [edrpaw | eIpuf ‘Qund ur pajeoor jueld (. IJdIA.,)

UIO[I9GOH ‘DdM uonerodo uy pue snopiezey Surpnour sweans dsem (9—( "KL dJeIousd 0} pasn SI seSukg "PYT 1oMOJ OIIAUY eXYSEICURJA OU],

pEN smelg suonduoso syueld

MSIA Sursn 10j A3ojouyo9) ewse[d Jursn syuejd uoneroual romod Jo I1SIT 9 JqeL,



N. Indrawan et al.

390

(panunuod)

[s2] 1oy asnoySeq ()

[6L] (dSA) s1orendard oneisondod ()
[6L] (42) TNy ouqey Yim [DV (€)

[6L] (1DV) uonosfur uoqreds pajeAndy (g)

l6L] (@od)
uonezZUNJ[NSIP ses ang PIm (JYDS) uononpar dnkeIes 9And9aS (1)
S0 anj
[cz] woishs [eaowdr Je[s/yse ‘QUOIAD) peo[ Surureiuod (MSIN ds9)

:8p)§ 3001spagy 0} anp (Kyuofewr) se3 ang/yse Ay pue Se[s ur paInquysI qd ‘peeT

ysv &Y pup ysv u1 sppjaw Lavaf]

wniseudew JuTuTRIUOD OSIN

QAOQE S Jwes (MSIA "ds9) o01spasy 03 anp [Gz] sed any pue e[s ur paINqQuISI | ‘wnisauIejy

wnissejod Sururejuod (AMSIA "dse) }o01spady O

QAOQE S dwes 0) anp [Gz] (queurwop row APYSIs) sed anpy pue Se[s ur panqsiq ‘wnissejoq

wnIpos Jururejuod 0O%N

JAOQE SE QuIeg (MSIA "dsa) 3001spasj 01 anp [Gz] ses ony pue Je[s ur paINgIISI ‘wnipos

wnurwne Sururejuod (AMSIA “dse) }o01spady 09V

JAOQE Se ouweS 0) onp [Gz] (queurwop row APYS1s) sed any pue Se[s ur panqsiq ‘wnuruny

2A0qQE Se owes

[zl eorpts
Sururejuod (MSIN 3'9) ¥00Ispaay 03 anp se3 ang pue Je[s ur pANQLISI

ROLNREHIN

[Sz] wnoes (eL]
oaoqe se owes | Sururejuod (MSIA “dse) Jooispaay 03 anp sed ony pue Se[s ur pAINqLIsIq ‘wnore)
[82 “Z] senbruyod) (A1p pue jom) 9[qeroudgal pue
(K1p pue Jom) ySnoiy-oouo :£Sojouyod) (qO.) uonezunynsap sed anf
S8 onj] (Y0S) oprxoIp Injns suioj INJns ‘ueSAX0 YIIM IoYe30],
[627] swisAs [eaowrar Se[s/yse J9YI0 pue dUOIAD) Injyns
:8pjg | Sururejuod yo0)spasy 03 onp ‘(JueuIwIop) ses ang pue Se[s ul paNqLISI S ‘myng
[8.] senbruyoe) (A1p pue jom) d[qerouadar pue QuIIO[Yo SurUIeIuod
(K1p pue 19m) y3noxyi-eouo :A3o[ouyod) (D) uonezunjnsap ses anj (MSIA "dsa) yo0)spaa) 01 anp [¢z] sed anpyyse A ur A[uo paaldsqQ | [D ‘@uuoy)

yso &Y puv ysv w1 spuawaja 10y

poyowr uondINpay

Josmoard uononpoid

jueinyod

sjuenpjod oY) ozrwrurw 0) SAISO[OUYI) PAJLIOOSSE PUB A\ SJAl PUB SSBWOIq JO uonedyIses oY) woiy pajeroussd sjueinjjod [ejuswa[e d[qIssod £ Qe



391

Recent Advances in Power Generation Through Biomass ...

(panunuod)

[08] 1oy ouqey/seqiosqe 1A1p Aeidg (9)
[scl 1oy asnoydeq (<)

[6L] (dSH) sxorendraid oneisondd[d ()
[6L] (1A) 1oy duqey PIm [JV (€)

[6£] (1OV) uonoofur uoqes pajeandy (z)

[08 ‘6.1 (DA Kmorow
uonezUNJ[NsIP ses ang YPIm (JYDS) uononpar dnAeIes 9And9aS (1) Sururejuod (AMSIN "dse) }o01spady 03 anp [[g] seS any ur pANqLISI IN ‘[OOIN
[08] 191y ouqej/1eqiosqe 1A1p Aeids (9)
[z 1ouy esnoySeq ()
[6L] (ds5) storexdroaid dneIsonsay (1)
[6L] () 1991y Srqey WA 1DV (€)
[6L] (1DV) uondalur uoqres pareAndy (g)
[08 ‘6.1 (@D
uonezLNJ[NSAP sed ang PIM (FDS) uononpai dnAered aAnI9[S (1)
03 anj
woIsAs [eaowdr Jes/ysy (7)
[08] auorok) (1) Kmorow
:3p)g | Suturejuod (MSIA “dsd) }001spagy 01 anp ‘sed ony pue es ur panquysiq | SH ‘AN
JuIZ JuIure)uod
qd pue 9 10j se owes | (MSIA ds9) yo01spasy 01 anp ‘(Jueurwiop) sed onjj pue Fe[s ur paynquIsIq uyz ‘ourz
[6L] (ds5) storexdroard dneIsonsay (1)
[6L] () 199y dqey WA 1DV (€)
[6L] (1DV) uondalur uogres pareAnoy (¢)
l6L] (@od)
uonezLUNJNSIP sed ang PIM (FYDS) uononpar dnAered aAnI9[aS (1)
03 anj
[cZ] woishs [eaowar Je[s/yse ‘QUOIAD) 1oddoo Sururejuoo
:801S | (MSIN "ds?) Yo0Ispaej 0) anp ‘sed ony pue (Jueurwop) Je[s ur paINqLISIQ nD ‘raddopn
SNoLIJ Sururejuod
ar0qe se oureS | (MSIA "dso) 3001spaoj 01 anp ‘ses ony pue (Jueurwop) Se[s ul pAINGIISI 9 ‘snoxreq
poyjaw uononpay Josimodaxd uoponpoid jueInog

(ponunuod) £ dyqey,



N. Indrawan et al.

392

(panunuod)

[z8] 1re jo peajsur uagAxo jo asn Yy, (Q1)
[28] 1030821 BwISE[d [RWISY)-UOU JO Asn YL, (6)
[z8] 1eny uaSomtu mo[-en[n jo asn ay[, (§)
[28] uononpax yeayaxd 1y (1)

[8] uonoofur wears/rarepm (9)

[28] (VAT 1re ss30x%a $s97 (S)

[¢8] uonezrumdo uonsnquio) (1)

[28] (gN'D) s1oumng XON #0T (€)

[28] (¥DA) uonenornoar ses anfq ()

H+ ON=HO t N
O+ON=%+N
N+ON=0+°N

‘[¢8] ON Jo

[cz] yoes | uonewioy oYy SAO[OAP WISIUBYIIUW YIIAOP[AZ A} SUIMO[[O] Do 00T UBYl | *ON ‘SOpIXQ
ay) 03 Joud pasn 9q ued poylew (YDS) UonoNpaI donAeIed 9ANRRS (1) | Ioysiy armerodwa) Je SULLINDOO seS [eInjeu/seIuAs Jo uonsnquiod ysiy ayJ, ua3onIN
[8.] onbruyoey (A1p pue 1om) d[qerousdor pue 0S
A1p pue 1om) y3noIy-a0uo :A3o[0uyds) () uonezunjnsop sed ong] (7) [z8] & ue (S OJUI [onj 9y} UI INJ[NS SIIAUOD ‘Qprxorq
PP Ysnoly ouy D, NezLnJnsop (T 78] *OS pue QS ol [ong ay) ut Injj PIXOL

[on} 9y} wolj [eAowal nymng (1) Quiguo (D) uonsNquIod [eUIAUL Y} JO uonsnquod armerddwal-ysy y mjng

OH+%D < “0O+"HD ¥

uonsnquod duIdud Yy, ()

O‘H T+ 0D « “OT+"HD ‘¢
armdes uogre) (¢) ‘D - 0+0T ‘0D
[2] 3ueqios paseq aurwe :uonensenbas ¢Q) (7) poyrow Livpuodasg DD <« V% +0D°'1 ‘oprxorq
uoneoyised Jo ndur oy se [80d Jo asn paonpal oy, (]) :poryau Kavuirig :[8] uonesyises jo suoroeal uoneprxo Ay 03 anp ANSo (1) uoqre)
sojenoned
[sz] 193y 9snoySeq ‘Quo[dk) [cz] sseoo1d uoneoyIsen Asnq

Y

UOISSTULD dUISUT]

Amorow PO

QAOQE St oureS Sururejuod (MSIA "dse) yoo1spasy 03 anp [[g] seS any ur poINqISI ‘wnrwupe)
Amorow

dA0qQE Se owes Sururejuod (MSIA "dse) Jooispasy 03 onp [8] seS onyg UI paINGMISI] | SV ‘OTUSIY

poylow uononpay Josimoaid uononpoig juen[og

(ponunuod) £ dyqey,



393

Recent Advances in Power Generation Through Biomass ...

(panunuod)

[£8] sseo01d uonerpei uonod[e

pue ‘[88] 921A0p uoneziuor L8 ‘G8] uoneuLo[yddp pajerpawr AN (O1)
[S6 ‘g8] Io10aI MOY paurenua Jo asn Y], (6)

[S6] 101y duqed (8)

[S6] @00 yrreay uado 1o uoqred pajeanoe yum uondiospy (1)

[S6] (xmmew

JowAjod e ur pesiadsip sofonied uoqreo) sursar ur uondiosqe A1 (9)

[S6] (MDS) uononpar dnAfeIed dAN[RS ()

[S6] (19qqnids

jom) y3noIy-oouo :A3oouyod) (qO) uonezunjnsop sesd onf ()

[s6] 101y 9snoyseq onArered 1y asnoyseq (¢)

[s6] 10yendioard oneysondord (7)

[s6] duopok) (1)

(a42ydsouyp 243 01 SHADd

/AdDd o uoissiua ayy 1] o1 saanspaul Suipraosd) poyaut £ipuodras
[s6

‘881 Do 002—009 Jo 2rmerodwe) ojur sed any Y} Jo JuI[00d PRIV ()
[88] uoISSIWD Jsnp pue U0qIed0IPAY SULIIMOT (§)

[+6-26 ‘06 381 uerd oreos-a3re[

JOJ QATIOQJQ JOU SI JI IOAIMOY ‘BIUOWWE ST IYJOUY "[8]] SurUR[OULRYoL)
se yons SISayIUAS oaou ap Sunuaaaid Joj Ioyquyur jo asn ayJ, (€)

[88] sseo01d oy ojur ouLIO[YO

Jo uonippe ay) Jqissod se SuIproAr ‘S[eLIdjRW MBI JO UonNd9[s Jodoid (7)

0. 0 4

0 .
C .

[06 ‘88 ‘6z] s4ADd

/AdDd JO UOTEWIO] Y} JeId[a00e 0} parrdjard ST JUSWUOIAUS USSAXO YOI
® ‘woye udaSAxo auo sey JqDd pue ‘swole uaSAxo om) sey qqId ouIS (7)
[06-88] spunodwod

OTjewWIOTe 0] SAINJONNS UOQIED JR[NO[OWOIIBW JO UOTRULIOJSULT)

[16-88 ‘6] uoneoyises se yons ssadoid Jurare)s ua3LxQ (1) pUB UMOPYEAIq 9ANEPIXO AU} JO UONIRAI B ‘SISOYIUAS OAOU P SJBAID s4aDd
((uonpuriof sHADd/AAId Y} Sunuaaaid) poyiow Livuinid ‘[88—G8] QuLIO[yd Jo Junowe oen Jururejuod (MSIN "dsd) ¥00I1spasg (1) /aadnd
[+8] (d:Iv/0oner [onj-o)-1re y3iy) uonerado ued[ Jo asn Ay [, auiuoe se3uAs ay) Jo uonsnquiod dydwoour Yy, (7)
woyvaado 2urSua Jo jurodmain wod 0DJ7 < “0OD+D ¢
seduks oy Jo (AHT ‘H+ 0D <« O°'H+0 T
an[eA Jureay JoMo[ 9y} ISBAIOUI UBD JI SB PI)OAdx9 ST uonenuaduod 0D < VDu+D°1 (0}
0D U3y ‘1oromoy ‘[¢g] uoneoyises jo armjerodwd) ay) SuLomo (1) (8] ‘soprxouowr
woypdfisnn Jo jurodmala wio,] | $s9001d uoneoyIseS Jo suonoeal prenopnog pue sed—iorem ‘uoneprxQ (1) uoqre)
poyowr uononpay Josimodaxd uoponpoid juen[od

(ponunuod) £ dyqey,



[L€] Sunyoer ewseld (01)

[L€] Sunyoend [ewoyy, (6)

[L€] SuryoeIdo onAeied uoqied pajeAndy (8)

[L€] Suryoro onArees isA[eied poy (1)

[L¢] Suroeo onAreres jsArered oiseq (9)

[£€] Sunyoeio onAreies jsA[ered [elow e[y (S)

[L€] Sunjor1d onkrees 1sA[eres ejow [o)d1U-uoN ()
[L€] SunyoeId onkreres 1sA[ered paseq-1ayoIN (£)

[L€ “9T] Sutueapo ses M (7)

[8¢ ‘L] Sutueapd seS A1 (1)

N. Indrawan et al.

[euoyew oruesio Aue jo (uoneoyised) sowrdar uonepixo [ented 1o [ewdy],

sns
anyf w1 vy

[L6] (OBD *8°9) JuaqIospy (7)

[8,] enbruyoe (A1p pue 1om) d[qerousdar pue

(K1p pue 1om) y3noay)-9ouo :A3ojouyod) (qO,) uonezunjmsap ses any (1)
08 anj

[18] opuony Surureiuoo (MSIA “dss) YooIspaog

dH ‘opronig
uaSoIpAH

[£8] (OMDS) uoneprxo 1orem [eonLoiadng (81)

[201 ‘L8] [ouey)d UT WNIO[ED JI[[eIdwW SUISn UONoRal [edTway) (L1)
[101-66 ‘L8] ewserd [ewray)-uoN (91)

[86 L8] 010 ‘@oruIny Sunjouwr

ewsed ‘ooewiny Suruing HJT Ul SULIUIS ‘IOJLAY OLIOJQ YIM U ATejox
‘90eUIN} SUN[OW Pag-90d ‘USAO ‘TedINIIR se yons juawdinba juounean
reway Sutsn [£8] D, 00€< 2Imeradwa) e Jusunean euay], (G1)
(sanpisaa ysv K Jo Surppuvy afps v Suiprao.d) jusuyvall yso K],

[L6] uoneoyrses ewseld (1)

[S8] D, 00T'T 2a0qe uonetutouy (¢1)

(8] opuo[yo [eeur y3noxy uoneuLo[ydap dnkeie) (1)

[96] ewserd peonpur-euoiod asing (11)

poyjow uonoNpay

Josimoaid uononpoig

juen[og

394

(ponunuod) £ dyqey,



Recent Advances in Power Generation Through Biomass ... 395

Table 8 Leaching and acid extraction test results of ash disposed from MSW gasification power
plant [25]

Contaminants | Leaching test Acid-extraction test
Measured JIS standard RCRA standard [103] | Measured JIS standard
Cd <0.001 mg/L. | <0.01 mg/L 1.0 mg/L <5 mg/kg <150 mg/kg
Pb <0.005 mg/L <0.01 mg/L 5.0 mg/L 18 mg/kg <150 mg/kg
crt <0.02 mg/L <0.05 mg/L 5.0 mg/L <5 mg/kg <250 mg/kg
As <0.001 mg/L. | <0.01 mg/L 5.0 mg/L <5 mg/kg <150 mg/kg
Total Hg <0.0005 mg/L. | <0.0005 mg/L. | 0.2 mg/L <0.05 mg/kg | <15 mg/kg
Se <0.001 mg/L <0.01 1.0 mg/L <5 mg/kg <150 mg/kg
CN - - - <1 mg/kg <50 mg/kg
F - - - 172 mg/kg <4000 mg/kg
B - - - 260 mg/kg <4000 mg/kg
Metal Fe - - - 0.18 mg/kg <1.0%
Ba - - 100 mg/L - -
Ag - - 5.0 mg/L - -

7 Economics of Power Generation from Plasma
Gasification

Plasma gasification is one of the most promising thermal conversions of
waste-to-energy (WtE) technologies. A number of plasma WtE projects were
deployed throughout the world with varied capital cost depending upon the tech-
nology used. In UK, for instance, total waste processing capacity can reach over
978,000 tons per year in 2021 as a number of advanced waste gasification projects,
mostly for power generation, are under construction including high-temperature
plasma gasification (>4,000 °C) of Tees Valley that has a capital cost of around
13,000 USD/kW [15]. However, due to technical difficulty and hard economic
return, the Tees Valley project has been discontinued since 2016. As comparison,
an integrated biomass gasification combined cycle (IBGCC) power generation has a
capital cost of 2,319 USD/W that includes preparation of yard, gasifier, and
supporting systems, and prime movers (gas turbine and steam turbine generator)
and supporting systems [67]. Compared to other thermal processing technologies
such as incineration, pyrolysis, and thermal plasma (high temperature), to date the
gasification of biomass and MSW using air as gasification medium still exhibits
greater economic return including lower construction cost and lower unit cost per
generating capacity (based on a comparative analysis of commercial facilities at the
scale of 250 tons per day (tpd) in the USA as shown in Table 10 [68]).
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Table 9 Emission performance of 2 X 80 MW CFB gasifier steam power plant using wood

biomass at Lahti Energia, Finland [53]

Emissions Measured EU standard [53, 104, US EPA standard [104,
105] 105]

NO, (mg/Nm?®) 161 200 264

SO, (mg/Nm?) 7 50 63

CO (mg/Nm>) <2 50 45

Dust (mg/Nm?>) <2 10 11

HCI (mg/Nm®) <1 10 29

HF <0.5 1 n.a

TOC <1 10 n.a

PCDD/PCDF <0.002 0.1 0.14

(ng/Nm?*)

Mercury, Hg <0.0001 0.05 0.06

(mg/Nm?)

Cd + TI (mg/Nm®) <0.0003 0.05 (Cd) 0.02 [106]

Sb + As + Co+ <0.03 mg/ Total 0.5 mg/Nm3 (Pb) 0.2 mg/dscm [106]

Cr + Cu + Mn+ Nm’®

Ni+Pb+V

Note: dscm = dry standard cubic meter of stack gas

Table 10 Comparative economic analysis of thermal technologies for power generation from

MSW [68]

Performance parameter Incineration | Pyrolysis | Thermal plasma | Air gasification
gasification for MSW

Capacity in solid waste tpd 250 250 250 250

Conversion efficiency (MWh/ | 0.7 0.3 0.4 0.9

ton @ 8000BTU/1b)

Cost of construction (Rounded | 60 40 100 30

to $10 MM)

Generating capacity MWh/ 172 180 108 224

Day

Unit cost US$/kWh generating | 348 222 1000 125

capacity

Unit cost (US$K/Ton 240 160 960 120

Capacity/day)

8 Conclusions

This book chapter reviews power generation from biomass and MSW through
gasification for distributed power application. Gasification is a promising technol-
ogy to reduce MSW carbon footprint, to generate electricity at remote locations
utilizing local resources, and to support sustainable management of MSW. Running
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100% syngas generated from biomass and MSW gasification into commercial
engines, including gasoline, diesel, and natural gas engines, requires minimum
modifications. However, wide commercialization of power production from gasi-
fication of biomass and MSW requires future development to address technical
challenges, especially in removing syngas contaminants and increasing reliability
and efficiency of advanced syngas to power conversion technologies, such as
combined system with fuel cell and advanced gas turbine. Plasma gasification is
another technology suitable for MSW utilization, but high capital and energy
requirement is a barrier for its commercialization. The use of low-temperature
plasma has potential to reduce the power requirement as non-thermal plasma is not
considered energy or capital intensive. Economic feasibility of biomass/MSW
gasification for power production appears more promising at medium scale than
that at small or large scale [61]. However, compared to conventional methods such
as incineration and landfills, gasification is still considered environmental friendly
to reduce release of greenhouse gases and pollutants.
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