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Preface

Gasification is the thermochemical process of converting carbonaceous material in
the presence of an oxidant less than stoichiometric to form a gaseous product at a
high temperature. This gas is known as synthesis gas or syngas. Depending on qual-
ity, the gas produced can have different uses, including driving internal combustion
engines and gas turbines, direct burning, and synthesis of chemical components.

Gasification transforms a solid material into a gas that can be used as fuel or raw
material (methane, ammonia, methanol, gasoline). Different from pyrolysis, which
mainly aims to obtain solids and sometimes to obtain liquids, gasification seeks a
high production of gases, fundamentally containing CO (10%-20%), H2 (4%-17
%), CH4 (2%-5%), and N2 (40%-60%). This difference in objectives characterizes
the operating conditions since gasification operates at temperatures higher than
those used in pyrolysis and in the presence of gasifying agents such as water vapor
to force the production of H2 and CO.

The main objective of gasification is the conversion of biomass into fuel gas,
through its partial oxidation at elevated temperatures. Syngas is an intermediate
energy source and can be used later in another conversion process to generate heat
or mechanical or electrical power, adapting to systems in which solid biomass can-
not be used. This fuel gas has a relatively low calorific value, around 4 to 6 MJ/Nm3
(using air as a gasifying agent).

When the biomass enters a gasifier, it first heats up, causing it to dry. Once the
temperature is above 400°C, pyrolysis starts, giving rise to a carbon residue (char)
formed mainly by carbon and condensable gases (light and heavy hydrocarbons)
and non-condensable gases (CH4, water vapor, CO, H2, CO2). When the tem-
perature of the “char” exceeds 700°C, gasification reactions take place, which are
divided into heterogeneous (gas-solid) and homogeneous (gas-gas) reactions. This
“char” reacts with 02, water vapor, CO2, and H2, and the gases react with each
other to produce the final gas mixture.

The result of the process is a gas, whose main constituents are CO, H2, N2, CO2,
water vapor, and hydrocarbons or tar (tar). The composition of this gas varies with
the characteristics of the biomass, the gasifying agent, and the process conditions.
Asthe C, H, and O reactions for different types of biomass are very similar, the
main biomass parameter that influences the gas composition is its moisture content.
Thus, with higher moisture content in the biomass, more gasifying agent is needed
because the water has to be heated and evaporated. A gas that comes from wet
biomass contains relatively large amounts of steam, H2, and N2, compared to dry
biomass. For gasification with air, the mixture obtained is a lean gas or gas witha
low calorific value (4000 to 6000 kJ/Nm3) since it contains 40 %to 60% N2. The
addition of water in the gasifying agent is necessary when one intends to enrich the
gas with H2, producing a gaseous mixture of average calorific value.

Overall, thermochemical gasification takes place inside a reactor, which is clas-
sified according to the way in which the reactions are carried out: concurrent or



countercurrent fixed bed, bubbling or circulating fluidized bed. They are also clas-
sified according to working pressure: atmospheric or pressurized (such as entrained
flow gasifiers), and according to the gasifying agent, either air, oxygen, steam,
hydrogen, or mixtures of these gases.

This book provides a comprehensive overview of the various gasification techniques
and applications developed so far to contribute to a better understanding of this
important process of obtaining a renewable fuel, essential for the development

of a sustainable economy. It presents a collection of works carried out by several
researchers addressing a wide range of gasification features, including operating
conditions, gasifying agents, coupling with pyrolysis, syngas generation, geograph-
ical evolvement in Europe and South America, and many other topics of interest.

The authors would like to thank the Coordination for the Improvement of

Higher Education Personnel (CAPES) and the Portuguese Foundation for

Science and Technology (FCT) for the funding provided through project number
88881.156267/2017-01 and DMAIC-AGROGAS: 02/SAICT/2018. This book is

also a result of the project "Apoio a Contratagdo de Recursos Humanos Altamente
Qualificados" (Norte-06-3559-FSE-000045), supported by Norte Portugal Regional
Operational Programme (NORTE 2020), under the PORTUGAL 2020 Partnership
Agreement.

Valter Silva
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Portalegre, Portugal
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Chapter 1

Review Chapter: Waste to Energy
through Pyrolysis and Gasification
in Brazil and Mexico

José Antonio Mayoral Chavando, Valter Silva,
Danielle Regina Da Silva Guerra, Daniela Eusébio,
Jodo Sousa Cardoso and Luis A.C. Tarelho

Abstract

Millions of tons of forest residues, agricultural residues, and municipal solid
waste are generated in Latin America (LATAM) each year. Regularly, municipal
solid waste is diverted to landfills or dumpsites. Meanwhile, forest and agricultural
residues end up decomposing in the open air or burnt, releasing greenhouse gases.
Those residues can be transformed into a set of energy vectors and organic/chemical
products through thermochemical conversion processes, such as pyrolysis and gas-
ification. This book chapter provides information on current examples of gasifica-
tion on large scale in the world, which typically operate at 700°C, atmospheric
pressure, and in a fluidized bed reactor. The produced gas is used for heat and
energy generation. Whereas pyrolysis at a large scale operates around 500°C,
atmospheric pressure, and in an inert atmosphere, using a fluidized bed reactor. The
produced combustible liquid is used for heat and energy generation. The decision of
using any of these technologies will depend on the nature and availability of resi-
dues, energy carries, techno-socio-economic aspects, and the local interest. In this
regard, the particular situation of Brazil and Mexico is analyzed to implement these
technologies. Its implementation could reduce the utilization of fossil fuels, gener-
ate extra income for small farmers or regions, and reduce the problem derived from
the accumulation of residues. However, it is concluded that it is more convenient to
use decentralized gasification and pyrolysis stations than full-scale processes, which
could be an intermediate step to a large-scale process. The capabilities of numerical
models to describe these processes are also provided to assess the potential compo-
sition of a gas produced from some biomass species available in these countries.

Keywords: Gasification, Pyrolysis, biomass, MSW, RDF

1. Introduction

LATAM has a rising renewable energy market, where more than a quarter of its
primary energy is generated from renewable sources, twice the world average [1].
Across the continent, hydropower plays a pivotal role in the energy sector. How-
ever, LATAM has also access to biomass resources, which may enable the produc-
tion of bioenergy, providing the opportunity to exploit a domestic, low carbon, and

3 IntechOpen
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sustainable energy source, strengthening the renewable energy sector, and generat-
ing profits in rural areas. Table 1 shows the renewable power capacity, considering
the maximum net generating capacity of power plants and other installations that
use renewable energy sources to produce electricity in LATAM. This information is
also available for the European Union (EU), and the world to highlight where
LATAM is in terms of renewable energy. It is interesting to notice Brazil’s share of
renewable energy production in LATAM is ~55%, from which ~78% comes from
hydropower and ~10% from bioenergy. In contrast with the EU, whose hydro-
power represents ~36%, and bioenergy ~18%. On the other hand, Mexico’s renew-
able energy in LATAM share is 6%.

Renewable energy production in Brazil accounts for ~82.63% [3]. Brazil relies
on hydroelectricity for 65% of its electricity, and it plans to expand the ~6% share
for biomass and wind energy [4]. While renewable energy production in Mexico is
around 16.92% [3]. Without a doubt, Mexico has lagged in the development of
renewable energy, comparing with other LATAM countries.

Although LATAM has been a remarkable positive development in renewable
energies, the energy demand is increasing at the time, similarly to the impacts of
climate change derived from the overconsumption of fossil fuels. Thus, it makes

Region Total Solid Biofuels Renewable Bagasse Other Solid Biofuels
and Renewable Municipal Solid
Waste Waste

Cap. Prod. Cap. Prod. Cap. Prod. Cap. Prod.

(MW) (GWh) (MW) (GWh) (MW) (GWh) (MW) (GWh)

2019 2018 2019 2018 2019 2018 2019 2018
BR 14,670 53,364 0 0 11,4620  35435° 3195 17,928
MX 811 2368 0 0 791e 1770 21 598
VE 0 0 0 0 0 0 0 0
Cco 336 1711 0 0 336e 1711 0 0
AR 254 1701 0 0 56 o 351 198 1350
CL 442 6059 0 0 0 0 442 6059
PY 20 700 0 0 20e 700 0 0
PE 175 402 0 0 175 402 0 0
EC 144 382 0 0 1440 3820 0 0
Uy 423 2482 0 0 10e 18 413 2464
BO 149 168 0 0 1490 168 o 0 0
CAM* 2620 5937 6 23 2509 5599 10 315
Latam™ 20,044 75,274 6 23 15,596 46,536 4279 28,714
EU 26,051 122,078 4664 22,969 155 318 21,228 98,680

W 101,426 426,830 14,518 62,148 19,070 55,355 67,702 309,214

c

Note: Numbers followed by the letter “o” are figures that have been obtained from official sources such as national
statistical offices, government departments, regulators, and power companies. The letter “u” follows figures that have
been obtained from unofficial sources, such as industry associations and news articles. The letter “e” follows figures that
have been estimated by IRENA from a variety of different data sources. All figures from the IRENA questionnaire
are presented without any indicator.

“In refers to central America and the Caribbean area.

“World.

From Martinique.

Table 2.
Solid Biofuels and Renewable Waste [2].
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sense today more than ever to take advantage of LATAM’s potential for producing
bioenergy. Table 2 shows the production and capacity of the different solid biofuels
and renewable waste to produce bioenergy, where bagasse is the main solid biofuel
source to produce bioenergy. Brazil is a key player having a 70% share of the total
bioenergy production from solid biofuels and renewable waste, occupying first place
in LATAM. Regarding renewable municipal waste as a source to produce bioenergy,
Martinique is the only one that utilizes them. This situation can be seen as a wise and
potential solution to deal with the problems that municipal solid waste (MSW) in
landfills and open dumps areas bring out. Therefore, it could be produced a refuse-
derived fuel (RDF) to produce bioenergy through gasification or pyrolysis as some
developed countries are already doing it at a large-scale, adding value to a material
that has no other valorization option and is disposed of in landfills.

Other materials that need better valorization are the biomass residues from
agricultural and forestry activities (agroforestry residues) since they are sometimes
burnt in the field, causing a range of health issues and significantly raise pollution
levels [5]. Similar to Municipal Solid Waste (MSW), agroforestry residues can turn
into alternative products. For example, briquettes and pellets made from those
residues can partially replace coal in thermal power plants.

Together, RDF and agroforestry residues can be used to generate a set of energy
vectors and organic products in LATAM, implementing pyrolysis and gasification at
a large-scale, like some countries in the world are already doing. Those products can
be used in distinct applications to partially replace fossil fuels. This strategy can add
value to the solid waste management sector and the agriculture sector. In this
regard, Section 2 presents how some companies in the world utilize pyrolysis and
gasification on a large-scale, and Section 3 shows the feedstock availability in Brazil
and Mexico, as well as a brief analysis of the current situation in bioenergy in these
countries. Section 4 shows an Experimental and Numerical Analysis of two impor-
tant biomasses in Brazil and Mexico (Wood and coffee husk). Section 5 analyzes the
viability of these technologies in Brazil and Mexico. Finally, the conclusion will
present, highlighting the main remarks.

2. Large-scale pyrolysis and gasification process

Pyrolysis and gasification are thermochemical conversion processes like com-
bustion, where biomass is broken down into smaller hydrocarbon chains by apply-
ing heat and chemical interactions. Unlike combustion that only produces heat,
pyrolysis and gasification produce components that can be turned into higher-value
commercial products, for example, transportation fuels, chemicals, and fertilizers
[6]. Below is a brief description of each technology.

* Combustion: it burns biomass directly with excess oxygen at 800 to 1000°C. It
generates heat to be transformed into mechanical power and produce
electricity. It is already a well-known commercial technology and broadly
accessible at domestic and industrial scales [7].

* Gasification: it transforms biomass into a combustible gas mixture throughout

partial biomass oxidation. It operates normally at temperatures from 700 to
900°C [7].

* Pyrolysis: it is the thermal destruction of biomass in the absence of air/oxygen.
Pyrolysis of biomass starts at 350 to 500°C and can go to 700 °C, producing
bio-oil, gases, and char [7].
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These three technologies have not only different operating conditions but also
different products, as is described in Figure 1.

The oldest thermochemical conversion process to produce energy is certainly
biomass combustion. Besides, it is the most dominant process in the thermochemi-
cal conversion field. However, pyrolysis and gasification are two promising tech-
nologies since their products can be transformed into multiple energy vectors and
some chemicals. In fact, some companies already commercialize these technologies
on a large-scale to produce power and heat mainly. The following section presents
some of those companies and their general process to transform different kinds of
biomass into power and heat.

2.1 Large-scale fast pyrolysis

The main objective of fast pyrolysis is to produce bio-oil, which can be utilized
as a replacement for fossil fuels in energy production, and transport. Bio-oil is a
complex mixture of organic fuels containing some water and a small amount of fine
carbon [10]. It aims to mobilize biomass into the energy sectors (heat, power, and
transport). It is more manageable to transport and handle, and more cost-effective
than solid wood-based fuels or biomass, to be successfully commercialized, its
characteristics should follow the ASTM D7544-09 and EN16900/2017 standards.
Table 3 presents the main physical and chemical requirements for bio-oils pro-
duced from biomass [12].

Bio-oil production on a large-scale involves multiple processes, working together
to set up a functional bio-oil refinery. The heart of bio-oil production is in the fast
pyrolysis process, where pre-treated biomass is converted into bio-oil. Pre-treated
biomass has basically (1) appropriate particle size (<5 mm) and (2) proper mois-
ture content (<10% w) [13]. Then it is fed into the reactor (approximately 500°C),
causing the biomass to become a gas. This process occurs in nearly oxygen-free
conditions to prevent combustion. The resulting gas enters a cyclone, where carbon

PRODUCT
PROCESS PRODUCT RECOVERY

PRODUCT
RECOVERY

GASES | Extraction o Chemicals ]
PYROLYSIS /LcocoszcmEtc M synthesis ] [ Aot }
\ '
\/ [ Upgrading ] [ Methanol }
N -

Water ‘ [ Solid .‘ ﬂ Gasoline

S X
/ '\ \__Organicliquids /|| AN .
GASIFICATION A — PRODUCT Activated
SOLIDS ENERGY carbon, carbon
........................ I\ black, and
W Char |1 Gas Turbine \___Braphite
Ashes (K,Li,Mg,etc \ I g
COMBUSTION \\# f Englne E|ectr|C\ty
b I
\‘[ Heat ]—1 Boiler
Figure 1.

Biomass thermal conversion adapted from [8, 9].
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Property Unit Test Method Requirement
LHV MJ/kg ASTM D240 15 minimums
Solid content Mass % ASTM D7544 2.5 maximum
Water content Mass % ASTM E202 30 maximums
Acidity pH ASTM E70 41
Kinematic viscosity cSt (40 °C) ASTM D445 125 maximums
Density kg/dm3 (20 °C) ASTM 4052 1.1-1.3
Sulfur Mass % ASTM 4294 0.05

Ash content Mass % ASTM 482 0.25

Table 3.

Main physical and chemical requivrements for bio-oils produced from biomass [11].

and other solids are mechanically separated from the gas flow. Then, the gas passes
through a condenser system, where it cools down and condenses into bio-oil, then it
is filtered. Finally, non-condensable gases are used to produce heat [13].

According to The Green Fuel Nordic company, Bio-oil can be used as a replace-
ment for fossil fuels in the energy production, and transport sector [11]. Further-
more, bio-oil can be transformed into high value-added products like chemical
compounds, food ingredients, cosmetics compounds, etc. Table 4 presents large-
scale fast pyrolysis examples in different countries, where the produced bio-oil is
used to produce transport fuels, electricity, and heat or to be refined, as appropriate
in each case.

A successful example of a bio-oil refinery is Green Fuel Nordic company, whose
business model is based on utilizing pyrolysis technology to produce an advanced
bio-oil. Then this bio-oil is commercialized and send to its customers like the Savon
Voima heating plant to produce heat [16]. Another successful and profitable exam-
ple is Fortum company, which is a Finnish company that invested €30 million in its
bio-oil plant in Joensuu, receiving about €8 million in government investment
subsidies for new technology demonstration [13]. This company signed a contract
to supply bio-oil produced in Joensuu to Savon Voima, which uses bio-oil to replace
the use of heavy and light fuel oil in its district heat production in lisalmi [13]. In
December 2019, Fortum signed an agreement to sell its district heating business in
Joensuu Finland to Savon Voima Oyj. The contract concluded in January 2020,
registering a tax-exempt capital gain of €430 million in the City Solutions segment’s
first-quarter 2020 results [28].

The integrated Coal handling plant (CHP) in Joensuu was constructed in 2012
and began full operation in 2015, producing heat, electricity, and 50,000 tons of
bio-oil (maximum planned capacity per year). The process consists of a fluidized
bed boiler that supplies heat for the pyrolysis reactor and burns the coke, biochar,
and non-condensed gases produced during the pyrolysis process to produce elec-
tricity and heat (See Figure 2). In such a way, high efficiency can be reached for the
pyrolyzed fuel production process. Additionally, when a fluidized bed boiler is
integrated, pyrolysis is a cost-efficient way of producing bio-oil to replace fossil oils.

It is also interesting to notice that Brazil has already taken a leading role in
LATAM with the partnership 50/50 between Ensyn and Suzano to produce 2 million
gallons/year of Ensyn biocrude. The project is located at Suzano’s pulp facilities at
Aracruz city, in the State of Espirito Santo, Brazil. The company derivated from this
partnership (NYSE: SUZ) is now the world’s largest eucalyptus pulp company in
America Latina [25].
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Figure 2.
Large-Scale Fast Pyrolysis Process (Valmet) adapted from [13].

These success cases seem to support the pyrolysis of biomass as a wise way to
reduce the use of fossil fuels, adding value to biomass and contributing to mitigate
the impact of greenhouse gases without losing sight of profitability. Applying tech-
nologies might make sense to countries with a bast biomass availability. However,
as in any process, it is necessary to evaluate the performance of the process to look
for continuous improvements. The following section contains some of these
performance parameters.

2.1.1 Pyrolysis performance

Pyrolysis is a thermochemical cracking process in which organic material is
transformed into a carbon-rich solid and volatile matter (gas and liquids) by heating
in the absence of oxygen as Eqgs. (1)-(4) describe [29].

Biomass — Char + Ash + Moisture + Volatile (CO, CO,, CHy4, CoH4, H,0) (1)

Biomassppiecule — 2R ™ (Initiation) (2)
R, — O; + R, ;(Propagation) (3)
2R* — Products (Termination) (4)
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Eq. (1) is the general pyrolysis reaction. The other reactions represent the ther-
mal cracking process, where R,; is a free radical with a chain length n. O; is an
alkene from olefins with a chain length j [29].

Pyrolysis temperature ranges from 350 to 600°C and it plays a critical role in the
cracking process since, at higher temperatures, molecules move violently, which
causes the breaking of shorter chains from the main C-C chain. Therefore, shorter
hydrocarbon products are favored as in fast pyrolysis or gasification. While biochar is
boosted under low temperatures and large residence times as in slow pyrolysis [29].

General measures of performance are often quoted as measures of how effective
a given pyrolysis scheme may be. These parameters can be oriented to a mass
balance and an energy balance.

2.1.1.1 Product yields

Some parameters can affect the product yield of pyrolysis, such as temperature,
particle size, heating rate, etc. If the desired product is liquid, then producing more
liquids will indicate a more effective process. While, if the desired product is solid,
then producing more solids will indicate a more effective process. Egs. (5)-(8)
describe the pyrolysis yield calculations.

ME = Mlig + Mgas + Miiguid (5)
Vi = —24 5100 (6)
F
m,
Vs = an 100 @)
Migui,
Yiiguia = ;jF”l 100 (8)

where mp represents the feedstock mass, 7,,i; is the solid mass, #14, is the gas
mass, Mjigiq is the liquid mass, mp is the feedstock mass, Yz is the solid yield, Y,
is the gas yield, and Yj;gui4 is the liquid yield.

2.1.1.2 Lower heating value (LHV)

The lower heating value of the products is determined by the contribution of
each of the compounds contained in a specific phase. This parameter is important
because it indicates the amount of energy contained in the products. The LHV of the
gas, liquid, and solid yield is calculated as the following equations describe.

Eylgm wm; % LHV;

LH Vgas = (9)
Mgas
ISR o (/T LH Vi
LHV 0 = 0 (10)
Mliquid
LHV, .y = Zyisolid *m; k LHVl (11)
Molid

where y, , is the mass fraction of the component “i” in the gas, y;,,,,, is the mass

fraction of the component “i” in the liquid, y, ,;, is the Mass fraction of the compo-

({320

nent “i” in the solid, m; is the mass of the component “i”, m,,4 is the solid mass, 7,

(7332

is the gas mass, g4 is the liquid mass, LHV; is the LHV of the component “i”,

11
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LHV, is the LHV of the gas, LHV };yq is the LHV of the liquid and LHV 4 is the
LHYV of the solid.

2.2 Large-scale gasification

Similar to pyrolysis on large-scale, gasification on a large-scale involves other
processes working together. The main product of gasification is combustible gas.
But unlike pyrolysis, the main product is not stored and then transported to be used
somewhere else but used in the same facilities where it was produced. Even so,
gasification offers great benefits, namely reducing CO, emissions for replacing
fossil fuels and avoiding their extraction. Another benefit is that gasification can use
materials that currently have no other valorization option but to be disposed of in
landfills. Waste gasification provides much better electrical efficiency compared
with the direct combustion of waste [30].

A perfect successful gasification example is its integration with an existed coal-
fired plant in Vaskiluodon Voima Oy, Vaasa, Finland. This integration of gasifica-
tion into the coal-fired facilities had several advantages, such as the investment cost
was kept to about one-third of a similar-sized new biomass plant, it was also kept
the full original coal capacity, and the use of coal was cut off by 40% by using local
biomasses like wood, peat, and straw [31]. The Plant generates 230 MW electricity
and 170 MW district heating.

Another example is ThyssenKrupp, whose main product is syngas, which can be
used in multiple processes. While its byproducts are slags, ash, and sulfur compo-
nents. These byproducts can be employed in road building, cement industry, or
recovered [32]. The typical gas composition is CO + H, > 85 (vol.%), CO, 2-4
(vol.%), and CH,4 0.1 (vol.%) [32].

More examples of large-scale gasification in the world are provided in Table 5,
where one can notice several examples are using materials like MSW, plastics, and
solid recovered fuels (SRF). The resulting gas is being used to produce heat and
electricity.

ThyssenKrupp facilities have a feed dust system, so the biomass must be smaller
than 0.1 mm. Then, biomass is gasified using oxygen and steam as gasification
agents. The operational temperature is higher than the ash melting temperature to
remove ash as slag. While the pressure is around 40 bar. The technology has
multiple, horizontally arranged burners to provide heat to the gasifier and produce
steam in a drum boiler (see Figure 3) [32].

On the other hand, Figure 4 presents the Valmet equipment that has a screw
feeder system, so it allows biomass with higher particle size, it also has a cyclone,
which separates solids from the gas. After the cyclone, the gas goes through a gas
cleaning system, delivering a clean gas, which enables the production of high
pressure and temperature steam for the turbine without risk of boiler corrosion. In
Lahti, the electrical efficiency is over 30% (540°C and 120 bar). Furthermore, this
plant operates with RDF (250,000 ton/y) and wood, producing 2 x 80 MW hot gas
cleaning [50]. VASKILUODON VOIMA QY (formerly Fortum) produces 230 MW
electricity and 170 MW district heating, by integrating the gasification capability
with the original coal-fired plant. The biomass gasification plant contributes
140 MW and a woodchip dryer. The gas produced in the gasifier and coal enters a
circulating fluidized bed boiler, where hot water is transformed into steam, that
goes to high-pressure superheaters and then continues to the high-pressure turbine
(HPT). From HPT, the steam returns to the boiler’s preheaters and ends in the
intermediate-pressure turbine (IPT). Here the steam is divided into different
streams (1) district heat exchangers, (2) storage water tank to preheat it, and (3)

12
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Country REF Company/ Technology/ Biomass  For Feed rate/ Status
entity Information Producing Production
(ton/day)
USA [33] Energy Bubbling bed — — 1040 —
Products of
Idaho’
DE [34] HTW-Plant ThyssenKrupp High-ash  methanol 25 ton/h Shut
Berrenrath / Fluidized-Bed  coal down
Germany 1986-
1997
FI [35] Kemira Oy ThyssenKrupp Peat NH,3 30 ton/h Peat Shut
down
1988
1991
FI [36] NSE Biofuels Sumitomo Wood Heat — Start-
[37] Oy Ltd. heavy residues 12 MWth up
industries ltd 2009
CFB
FI [38] Corenso United Sumitomo Plastic 50 MWth — Start-
Ltd. heavy Waste up
industries Itd 2000
BE [39] Electrabe Sumitomo Wood Heat — Start-
heavy residues 50 MWth up
industries ltd 2002
JP [40] HTW-Precon  ThyssenKrupp MSW — 48 ton/day Start-
up
1999
FI [41] Lahti Energia Valmet SRF 160 MW 250,000 ton/y  Start-
Oy, CFB up
2012
FI [31] Vaskiluodon Valmet Wood, 230 MW — Start-
Voima Oy CFB peat,and electricity up
straw 170 MW 2012
heating
FI [42] RENUGAS ANDRITZ Wood — 100-150 ton/ Start-
Carbona pellets, or day up
Bubbling chip 2013
Fluidized Bed
(BFB)
SE [43] GoBiGas Valmet Wood 20 MW — Start-
CFB residues up
2013
ID [44] OKI Pulp & Valmet Barkand 110MW  — Start-
Paper CFB wood X2 up
residues 2017
USA [45] Taylor Biomass Dual bed MSW — 300-400 ton/ 2021
[46] Energy day
UK [47] Amec Foster VESTA Coal, — 250,000 Nm*h
[48] Wheeler patented biomass, of Sin gas
technology waste

It was bought by Outotec.

Table 5.

Large-Scale Gasification Examples.
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Large Scale Gasification Process (Thyssenkrup PRENFLO), adapted from [32].

the low-pressure turbine (LPT), where steam rotates the turbine’s rotor, and a
generator produces electricity for the electrical network. Finally, the gas resulting
from the combustion goes to the flue-gas desulphurization, the cleaning process
creates gypsum.

The gasification process is a potential solution to deal with problems linked to
MSW, plastics, and other residues, producing energy vectors at the same time. This
could be a massive opportunity for LATAM countries that are dealing with exorbi-
tant amounts of waste. Similar to pyrolysis, the gasification performance can be
evaluated for a continuous improvement process.

2.2.1 Gasification performance

Gasification is a partial oxidation process in which organic material is
transformed mainly into gases through heterogeneous (Egs. (12)-(16)) and homo-
geneous reactions (Egs. (17)-(21)), as the following reactions describe.

C+ 0, — CO, (12)
C+CO, — 2CO (13)
C + CO, — 2CO (14)

C +H,0 — CO +H, (15)
C+2H, — CH, (16)

14



Review Chapter: Waste to Energy through Pyrolysis and Gasification in Brazil and Mexico
DOI: http://dx.doi.org/10.5772/intechopen.98383

250 Mwe
STEAM

| ——
TO PREHEATING WATER SUPPLY
43bar, 579°C

L ____» i |
FROM WATER SUPPLY TANKS (WST) =
L —— '] 180bar, 536°C .B-Q—
CLEANED GAS TO ATMOSPHERE & -

199 kats HPT IPT LPT SAME

TO WST

N SHAFT
LIMESTONE . <~ )
HOPPER N
=T >

175 MW
L

TO DISTRIC HEATING PRODUCTION

." i
—
SCRUBBER EARR L ]
GYPSUM v
DRYING FLUIDIZED
T BED
REACTOR
-y
- 1
! —— — ELECTROSTATIC B
PRESIPITATOR
1!0 FLUE u'uﬂ S'EO J F’:;!:I&L:#:E?:egr?éﬁ: S— (%h%
[ I ¥  S— —
COoAL TO ASH SILO
Figure 4.
Pioneer of Biofuel Plants, Producer of Combined Heat and Power adapted from [49].
Hz + 0502 — H20 (18)
CH,4 + 20, — CO, +2H,0 (19)
C,H4 + 0O, — 2CO + 2H, (20)

The temperature in the gasification ranges between 600 and 700°C and plays an
important role in the product yields and gas composition [51]. Besides, the product
yields and LHV of the products exist another parameter to evaluate the perfor-
mance of the gasification process like Cold Gas Efficiency (CGE) and Gas Efficiency
(Ygas).

2.2.1.1 Cold gas efficiency (CGE)

Cold gas efficiency is the output energy by input energy [52], and it can be
described mathematically with the following equation:

HYV g45 Mg

L
CGE =

[v)
LHVy e +100% (22)

where CGE is the cold gas efficiency, LHV is the lower heating value of the feed
stream, LHV,; is the lower heating value of the gas mixture, 7, is the mass of the
gas mixture, and mp is the mass of the feed stream.
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2.2.1.2 Gas efficiency (ygas)

Y gas can be also described as the ratio of the produced gas volume by the
feedstock mass as the following equation expresses:

v

Vs
Yeas = e (23)

where myp is the mass of the feed stream and V,,, the volume of the gas mixture.

3. Biomass availability in Brazil and Mexico and potential analysis

Biomass is a renewable organic material that serves as a sustainable source of
energy to produce electricity or other forms of power. Some of the drivers to utilize
it are lowering fossil-fuel utilization, decreasing greenhouse gas (GHG) emissions,
and promote economic development and agricultural development. The following
sections briefly describe the potential of Brazil and Mexico for bioenergy produc-
tion using agroforestry residues and MSW.

3.1 Brazil

Brazil has an electrical matrix of predominantly renewable origin with an
empbhasis on the water source. Renewable sources account for 82.9% of the domestic
supply of electricity in Brazil, which is the result of the sum of the amounts refer-
ring to domestic production plus imports distributed as 64.9% hydro, 8.6% wind,
8.4% biomass, and 1% solar [49]. The energy production from fossil fuels accounted
for 17.1% of the national total, which 2.0% oil products, 2.5% nuclear, 9.3% natural
gas, and 3.3% charcoal. This distribution represents the structure of the domestic
supply of electricity in Brazil in 2019 [53].

The energy needed to move the economy of a region in a period, Internal Energy
Supply in 2019, was 294 million toe (tons of oil equivalent) or Mtoe. Looking
specifically the renewable sources, they increased by 2.8% in 2019 compared to
2018, that was supported by a strong increase in the production of sugarcane
products with 5.5% in ethanol, adding the increase of wind, solar, and biodiesel with
4.4% [54], as shown in Table 6.

The choice for the energy matrix also relates to the system costs and regional
conditions. For agro-industrial regions, biomass can be a viable raw material to
produce clean and renewable energy, at the same time is a form to minimize the
environmental impacts of agro-industrial production. In the Brazilian energy
matrix, the types of biomass most used are from sugar cane and its products,
firewood, black liquor, and rice husks. Considering the energy matrix in Brazil, a
general view of the installed potency is shown in Table 7, the installed capacity of
electricity generation by source in MW, and the evolution from 2015 to 2019 [53].

3.1.1 Forestry vesidues

Brazil is a forest country with hectares (59% of its territory) of natural and
planted nearly 500 million forests [55], representing the second largest forest area
in the world with 502,082.1 (1000 ha) [55], only surpassed by Russia [56]. The
distribution area is 57.31% in natural forests and 1.16% in planted ones [56].

Brazil has around 10 million hectares of forest plantations, mainly with species
of Eucalyptus and Pinus genera, which represent 96% of the total area. Forest
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Description Production (ktoe) Increase or retraction % Production (%)

2018 2019 2018 2019
Non-renewable 157,972 158,395 0.3 54.5 53.9
Petroleum and derivatives 99,627 101,051 1.4 34.4 34.4
Natural gas 35,905 35,909 0 12.4 12.2
Mineral coal and derivatives 16,418 15,480 -5.7 5.7 53
Uranium (u308) and derivatives 4174 4174 0 1.4 1.4
Other non-renewable® 1848 1780 -37 0.6 0.6
Renewable 131,898 135,642 2.8 45.5 46.1
Hydraulics and electricity 36,460 36,364 -0.3 12.6 12.4
Firewood and charcoal 25,511 25,725 0.8 8.8 8.7
Sugar cane derivatives 50,090 52,841 5.5 17.3 18
Other renewables® 19,837 20,712 4.4 6.8 7
TOTAL 289,870 294,036 1.4 100 100
of which fossils 153,798 154,221 0.3 53.1

“Blast furnace, melt shop, and sulfur gas.
"Black liquor, biodiesel, wind, solar, rice husk, biogas, wood waste, charcoal gas, and elephant grass.

Table 6.
Internal Energy Supply (OIE) [54].

plantations amount to 1.2% of Brazil’s area, and 2.0% of the total forest areas. The
composition of forest plantations in 2018 was 7,401,334 ha of Eucalyptus,
2,030,419 ha of Pinus, and 407,933 ha of other species [56] including rubber, acacia,
teak, and parica.

The industrial sector of forest plantations is based on the cultivation of trees for
industrial purposes, generating a variety of products numbering nearly five thou-
sand, including lumber, pulp, paper, flooring, wood panels, and charcoal [57].
Figure 5 presents the area of planted trees in 2019, by state and by genus (in
millions) [57].

According to the Food and Agriculture Organization of the United Nations,
FAO, in 2019 the generated wood residues in Brazil were 19,140,000 m? [58].
Concerning the management of industrial and forest waste, the Brazilian planted
tree sector has adopted sustainable practices to dispose of various types of domestic
and urban waste generated during its production processes.

As shown in Table 8, in 2019 most of the waste from factories and forest compa-
nies was directed toward energy generation, approximately 67%. In the second place,
12% of waste was directed to other industrial sectors for reuse as a raw material. Of
the total waste generated before consumption, 7.4% was kept in the field to protect
and enrich the soil, 4.2% was sent to landfills, and 3.4% was recycled [57].

3.1.2 Agricultural residues

Agricultural occupation in Brazil is estimated at 65.91 million hectares, equiva-
lent to 7.8% of the national territory [59], the numbers show that Brazil uses 7.57%
of its territory for crops. This area also corresponds to only 3.41% of the cultivated
area worldwide.

Agroindustry waste generation in Brazil is spread off in all the country states
from North to South regions, is from various crops, varies with seasonality, and
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Plants in operation 2015 2016 2017 2018 2019
UHE / Hydro 86.366 91.499 94.662 98.287 102.999
PCH / Hydro 4.886 4.941 5.020 5.157 5.291
CGH / Hydro 398 484 594 695 768
EOL / Wind 7.633 10.124 12.283 14.390 15.378
SOL / Solar 21 24 935 1.798 2.473
Termo Total 39.564 41.275 41.537 40.523 41.219
Biomass 13.257 14.147 14.505 14.790 14.978
Bagasse 10.573 10.979 11.158 11.368 11.438
Others 2.684 3.168 3.347 3.422 3.540
Biogas 84 119 135 140 186
Elephant Grass 32 66 32 32 32
Charcoal 51 54 43 43 48
Rice Peels 45 45 45 45 53
Charcoal Gas 112 115 114 128 128
Black-Liquor 1.923 2.333 2.543 2.556 2.544
Vegetal Oil 27 4 4 4 4
Wood Residue 409 432 431 474 544
Fossil 24961 25.550 25.453 24.127 24.642
Steam Coal 3.389 3.389 3.324 2.858 3.228
Refinery Gas 316 316 316 320 320
Natural Gas 12.428 12.965 12.980 13.359 13.385
Fuel Oil 3.197 4.020 4.056 3.363 3.316
Diesel Oil 5.632 4.825 4.737 4.186 4.353

Viscous Oil — — —

Others' 35 41 41 40
Industrial Effluent 1.346 1.578 1.579 1.606 1.599
Gaseous Effluent” 160 176 172 172 66
Sulfur 71 71 71 71 79
Blast Furnace Gas 216 422 422 417 512
Process Gas 674 654 658 721 715
Steel Gas 225 255 255 225 226
Unknown sources 92 — —
Nuclear 1.990 1.990 1.990 1.990 1.990
Total 140.858 150.338 157.112 162.840 170.118

ncludes TAR.
?Includes heat of the process (Table in MW).

Table 7.
Installed Capacity of Electricity Generation by Source [53].

represents a huge amount. The availability of the main selected products from
agricultural residues, animal waste, and its respective analyses as to generation
potential was determined [60]. The main selected products are analyzed from the
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Avrea of Planted Trees in Brazil in 2019, by state and by genus (in millions) [56].

Waste generated during the production % of tons by type of Final destination
process waste, by

destination
Bark, branches, leaves, lime sludge, boiler 7.4% kept in the fields to protect and
ash, others fertilize the soil, composted
Drags and grits, sludge, ash, metal scrap, 3.4% recycling
plastic, cardboard, etc.
Bark, branches, leaves, woodchips, sawdust, 66.6% energy generation
black liquor
Sawdust, paper scraps, lime sludge, and boiler 0.7% reused as raw materials by
ash companies in the planted tree

sector

Sawdust, paper scraps, lime sludge, and boiler 11.7% reused as raw materials by
ash other industrial sectors
Paper scraps, lime sludge, non-hazardous 42% sent to landfills
wastes, others
Bark, sawdust, sludge/filtrate from water 0.7% sold or shipped to various
treatment plants, knots, and rejects from fiber companies
lines
Various types of waste already described 5.3% other destinations, including

above and other non-specified

co-processing

Table 8.

Solid Waste Generated by Type, According to Final Destination, in % of Total Waste [57].
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point of view of Brazil’s economy and about the necessary conditions for the rural
producer to keep up with sustainable growth. Table 9 presents the most common
and produced agricultural residues [60].

Brazil stands out as a major biomass generator, the mass supply of biomass in
2005 was 558 million tons, with a projected growth to 1402 million tons in 2030
[53]. Table 10 shows the evolution of mass supply per agricultural residue, agro-
industrial, and forestry residues.

Biomass availability is a key aspect of bioenergy. The total bioenergy supply in
2019 was 93.9 Mtoe (1824 thousand bop/day), corresponding to 31.9% of the Bra-
zilian energy matrix. Sugarcane products as bagasse and ethanol with 52.8 Mtoe,

Feedstock Abbreviation Generating potential index -GP* (tons/total residues - tons/total
waste®)
Sugar cane SC 0.22t TR/SC
Soybean SO 2.05t TR/SO
Maize (corn) MI 1.42 t TR/MI
Rice (straw) RI 1.49 t TR/RI
Cotton CO 2.95t TR/CO
(Perennial)
Orange - 100 oG 0.50 t TR/OG
Wheat —70 WH 1.42t TR/WH
Cassava - 100 CA 0.20 t TR/CA
Tobacco TO 0.75t TR/TO

“Generating potential index GP (Tons/culture).
bGP Index abbreviation: TR= Total Residue: TW= Total waste.

Table 9.
Estimates of generating potential index (GP) for agricultural vesidues and animal waste in Brazil [60].

Residue 2005 2010 2015 2020 2030
Total 558 731 898 1058 1402
Agricultural Residues 478 633 768 904 1196
Soybean 185 251 302 359 482
Maize (corn) 176 251 304 361 485
Rice (straw) 57 59 62 66 69
sugar cane 60 73 100 119 160
Agro industrial waste 80 98 130 154 207
Bagasse sugar cane 58 70 97 115 154
Rice (Husk) 2 2 3 3 3
Black Liquor 13 17 21 25 34
Wood 6 8 10 12 16
Energy Forests 13 30 31 43 46
Super plus Wood 13 30 31 43 46
Table 10.

Mass supply of biomass by agro-industrial agricultural waste and forestry (millions of tons) [61].
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accounted for 56.3% of bioenergy and 18% of the matrix. Firewood, with 25.7 Mtoe,
accounted for 27.4% of bioenergy and 8.7% of the matrix.

Other bioenergy (black liquor, biogas, wood residues, residues from agribusi-
ness, and biodiesel), with 15.3 Mtoe, accounted for 16.3% of bioenergy and 5.2% of
the matrix [49]. Tables 11 and 12 show the energy supply and consumption by
sugarcane products: sugarcane bagasse as input for electricity generation and sug-
arcane juice for alcohol production [50].

3.1.3 Municipal solid waste residues

Between 2010 and 2019, the generation of MSW in Brazil registered a consider-
able increase, going from 67 million to 79 million tons per year (in 2020). In Brazil,
most of the collected MSW goes to disposal in landfills, having registered an
increase of 10 million tons in a decade, going from 33 million tons per year to 43
million tons. On the other hand, the amount of waste that goes to inadequate units
(dumps and controlled landfills) has also grown, from 25 million tons per year to
just over 29 million tons per year [62].

It should be noted, in Figure 6, that the organic fraction remains the main
component of MSW, with 45.3%. Dry recyclable waste, on the other hand, adds up
to 35% being mainly composed of plastics (16.8%), paper and cardboard (10.4%),
in addition to glass (2.7%), metals (2.3%), and multilayer packaging (1.4%) [58].

Flow 2015 2016 2017 2018 2019
Production 162.6 168.6 165.6 157.8 162.2
Total consumption 162.6 168.6 165.6 157.8 162.2
Transformation” 28.0 28.7 28.9 28.5 29.3
Final consumption 134.6 139.9 136.8 129.3 132.9
Final energy Consumption 134.6 139.9 136.8 129.3 132.9
Energy sector 61.8 57.5 56.0 67.1 711

Industrial 72.8 82.4 80.8 62.1 61.9
Chemical 0.0 0.0 0.0 0.0 0.0

Foods and beverages 72.7 82.3 80.6 62.0 61.7
Paper and pulp 128.0 141.0 146.0 157.0 147.0
Others 0.0 0.0 0.0 0.0 0.0

“Input for alcohol production (Table in 10° ton).

Table 11.
Sugar Cane Bagasse [53].

Flow 2015 2016 2017 2018 2019
Production 209.3 183.7 179.9 243.1 260.5
Total Consumption 209.3 183.7 179.9 243.1 260.5
Transformation’ 209.3 183.7 179.9 243.1 260.5

“Input for alcohol production (Table in 10° ton).

Table 12.
Sugar Cane Juice [53].
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Figure 6.
Gravimetry of MSW in Brazil [62].

The tailings, in turn, correspond to 14.1% of the total and mainly contemplate the
sanitary materials. As for the other fractions, we have textile waste, leather, and
rubber, with 5.6%, and other waste, also with 1.4%, which contemplate various
materials theoretically reverse logistics objects [62].

The national gravimetry, in Figure 6, was estimated based on the weighted
average of the total generation of MSW by income bracket of the municipalities and
their respective gravimetry, considering the population and generation per capita.

It is possible to estimate the economic development of a country by analyzing
the physical composition of its MSW. In general, the greater the income of a
country the higher the consumption and, therefore, the amount of waste generated
[63]. The physical compositions of MSW from towns in different regions of Brazil
are shown in Table 13 [63].

The National Solid Waste Policy (NSWP) was established by Federal Law n.
12,305 in August 2010, and it can be a milestone for waste management in Brazil
[64]. The goals of this law are the reduction, reuse, recycling, treatment, and
appropriate disposal of MSW, including energy recovery systems, to avoid damage
to the environment and public health. This law prohibits the open dump disposal of
MSW, and it is stipulated that all states and cities must have closed their open
dumps by 2014. Nevertheless, the situation about MSW in Brazil has changed very
little since the introduction of the NSWP [63].

3.1.4 Brazilian politics velated to the bioenergy sector

In Brazil, the bioenergy sector is promoted by programs instituted by the federal
government. In 2002 the Brazilian government launched the Incentive Program for
Alternative Sources of Electric Energy (PROINFA), of the Ministry of Mines and
Energy in response to the scarcity of energy in the country, in search of renewable
sources [63].

As part of the incentive to biodiesel, the National Biodiesel Production and Use
Program (PNPB) was launched in 2004 [65]. The PNPB’s strategy is to make
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Regions North?* North-east®  Mid-west®  South-east? South® Brazil®
(%) (%) (%) (%) (%) (%)
MSW
Organic matter 54.68 57.00 54.02 52.00 57.27 51.4
Recyclables 27.46 10.31 29.72 41.70 26.87 31.9
Metal 1.09 1.74 3.64 1.66 1.46 2.9
Paper and 10.87 37 7.48 15.39 11.62 13.1
cardboard
Plastic 14.67 3.86 16.73 21.15 11.23 13.5
Glass 0.83 1.01 1.87 3.50 2.56 2.4
Others 17.86 32.69 16.26 6.30 15.86 16.7
Total 100 100 100 100 100 100

“Prefeitura Municipal de Araguaina (2013).
bContrato Prefeitura Municipal de Cubati (2013).
‘Prefeitura de Paranaiba (2014).

defeitum da Cidade do Rio de Janeiro (2015).
“Prefeitura de Porto Alegre (2013).

IMinistério do Meio Ambiente (2012).

Table 13.
Physical composition of MSW from towns in different vegions of Brazil [63].

feasible the production and use of biodiesel in the country, with a focus on com-
petitiveness, the quality of the biofuel produced, the guarantee of security of its
supply, the diversification of raw materials, the social inclusion of family farmers
and in strengthening the regional potential for the production of raw materials [66].

RenovaBio is the new National Biofuel Policy, instituted by Law 13,576/ 2017
[67], whose objective is to expand the production of biofuels in Brazil, based on
predictability, environmental, economic, and social sustainability, and compatible
with the growth of the market. Based on this expansion, the aim is to make an
important contribution by biofuels in reducing greenhouse gas emissions in the
country. The program will seek its performance based on four strategic axes:
discussing the role of biofuels in the energy matrix; development based on envi-
ronmental, economic, and financial sustainability; marketing rules and attention to
new biofuels [68].

Regarding MSW and its destination to the bioenergy sector, in 2020, an associ-
ation of four important sectorial entities - ABCP (portland cement), Abetre (waste
and effluent treatment), Abiogds (production and use of biogas), and Abrelpe
(public cleaning) - launched the FBRER (Brazil Front for Energy Recovery of
Waste), which aims to boost energy capture from waste deposited in landfills. The
signing of the Cooperation Agreement for Energy Recovery of Waste was signed by
the entities and the Ministry of the Environment of the federal government [69].

The cooperation agreement will seek to coordinate efforts to remove regulatory
barriers that hinder the more intense use of waste. Besides, it intends to make
feasible projects for the energy recovery of solid waste and promote its integration
into the clean and renewable energy market [69].

3.1.5 Limitations for implementing pyrolysis and gasification of biomass in Brazil
In Brazil, one of the challenges faced by biomass gasification projects is that the

facilities are constructed and operated in the laboratory, and on a small scale, it
was not possible managed to show viability on a large scale. The lack of
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gasification plants in operation leads to the unreliability of the business, which
alienates investors.

Another factor observed is the comparison between the technologies used to
reduce MSW. Considering gasification, pyrolysis, and incineration, it is observed
that for the gasification process, solid waste generally needs to have humidity lower
than 30%, an average granulometry of 50 mm, and an average calorific value of
3500 kcal/kg [70], the solid waste must be prepared as fuels derived from municipal
waste. Such treatment of waste to transform it into a good fuel requires an increase
in the costs of production.

Likewise, in the pyrolysis process, waste also needs to be pre-treated. This pre-
treatment raises the costs of the MSW energy plant. The pyrolysis process produces
gases, oils, and solid waste (metals, oxides, and inert material), which need to be of
high quality to identify markets for their absorption. Given these characteristics of
gasification and pyrolysis process, energy reuse projects for solid waste end up
using incineration technology.

There are several challenges for Brazil to achieve high levels of sustainability in
the management of MSW as waste to energy through gasification or pyrolysis
technologies. The biggest of these is related to the sale of energy that will be
generated by plants using MSW, as it is the largest revenue of this enterprise since
this market is not yet regulated.

3.2 México

In contrast with Brazil, around 88.70% of the energy production in Mexico
comes from fossil fuels, 3.17% charcoal, 1.16% Nuclear, and 6.97% renewable
(3.79% biomass, 1.62% geothermal, hydropower 1.42%, solar and wind 0.14%).
Regarding energy contribution to power generation, 78% comes from fossil fuels,
2.8% nuclear, biomass 9.30%, hydropower 3.70%, and 6% from others. As one may
infer, energy production in Mexico relies mostly on fossil fuels [71]. Therefore, the
potential of other resources such as biomass is not being exploited, preventing the
strengthening of the agricultural sector and the reduction of GHG.

Mexico occupies 3rd place in LATAM and the Caribbean in terms of cropland
area, after Brazil and Argentina. The cultivated area in 2007 was 21.7 million ha,
producing 270 million tons. The residuals from these crops are currently used for
animal feed and bedding, mulch, and burning to produce energy and compost. In
fact, in 2012 bioenergy has an operational capacity of 645 MW installed, of which
598 MW are from bagasse and the rest from biogas. However, in 2019, it is regis-
tered that Mexico increased its capacity of bagasse to 791 MW, which means 32%
more, or a 4.28% increase per year [71]. Although the production of energy from
biomass has increased, the full potential is not being exploited. The following
section presents the biomass availability in Mexico.

3.2.1 Forestry vesidues

Mexico has 138 million hectares of forest, equivalent to 70% of the national
territory. The forests and jungles are an important part of these lands and cover 64.9
million hectares, of which it is estimated that 15 million hectares have the potential
for commercial use. The available forest biomass is distributed in different areas of
the country. However, the greatest potential is in the mountain ranges of and the
Yucatan peninsula [72].

Forest biomass contributes 8% of primary energy demand, being used in resi-
dential firewood and small industries. However, it can be considered as an alterna-
tive source for renewable energy generation and provide multiple benefits [72].
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Forest management, extraction, and industrialization activities generate a sig-
nificant amount of residual forest biomass annually. Some studies have been carried
out on the use of forest residues in the production of bioenergy, and the results
indicate that Mexico generates around 703,323.6 (1,774,994.0 m>r, cubic meters of
unbarked round timber) tons of dry base biomass, which come from forest residues
of mainly pine, and oak. [72].

According to the production of forest biomass, 598,858.1 tons correspond to pine
and 104,465.5 tons to oak. In terms of energy, this forest biomass represents a
renewable energy resource of 12,827.8 TJ of which 11,425.4 TJ corresponds to pine
and 1402.4 TJ to oak. [72]. In Mexico, the main industry supply forest basins have
been identified (Figure 7), where a remarkable amount of sawmill waste is con-
centrated, which can be used as feedstock for integrated energy generation systems
(thermal and electrical) [72]. The fact of integrating forest residues into energy
generation is an opportunity for community forest companies, ejidos, and commu-
nities, to generate income that comes from forest biomass that is now used for waste
or that has a minimal economic recovery.

3.2.2 Agricultural vesidues

Several studies have pointed out and assessed the potential of biomass energy
production in Mexico, considering three main categories: wood & forestry residues,
crop, and agro residues, and MSW [72]. Some estimates range from 3035 to 4550
PJ/y, where wood forestry residues share is 27-54%, crop and agro residues 26, and
0.6% from MSW. Other estimates more conservative said 626 PJ/y and 2228 PJ/y.

Table 14 shows the main agricultural residues produced in Mexico, which
considers the residue index (RI) of each crop. Maize primary residue has a 44%
share of the main crop residues producing in Mexico. While sorghum primary

N

[ Industrial supply forest basin
I Natural protected areas
B Low production

I Forest
B Jungle
0 100 300 400 [ 23] &
- Hikomeeros
Figure 7.

Main Industrial supply forest basin in Mexico adapted from [72].

25



Gasification

- - - - - - 60°0 80°L1 61’ 86'CL 0T'C - 60°0 1L'9% 819 [RuaT
- - - - - - 8¥°0 S8t ¥6°'ST S8'%9 00°S - 8%°0 +9°ST L6'TT 023eqo],
— — - - - - 9C'0 €91 98'GT ¥9°6¢ [ - 97’0 69°0¢ e uesq eAeq
- - - - - - 0Tt YA AN S5'89 8C'T/LT 08¢ - 0zt 6CTC oT'SH Suresag
wo €81 0€'TC 1L8LT 080 0€0 SIPYS 0ST TO'61 6L'8L £6'961 ae - 61 6¢CL T16'C6 mupunorn
- - - - - - 0LT 8Y'LT 0526 9L'¢€vT ST - 0LT 9€'6C €96 ®0
— — - - - - 11°C €6l S6°60T 88'v/T 8C'C - e Yoty 96°0¢t IaMmojjjes
- - - - - - 96’1 0T'st LT'80T £9°0LT 0LT - 96T 98°'C¢ CC6ST eadyoryn
9€'0 9¢'ST Geee TL9% 0S'0 0C0 AsnH €T LE°ST 6¢°0ST 86'GLE 91T - 19T er'yT €67eeT 01y
- - - - - - 10°¢ ST SSTLT 98°8t¥ 091 - 10°¢ 6061 ¥0°89¢C ueaqhog
— — - - - - 99°¢ 0S'ZT 154743 75°808 8C1T - 99°¢ LE°€T 99°1€9 uonop
89°0 0S'L1 18°8¢ 9L 050 0oT'0 jAsnH 001 S'8T SEEYS L€°8SET SLT - 00T 1244 T1C9/L Kayreg
- - - - - - [4vA v/L'81 01°08¢ YT 056 88°0 - [4 VA [ AS 78'6L0T sueag
80 6561 LTy CiAd 060 ¥0°0 IIMH - - - - - - 80 - 8¢981T 99J30D
0°'C oT'6L £L90T ¥9'811 060 (V) 0] dmng - - - - - - ¥0°C - 8¢981T 933300
— — — — — — St'Sy 9€'6T  SHLPEL £€9'8985 91 — Sh'Sy ¥9'6  19°T79€ TeSYM
Jres
— — — — — — €6'V/T  0S8T  66'8556  8¥'L68'€T 06 /meng €6'v/1 S8/T  9S'/T19 wnysiog
68'8%  9U/T  98'8YST 80°T95¢ 08°0 S0 q0D €0°0€C  ST/LT  99%68€€T  SIW/K'EE W 19408 6'8LC L6TL €5°0VLET azIel
ww>mw~
107, rel T¥'89L€ 78'9¢SL 0s'0 ¥1°0 assedeq 8T°CS T€LT €L YT0E 78'9¢SL 10 2 sdog, (%741 oTL Y rE8 ES auedredng
(24/(d)
(Af@ @ (A Kifa) G @Ep) [enualog (x4 1)

renualog  /fIN) , [eMOYRN  (IA) Ioey  Xpuj renusrog  /(IN) L TeMeleN (A7) xopu| A8rouy (%) uopanpoig
ASxougy AHH Olqe[reAy uononpoig A1dA0ody onpisoy onpisoy ASmwug  AHH 9[qe[leAY UOHONpoId 9NpISYy InpIsay sanpisay ‘AD doxp doxp
anpisay Arepuosag anprsay Arewig uoneurioyuy doxp

26



*[EL] 091X UL SoMPISTY [PANINIASY

/ldx.doi.org/10.5772/intechopen.98383

http

Review Chapter: Waste to Energy through Pyrolysis and Gasification in Brazil and Mexico

DOl

‘v 9Iqe],
b0 4019vf £120002Y ,
18°/C1 €SS €°0L9 6'50676 B0,
(Teosawr)
€0 60°9T ¥8'9¢ eeee 080 o assedeg w0 8'81 JAN 44 6'SS 0z0 SaAed] 880 1L9C 65°6/C anedy
(epmbay)
ST'C Se91 SIel 6€191 080 o assedeg 6T 0S°/1 09'601 66°¢/T 0T'0 SaARd] 86'¢ w6see S6'69¢T anedy
- - - - - - 91’0 05’1 0’6 6¥°€C 00°¢ - 9T'0 899 €8°L lamopung
(CLYEY
(i@ G () Gy G dEp) [enusiod (&)
renualog  /fIN) , [eMOYRN  (IA) Iopey  Xapuj renusrog  /(IN) L TeMeleN (A7) xopu| A8rouy (%) uwononpoig

AS1oug AHH OlqereAy uononpoig AIdA0o9y onpisoy onpisoy ASmug  AHH 9Iqe[lPAY UOHONPOIJ 9NPISY ONpISay  SonpIsay ‘AD doxp doxp
anpisay Arepuosag anprsay Arewig uoneurroyuy doxp

27



Gasification

residue is 31%. As forestry residues, the use of agro residues is an opportunity for
agro communities and industries to generate income by a better valorization of
residues.

3.2.3 Municipal solid waste residues

In Mexico, 102,895.00 tons of waste are generated daily, from which 83.93% are
collected and 78.54% are disposed of in landfills or open-air dumps, recycling only
9.63% of the waste generated. That translates into an economic loss by diverting
materials that are susceptible to rejoining the production system, reducing the
demand and exploitation of new resources, unlike countries like Switzerland, the
Netherlands, Germany, Belgium, Sweden, Austria, and Denmark, where the final
disposal of waste is less than 5% in sanitary landfills [74].

Article 10 from the Mexican General Law for the Prevention and Comprehen-
sive Management of Waste (LGPGIR) establishes municipalities oversee the inte-
gral management of MSW, which consists of the collection, transfer, treatment, and
final disposal [75].

Municipalities encounter challenges that fall outside their technical and financial
capacities due to the lack of trained personnel in acquiring or committing financial
resources that give certainty to private sector investments. This situation is maybe
because of the short time of the municipal administrations, which leads to the
breaking of the learning curve, and therefore to a lack of continuity in actions and
projects that guarantee integral management of urban solid waste [74]. Whatever
the case, the reality is that MSW has become a big problem in Mexico, especially in
big cities like Mexico City.

Mexico has 2203 areas (landfills or open-air dumps) for final MSW disposal.
Figure 8 shows the average composition of MSW in Mexico.

Food and garden waste and disposable diapers have a share of 48.98% of the
total MSW in Mexico. While other MSW fractions like paper, paperboard, rags, and
plastics represent around 25% of the total MSW in Mexico. Those fractions can be

Waxed Cardboard Boxes

Synthetic fibers 0.34 %
151%

Rubber 0.54 %
Can 098 %
Ferrous material 0.88 %
Non-ferrous material 0.57 %

Rags 2.82 %

Fine residue 2.25 %

PET2.63%

Construction malerials 0.70 %
Earthenware and ceramics 0.46 %
Cotton 0.15 %

Expanded polystyrene 1.55 %
Polyurethane 0.55 %
Colored glass 1.60 %

Clear glass 313 %

Leather 0.46 %

Hard vegetable fiber 0.73 %
Bones 0.52 %

Wood 0.79 %

Figure 8.
Mexican MSW Composition 2017 adapted from [76].
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utilized to produce a refuse-derived fuel, which can be used as feedstock for gasifi-
cation or pyrolysis processes, generating energy vectors and adding value to mate-
rials that did not have any other purpose than to be disposed of.

3.2.4 Mexican politics velated to the bioenergy sector

The law for the promotion and development of bioenergetics published in 2008
aims to promote and develop bioenergetics to contribute to energy diversification
and sustainable development as conditions that allow guaranteeing the develop-
ment of the agricultural sector [77].

Another low that is related to the bioenergy sector is the Mexican General Law
on Climate Change published in 2012 and modified in 2018, which sets the rights
and responsibilities of state governments to climate change mitigation and adapta-
tion. Since then, state governments have made progress in developing specific
policy instruments, provided in both the Law and the National Climate Change
Strategy. However, little clarity regarding the current level of progress of these state
efforts exists at the national level. In this sense, seventeen policy instruments (laws,
regulations, plans, programs, among others) of the 32 states of Mexico were set
[78]. Four of them are related to MSW management, which is potential biomass to
produce bioenergy.

3.2.5 Limitations for implementing pyrolysis and gasification of biomass in Mexico

Even though Mexico has a high potential for Renewable Energy Sources (RES)
development, only a small amount of this energy has been utilized. This may be due
to the following reasons:

* The lack of an energy plan that evaluates the RES feasibility in short term.

* Consume the cheapest energy source, usually fossil fuels, rather than
sustainable and eco-friendly resources. This situation is preventing RES
development.

* Complex supply-chains and vulnerable to fossil carbon inputs mainly
associated with feedstock transport.

* Higher abatement CO2 costs compared to actions in other sectors. For liquid
biofuels, the estimated cost ranges from 7 to 12 US$/tCO2e, while for biogas
and upgraded wastewater treatment plants the cost is around 60 US$/tCO2e.

Whether forestry agricultural residues or municipal solid waste, it exists a great
potential to produce energy vectors in Mexico. However, socio-political factors
have delayed their use. To overcome such limitations is vital to have a national plan
for renewable energy in Mexico by the explicit establishment of RES participation,
considering financial schemes that help small renewable energy producers as it was
established in the law for the promotion and development of bioenergetics
published in 2008. Another noteworthy point is the palletization of agroforestry
residues or MSW to produce fuel pellets, also known as RDF, which is a more
uniform fuel than MSW regarding particle size and heating value, and it is easy to
transport.

Another important factor is to know beforehand the composition and yields of
each technology’s products, considering the available feedstocks in each country.
Unfortunately, this would require major investments to produce experiential data.
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Figure 9.

(a) Relative deviation between the experimental and numerical syngas composition produced in the 250 kWth
gasifier using fovest vesidues and coffee husks (b) Experimental and numerical fluidization curves gathered at 8
and 18 cm height from the 75 kWth reactors (c) Model gas composition of wood (adapted from [83, 84]).
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Knowing this information can help decision-makers to decide which agroforestry
residue is a priority, the type of technology to employ, and the use of the products.
Fortunately, mathematical models of these technologies can help predict with cer-
tainty this information. The following chapter describes a mathematical model used
for the gasification of wood residues, an important residue in Brazil and Mexico.

4. Experimental and numerical analysis

Mathematical models reduce efforts, investments, and time, promoting a better
perception of the physical and chemical mechanisms immerse in complex technol-
ogies like pyrolysis and gasification [79]. Modeling approaches can be as complex as
the available software allows. However, the approach can also be simple, effective,
and with an excellent degree of certainty. For example, equilibrium models are
reliable and uncomplex [79]. Nevertheless, they do not deal with essential parame-
ters such as hydrodynamics, transport process, or reaction kinetics. In contrast with
kinetic models that consider reactions’ kinetic, being much more accurate but
computationally expensive [80].

Fortunately, the growth of computational power is leading to better software
that is gradually replacing empirical or semi-empirical models for computational
fluid dynamics. These models can provide relevant information on what is happen-
ing inside the reactor, which can lead to a better understanding of the technology as
well as improvements in it. However, their extreme complexity means that these
models are still in the development stage [81, 82].

Gasification and pyrolysis processes involve multiple phases, which makes them
very complex. Figure 9 summarize the validation of a model applied to two fluid-
ized bed reactors with 250 kWth and the other 75 kWth, both operated by our
research team. The relative deviation between the experimental and numerical
syngas composition produced in the 250 kWth gasifier using forest residues and
coffee husks is depicted in Figure 9a.

Figure 9b displays the deviation between the experimental and the numerical
fluidization curves performed at two different bed heights (8 and 18 cm) in the 75
kWth reactors. Overall, the numerical curves successfully forecasted the slope of
the experimental curve with acceptable precision. The broader deviations arose at
the lowest velocities. This is due to the movement of the solid before fluidization
occurred. It can be also due to the inefficiency of the mathematical model since it
considers a low entropy.

The mathematical model effectively predicted the acquired experimental data
trends with acceptable accuracy for both equipment at different validation points
and experimental conditions. It is worth acknowledging that this model has already
been extensively validated and submitted to constant improvements in dealing with
different biomass substrates and the heterogeneity of MSW at distinct operating
conditions, gasifying agents, and reactor scales. In this example, the gas composi-
tion of wood gasification could contain an excellent number of combustible gases,
namely H2, CO, CH4, and CO2 (see Figure 9c), which can be used to produce
energy or heat in Brazil and Mexico.

5. Feasibility

As it was discussed in Section 2, gasification and pyrolysis are already at full-
scale, mostly in developed countries [85]. However, small-scale energy systems
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demonstrated to be more advantageous and cost-effective to install in certain
regions since this model offers mobility and simplicity [86].

These models can provide energy to decentralized areas or rural households
communities, particularly in developing countries like Brazil and Mexico, deliver-
ing alternative electric power solutions to communities where connection to the
central grid is economically unfeasible. Furthermore, blending biomass residues
with other wastes, such as MSW (RDF included), is praised as a clever strategy to
lessen exploration costs, boost plant production efficiency, and avoid biomass
exploration excess and consequent disequilibrium of ecosystems [87]. In fact, small-
scale biomass gasification systems became attractive for off-grid functions due to
their cost-effectiveness and high plant load factor.

Biomass-based systems afford an important asset particularly in rural areas since
agricultural and timber residues are easily accessible. Furthermore, biomass explo-
ration affords a helping hand towards wildfire hazards reduction, promoting forest
biomass harvesting and cleaning in overgrown areas [88]. These units have already
proved their suitability for power generation in small towns, being already widely
used for rural electrification solutions. In fact, small towns require low electrical
load demand. Thus, biomass gasification systems are more cost-competitive than
solar PV or even grid electrification for rural areas that are off-grid [89].

These factors could point to the feasibility of energy production through bio-
mass in Brazil and Mexico because of their large amounts of biomass and regions
that are not connected to the grid. Besides, the used small stations could be the step
towards large-scale production using, for example, MSW, which has become a big
problem in large cities such as Brasilia and Mexico City.

The feasibility of financial indicators is resolved by measuring their flexibility
and assessing the project performance response to stressful scenarios, appointing
either a favorable or unfavorable evolution of several variables simultaneously,
where some variables may be more uncertain than others. Some of the variables that
can affect the feasibility of a gasification or pyrolysis project are: (1) the initial
investment, (2) the return of investment, (3) future costs and benefits, (4) elec-
tricity sales price (5) electricity production, (6) biomass cost, (7) governmental
policies, etc. In short, sensitivity analysis allows assessing the project’s risk by
simulating several scenarios and forecasting their outcomes, assessing decision-
making over uncertainty [90]. The World Bank Group has released a set of typical
key financial benchmarks for success in biomass related energy projects, consider-
ing some financial indicators, namely Net Present Value (NPV) ought to be a
positive value, International Rate of Return (IRR) above 10%, and a Payback Period
(PBP) less than 10 years [91]. Some of these financial indicators might provide an
idea of the benchmarks in the biomass to the energy sector. However, these finan-
cial indicators or models may not encompass all factors that can influence the
success of a project. Some of these factors are the policy of a set country and its
project-specific constraints. Yet, to the point, benchmarks allow standardizing
decision-making by building trust within investors less willing to take risks.

6. Conclusions

Latin American countries have one of the highest rates of urbanization in the
world. Among the various problems caused by large urbanization, those that refer
to mobility, safety, health, well-being, sanitation, and adequate management of
MSW stand out. It is important to highlight that a waste energy recovery plant
(WTE) is not exactly an energy generation undertaking, but essentially a sanitation
agent whose energy input is a valuable by-product. This context is essential to
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demonstrate to the authorities the nature and essentiality of WTE plants, especially
in terms of cost and benefit, when compared to other sources of power generation.
Biomass and MSW have the potential to become a major source in LATAM’s pri-
mary energy sector, as presented in Section 3, with a survey of the availability of
biomass and MSW found in Brazil and Mexico.

Implementing gasification and pyrolysis in these countries can offer benefits in
terms of reducing the use of fossil fuels, reducing greenhouse gas emissions by
preventing the extraction of virgin fossil fuels, and providing income diversification
to farmers. However, the integration of these energy vectors on large scale should
pass for a previous step, which is decentralized gasification and pyrolysis plants as
was analyzed in the feasibility section. This is because many rural areas are not
connected to the grid yet, in addition, the logistics of biomass is complicated in rural
areas and involves an extra cost.

There is still a long way to go. However, the major urgency relies on real policy
integration that enables a full converge of the different bioenergy actors. Therefore,
catalyze the economic and environmental benefits that pyrolysis and gasification of
biomass can provide.
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Nomenclature

BR Brazil

MX Mexico

VE Venezuela

CcO Colombia

AR Argentina

CL Chile

PY Paraguay

PE Peru

EC Ecuador

Uy Uruguay

BO Bolivia

CAM* Central America
Lat Latin America
EU European Union
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W** World

SE Sweden

FI Finland

CA Canada

NL Netherlands

USA The United States

IE Ireland

DE Germany

CH Switzerland

IN India

LATAM Latin America

CHP Coal handling plant

EU European Union

GHG greenhouse gas

MSW municipal solid waste
RDF refuse-derived fuel

RES Renewable Energy Sources
CGE cold gas efficiency

LHVF lower heating value of the feed stream
LHV gy LHV of the gas

LHV; LHYV of the component “i”

LHVjigia  LHV of the liquid
LHV 4 LHYV of the solid

mp feedstock mass

Mgas gas mass

m; mass of the component “i”

Miiquid liquid mass

Miolid solid mass

Vigas mass fraction of the component “i” in the gas
Vitiquid mass fraction of the component “i” in the liquid
Visolid mass fraction of the component “i” in the solid
Yus gas yield

Vs gas Efficiency

Yiiquia liquid yield

Y oiia solid yield

Vg Gas Volume
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Abstract

The widespread adoption of biomass as an energy fuel is hindered by a number
of its significant drawbacks, such as low heating value, low ash melting point, low
bulk density etc. Technological solutions that allow to fully overcome these short-
comings and ensure high economic performance have not yet been proposed,
although there is a significant demand for them. A new technology for thermal
processing of biomass into gas fuel, based on the pyrolysis process, has been devel-
oped at the Joint Institute for High Temperatures of the Russian Academy of
Sciences (JIHT RAS). The degree of energy conversion of the processed raw mate-
rials in the proposed technology is about 75%. The gas fuel yield is ~1.3 m?/kg of
biomass, and its heating value, on average, is 11 MJ/m>. The content of the liquid
phase in the energy gas obtained by the developed technology is not more than
50 mg/m>. The gas produced by the technology under consideration on average
consists of 90% hydrogen and carbon monoxide. According to existing standards,
this gas can be used as a fuel for mini-CHP with gas-piston engines. A promising
direction for using this gas is the production of liquid motor fuels.

Keywords: synthesis gas, pyrolysis, biomass processing, two-stage thermal
conversion process, liquid fuel, biochar

1. Introduction

The development of distributed generation and the gradual decline in the share
of traditional hydrocarbon energy sources in the global energy balance are sustain-
able trends of the 21st century. The decision to gradually refuse fossil fuels made by
world’s leading economies is caused by depletion of deposits cheap in the exploita-
tion. The desire to reduce the environmental burden and to improve the energy
security through the use of local energy resources also matters. Biomass has a
number of advantages over other types of renewable energy resources as an
alternative to fossil hydrocarbons (availability, all-seasonality), which is directly
reflected in its contribution to energy production: 12.4% of world consumption in
2017 [1]. However, biomass also has a number of obvious disadvantages: low
specific heating value, high hygroscopicity, low bulk density. Some types of
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biomass are characterized by a low ash melting point, which makes it difficult for
direct combustion in industrial plants. In addition, one of the most economically
efficient way of converting thermal energy from solid biomass combustion into
electrical energy for power plants with a capacity of less than 2 MW is the use of
turbine CHP operating according to the Rankine cycle using a low-boiling coolant
(ORC) and having an electrical efficiency of no more than 18% [2]. All these
disadvantages can be largely overcome by converting biomass into liquid or gaseous
fuels [3, 4]. Gasification is one of the most efficient and commercially viable
methods of such processing used in industry today [5, 6]. At the same time, syngas
obtained in air-blown gasifier is, firstly, strongly ballasted with nitrogen, which
leads to a significant decrease in its higher heating value (4-6 MJ/m?), and secondly,
it contains a significant amount of high molecular weight organic compounds (the
so-called “tar”) [7]. With oxygen or steam gasification, which makes it possible to
increase the heating value of the resulting gas mixture, an air separation unit or a
steam generator must be provided in the technological chain, which leads to a
significant increase in the cost of the final product. As concerned tar there are rather
severe restrictions on its content in the gas mixtures receiving by biomass gasifica-
tion and using as gaseous fuel. Presence of tar leads to fouling process equipments
such as internal combustion engines and turbines. Various methods of tar removal
are used both directly at the gasification stage and at the stage of purification of the
resulting gas mixtures [8, 9]. The need for gas cleaning and its high cost are among
the obstacles to the widespread introduction of gasification technologies.

A two-stage pyrolytic conversion is proposed as a method for producing pure
mid-calorific synthesis gas. Two-stage pyrolytic conversion is a process that com-
bines pyrolysis and subsequent high-temperature heterogeneous cracking of vola-
tiles on biomass coke (Figure 1). As a result of this conversion, a high efficiency of
energy conversion of raw materials (more than 70%) is achieved in comparison
with conventional pyrolysis and gasification. In addition, a sufficiently high heating
value of the resulting gas is provided (11-12 MJ/m?®) due to a decrease in the
proportion of non-combustible components (for example, nitrogen, which is an
integral component of the gas mixture obtained during air gasification).

The idea of using heterogeneous cracking as an additional stage in the processing
of biomass into gaseous fuel in order to reduce the tar content was expressed in [10]
and, later, was developed and used in the works of the Joint Institute for High
Temperatures RAS (JIHT RAS) [11, 12] in relation to processing of wood, peat and
straw. Similar approach was also implemented in the Viking gasifier developed at
the Danish Technical University [13]. The proposed technology of two-stage pyro-
lytic conversion differs from the process implemented by “Viking” due to the
absence of an oxidant supply to the reactor, which allows achieving the maximum
heating value of the obtained synthesis gas. In the works of JIHT RAS, which will be
discussed below, the process of converting biomass into gas was completely
allothermal - the heat necessary for its implementation came from outside.

This chapter provides an overview of the results obtained in laboratory condi-
tions for justification of the new technology conversion of biomass into synthesis
gas and a description and characteristics of a pilot plant implementing the technol-
ogy under consideration. The chapter has been designed so that the reader can geta
comprehensive understanding of the two-stage pyrolytic conversion process, its
effectiveness, features of practical realization and possible applications:

* Section 2 explains the nature of the process and contains recommendations
regarding the selection of the main operating parameters noted in Figure 1.

* Section 3 contains characteristics of synthesis gas obtained by the method of
two-stage pyrolytic conversion from 6 different types of biomass, as well as
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Figure 1.

Schematic diagram of the two-stage pyrolytic conversion process. T, — Temperature in the pyrolysis chamber;
T, — Temperature in the cracking chamber; m), — Mass of feedstock loaded into the reactor; m. — Mass of
charcoal loaded into the cvacking chamber.

characteristics of product gas obtained from the same types of biomass by the
method of traditional pyrolysis.

* Section 4 contains a description of the pilot installation for two-stage pyrolytic
conversion, designed and built at the Joint Institute for High Temperatures
RAS, and the characteristics of the gas produced by it. The section also includes
an assessment of the energy efficiency of this installation and an analysis of
technical solutions that can improve the efficiency of its operation.

* Section 5 describes the possible applications of gas produced by the two-stage
pyrolytic conversion method.

2. Features of the two-stage pyrolytic conversion process
and recommended operating parameters

2.1 The mass ratio of the coke residue in the cracking zone
and the initial biomass

The condensing fraction of the pyrolysis products of woody biomass is a com-
plex mixture of pyrogenetic moisture, acetic, formic and lactic acids, methanol,
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furfural, levoglucosan, compounds of various classes (aldehydes, ketones, esters),
etc. [14]. Heating pyrolysis products when passing through a porous coke residue
leads to thermal decomposition of high-molecular substances (heterogeneous
cracking), mainly with the formation of carbon monoxide and hydrogen. In addi-
tion, non-condensable pyrolysis products and pyrogenetic moisture vapor interact
with the carbon of the coke residue with the formation of CO and H,, which leads to
a decrease in the mass of the coke residue. Obviously, the ratio of the masses of the
feedstock and coke residue fed into the reactor of two-stage pyrolytic conversion
should affect the yield of conversion products. The influence of this ratio was
studied in detail experimentally by the authors in [15] for coniferous wood pellets,
while in [16] later studies for dry oak sawdust are also included. The results of these
experiments are shown in Figure 2. In both cases, the heating rate in the pyrolysis
zone was 10 °C/min until the temperature reached 1000 °C.

The points in Figure 2 correspond to the experimental data, while the lines are
plotted by approximation. In accordance with the experimental results, the maxi-
mum yield of non-condensable gases in both cases corresponds to the mass ratio of
the coke residue and the biomass sample m./my, = 0.67. This ratio can be considered
optimal for the given experimental conditions. With an increase in the rate of the
feedstock heating, the optimal ratio m./my, increases due to an increase of the mass
flow rate of volatiles through the coke residue, and with a decrease in the rate of
heating, it decreases. It is important to note that the weight loss of the coke residue
in the experiments did not exceed some dozens of percent of the newly formed
residue mass; therefore, the use of heterogeneous cracking does not require addi-
tional costs for the production or purchase of the coke residue.

2.2 The temperatures in the pyrolysis and cracking zones

In biomass processing by the two-stage pyrolytic conversion method, the first
stage is conventional pyrolysis. The main change in the mass of raw materials and
an increase in the volume of non-condensable gases formed as a result of the process
occurs at a temperature in the pyrolysis zone T, = 250-500 °C, corresponding to the
range of formation of the liquid fraction [17]. However, T}, = 700 °C can be chosen
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Figure 2.

Dependence of the specific yield of non-condensable gases (m>/kg) on the ratio of the mass of the charcoal residue
and the studied sample of biomass (m./my,) for pellets from coniferous wood (1) and oak sawdust (2).
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as the maximum pyrolysis temperature, which, according to [18], is the upper
temperature limit for the formation of primary tar. With further heating, the
formation of tar does not occur due to thermal destruction of biomass, but only
from primary tar.

The dependence of the specific yield of non-condensable product gases on the
temperature in the pyrolysis zone for woody biomass is shown in Figure 3.

In the process of two-stage conversion when the biomass pyrolysis stage is
carried out in the temperature range of T}, = 250-500 °C, formation of gas has two
main mechanisms: decomposition of vapors of condensable high-molecular com-
pounds and three reactions proceeding in the forward direction:

C + H,0 <« CO + Hy; (1
CO + H,0 — CO, + Hy; (2)
C+ CO, < 2CO0; (3)

where (Eq. (1)) is the reaction of steam gasification of carbon on the coke
residue, (Eq. (2)) is the water-gas shift reaction, (Eq. (3)) is the Boudouard reac-
tion. In the temperature range of T}, = 500-700 °C, a further, relatively small
increase in the volume of produced gases occurs, mainly due to the release of
hydrogen from the carbonized feedstock in the pyrolysis zone.

The temperature in the cracking zone significantly affects the yield of non-
condensable gases. Of greatest interest is temperature T, = 1000 °C, since it was
shown in [12] that at a temperature of T. = 1000 °C and an interaction time of about
4 seconds in the cracking zone, almost complete conversion of condensing pyrolysis
products into gas occurs, and CO, is almost completely converted to CO due to the
developed surface and high reactivity of the coke residue. The experimentally
obtained dependences of the yield of non-condensable gases on the temperature in
the pyrolysis zone for different temperatures in the cracking zone [17] are shown in
Figure 4. It can be seen from the figure that with an increase in T, from 850 °C to
950 °C the increase of the gas yield is 0.285 m*/kg, and with an increase in T, from
950 °C to 1000 °C the volume of produced non-condensable gases is increased by
another 0.227 m>/kg. At the same time, as the temperature in the cracking zone
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Figure 3.
Dependence of the specific yield of non-condensable gases (m?/kg) on the temperature in the pyrolysis zone at a
fixed temperature in the cracking zone T, = 1000 °C.
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Figure 4.

Specific yield of non-condensable gases for different temperatures in the cracking zone (850 °C, 950 °C,
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Dependences of the specific content of tar (a) and moisture (b) in gas on temperature in the cracking zone T..
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also observed (Figure 5).

The tar content is an important characteristic of synthesis gas, since it largely
determines the possibility of its use in internal combustion engines. The issue of the
maximum permissible tar content remains controversial due to the small number of
tests on engines operating on gas contaminated with tars. However, most of the

Temperature in the cracking zone, °C

Temperature in the cracking zone, °C

authors of the works cited in [19] agree that a specific tar content of less than

100 mg/m? is acceptable, and less than 50 mg/m® is preferable for long-term engine
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operation. Based on the dependences shown in Figure 5, it can be concluded that
the content of tar in the gas obtained by the method of two-stage pyrolytic conver-
sion will correspond to the permissible and preferable values in modes with
T.>930 °C and T, > 985 °C, respectively.

3. Characteristics of the synthesis gas obtained from various types of
biomass and comparison of two-stage pyrolytic conversion with
conventional pyrolysis

The process characteristics described in the previous section are derived from
experiments carried out on woody biomass. However, the possibilities of processing
other types of biomass are of great interest. This section is devoted to a brief
description of the results of experiments on processing by the method of two-stage
pyrolytic conversion of six types of biomass: wood pellets, peat pellets, straw pel-
lets, sunflower husk pellets, pellets from poultry litter and wastewater sludge
(WWS). These results are presented in more detail in [20].

Table 1 shows the characteristics of the considered types of biomass. The data on
the elemental composition of pellets from sunflower husks were borrowed from [21].
The experimental setup had structure corresponding to the diagram shown in

Figure 1. During the experiments, the temperature in the pyrolysis section gradu-
ally increased to 1000 °C with a heating rate of 10 °C/min. The temperature in the
cracking section was 1000 °C during the entire experiment, and the time of passage
of pyrolysis vapors and gases through it was no less than 4 s. The characteristics of
the synthesis gas obtained as a result of a series of experiments are shown in

Table 2. It should be noted that the synthesis gas obtained during the processing of
wastewater sludge contains the largest amount of hydrogen, which makes this type
of waste the most suitable raw material for the subsequent production of synthetic
aviation fuel.

To compare the two-stage pyrolytic conversion with conventional pyrolysis, a
series of experiments in which the temperature inside the cracking did not exceed
100 °C was carried out. Thus, the treatment was reduced to conventional pyrolysis.
The characteristics of the gas mixture obtained as a result of these experiments are
presented in Table 3.

Raw Mois- Ash Volatile Elemental composition, Higher
material ture, cont., fraction, wt % heating value,
wt % wt % wt % MJ/kg
dry state dry ash-free state
A A M,, C HN O s e gl
Wood pellets 8.0 0.8 83.6 50.3 6.0 0.4 433 <0.05 20.6 19.8
Peat pellets 8.0 33 64.1 557 69 17 357 <0.05 21.9 23.6
Straw pellets 6.0 6.8 79.4 478 62 0.6 454 <0.05 19.6 19.0
Sunflower 7.4 6.4 791 517 6.3 42.0 214 208
husk pellets
Litter pellets 16 13.8 82.6 48.0 6.4 59 39.0 0.7 20.4 20.1
WWS 2.7 22.7 89.1 51.7 7.5 85 26.0 1.5 25.0 25.9
Table 1.

Charvacteristics of the raw materials. The ‘exp’ index denotes the experimentally measured heating value, while
the ‘cal’ index denotes the value obtained by calculation on the base of elemental composition data.
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Raw material Wood Peat Straw Sunflower Litter WWS
pellets pellets pellets husk pellets  pellets

Syngas exp Initial state 1.39 1.39 1.35 1.39 1.3 1.04
yleld Dry ash-free 1.3 1.34 137 1.39 1.25 1.29
m”/kg
state
cal Dry ash free 1.28 1.29 1.33 1.29 1.31 1.27
state

Volume H, 0.46 0.49 0.4 0.43 0.46 0.53
fracti

raction of co 0.46 0.41 0.38 0.37 037 027
combustible
components C,Hp 0.00 0.01 0.00 0.00 0.01 0.05
Heating higher 11.7 11.8 9.9 10.2 10.9 12.2

lue, M

:3“’ / lower 10.8 10.8 9.1 9.3 100 109
Energy conversion degree 0.74 0.72 0.69 0.66 0.67 0.63
Adiabatic temperature of 2040 2030 2000 2010 2020 1970
combustion, °C

Crackling section filter Wood Carbon Carbon Carbon Wood  Wood

charcoal  residue residue residue from  charcoal charcoal
from peat  from straw sunflower

pyrolysis  pyrolysis  husk pyrolysis

Table 2.
Characteristics of synthesis gas obtained by two-stage pyrolytic processing from different types of biomass.

Raw material Wood Peat  Straw Sunflower Litter WWS
pellets pellets pellets husk pellets pellets
Syngas yield, m3/kg (exp) Initial 0.26 0.29 0.26 0.38 0.26 0.22
state
Dry ash- 0.28 0.33 0.30 0.44 0.36 0.29
free state
Volume fraction of H, 0.28 0.23 0.20 0.18 0.20 0.24
combustible components co 026 019 017 0.16 023 0.07
C.Hp, 0.16 0.13 0.11 0.09 0.06 0.18
Heating value, MJ/m? higher 13.2 10.5 9.1 7.9 7.8 111
lower 12.0 9.5 8.2 72 72 9.9
Energy conversion degree 0.18 0.16 0.14 0.16 0.14 0.13
Adiabatic temperature of 1860 1730 1720 1640 1710 1770

combustion, °C

Table 3.
Characteristics of product gas obtained in conventional pyrolysis from different types of biomass.

Comparison of conventional pyrolysis with two-stage pyrolytic conversion in
terms of the generated gas volume and the degree of energy conversion is shown in
Figure 6. It is important to note that the degree of energy conversion was estimated
exclusively for gaseous pyrolysis products.

From the presented data, it follows that the method of two-stage pyrolytic
conversion makes it possible to efficiently process biomass of various types into
synthesis gas with a calorific value of about 10-12 MJ/m?. The gas productivity of
the process is several times higher than the gas productivity of conventional
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Figure 6.

Volume yield of gas per 1 kg of combustible mass of the feedstock (a) and the degree of energy conversion (b) at
conventional (1) and two-stage pyrolytic processing (2) of different types of biomass: WP — Wood pellets, PP —
Peat pellets, SP — Straw pellets, SHP — Sunflower husk pellets, LP — Litter pellets.

pyrolysis. The ratio of volume contents of hydrogen to carbon monoxide in the
produced synthesis gas varies from 1:1 to 1:2 depending on the type of biomass.
Moreover, the synthesis gas does not contain volatile pyrolysis products of high
molecular weight, which makes this fuel cleaner than pyrolytic.

4. An experimental installation for the implementation of the two-stage
pyrolytic conversion process and the results of its testing

Figure 7 shows a schematic diagram of a two-stage pyrolytic conversion module
designed at the JIHT RAS.

The thermochemical conversion module operates in the following way. Wood
biomass (sawdust, shavings) from the feedstock storage is fed in portions to the
pyrolysis reactor using a reciprocating piston; the role of the lift mechanism is
performed by a hydraulic cylinder connected to the pumping station through a
hydraulic valve with electromagnetic control. At the entrance to the pyrolysis reactor,
the biomass is compacted under the action of the force applied from the piston,
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Figure 7.
Schematic diagram of a two-stage pyrolytic biomass conversion module.
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creating an air-tight briquette that prevents the release of gaseous products to the
outside, and then, in the form of a compressed briquette, moves through the pyrolysis
reactor due to the arrival of new portions. Heat is supplied to the compacted biomass
through the wall from the hot combustion products formed in the furnace or burner.
To ensure the supply of the amount of thermal energy required to maintain the
conversion process, any available fuel is burned, for example, natural gas or propane
(used in experiments on separate modules of the installation), the initial biomass or
coke residue of the processed biomass. In the pyrolysis reactor, the biomass is gradu-
ally warmed up to a temperature of about 500-700 °C, accompanied by the release of
volatiles, which, through perforation in the wall of the pyrolysis reactor, enter the gas
collectors, along which they move into a vertically located retort filled with coke
residue of the processed biomass - a cracking reactor. The temperature of the coke
residue in the cracking reactor can be maintained by supplying heat through the wall
from the combustion products at a level of 1000 °C. Pyrolysis gases and vapors pass
through a fixed high-temperature layer of coke residue, in which gases and high-
molecular compounds (including tar) are converted into synthesis gas, which is then
removed for cleaning, cooling and further use. As a result of chemical reactions, the
coke residue in the cracking reactor is consumed, but is constantly replenished with
coke residue coming from the pyrolysis reactor. The mass loss of coke residue in the
cracking reactor is less than the mass of the newly formed coke residue. Therefore, a
coke storage is provided in the thermochemical reactor, which can be periodically
unloaded. The excess of the resulting coke residue can be used both in the process
itself (to provide for own needs in thermal energy), and for other purposes. The outer
casing of the thermochemical conversion module has a bypass and dampers that allow
regulating the flow of combustion products in the pyrolysis zone, thereby ensuring
the ability to maintain the required reactor temperature.

The pilot installation for two-stage pyrolytic conversion was implemented as a
structure of 4 modules. The scheme of the module and the photograph of the
installation are shown in Figure 8.

Bypass  |nspection

Dampers hatch

Cracking
reactor

== Emergency

Feedstock
hopper

Pyrolysis |

reactor

Hot synthesis
gas

Cold synthesis —
gas
Water seal —
Burner
input Pressure
sensor
= input
Figure 8.

Diagram of a thermochemical conversion module (a) and a photograph of an installation consisting of four
modules (b).
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The unit was tested for two modes of operation (mode A, mode B). The
parameters characterizing the operating modes of the unit are presented in
Table 4. The characteristics of woody biomass and coal residue obtained
during the tests are presented in Table 5, and the characteristics of the resulting
synthesis gas are presented in Table 6. Data on the calorific value of raw
materials and two-stage conversion products obtained in mode A are presented
in Table 7.

The energy balance of the installation can be calculated from the test results. The
energy flows diagram of the installation is shown in Figure 9.

The general energy balance equation is as follows:

h h
Pgy + Pcp — P, = P + Pop + P2, + PL, (4)

where the superscript “ch” refers to chemical heat and the superscript “ph”
refers to the physical heat of solid and gaseous products of the process. The results
of calculating the components of the energy balance are shown in Table 8.
The degree of energy conversion of the installation was determined as follows:
net

Nec :gSG.TG’ (5)

BM

where Q"% is the lower heating value of synthesis gas, MJ/m?; is the lower
heating value of biomass, MJ/m?; g is the specific productivity of the unit for
synthesis gas per 1 kg of feedstock, m>/kg. According to the results of calculations,
the degree of energy conversion was 79,8%.

Parameter Dimen-sion Mode

Mode symbol A B
Biomass type Oak sawdust ~ Pine shavings
Biomass consumption kg/h 6,0 5,0

The mass of the coke residue in the cracking reactor kg 8,6 8,6

Fuel type for own needs Natural gas Propane
Working value of gas pressure bar 0,1-0,4(0,45) 0,4-2,02,2)
Fuel consumption for own needs in steady mode m>h 3,22 1,08
Thermal power of burners in steady mode kWt 30,0 27,4
Pumping station power kWt 2,26

Temperature parameters of pyrolysis and cracking reactors:

At the entrance to the pyrolysis reactor (T1) °C 300 250
At the outlet of the pyrolysis reactor (T2) °C 660 500
At the entrance to the cracking reactor (T3) °C 950 870
In the middle of a cracking reactor (T4) °C 980 910
At the outlet of the cracking reactor (T5) °C 1000 950
Combustion products inlet (T6) °C 1100 1100
Combustion products outlet (T7) °C 600 570
Table 4.

Operating parameters of the pilot installation during tests.
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Parameter

.
Mass fraction , %

Oak sawdust

Pine shavings

Biomass parameters

Total moisture 550/-/- 8,80 /-/-
Ash content 0,50/ 0,53/ - 0,48/0,53/ -
Total carbon 46,96 / 49,69 / 49,95 47,68 / 52,28 / 52,56

Organic hydrogen

5,42/5,73 /5,77

5,54/ 6,07/ 6,10

Oxygen

41,47/ 43,89 / 44,12

37,43/ 41,04 / 41,26

Nitrogen

0,14/0,15/ 0,15

0,05/ 0,06/ 0,06

Combustible sulfur

0,01/0,01/0,01

0,02/ 0,02/ 0,02

The release of volatile substances at 700°C

81,1/80,0 /80,4

84,5/83,0/83,4

The release of volatile substances at 1000°C

83,6 /82,7/83,1

87,9186,8/87,3

Coke residue parameters

Specific yield (per 1 kg of feedstock) 0,163 0,156
Ash content 3,05/3,05/0 4,01/4,01/0
Total carbon 94,39 / 94,39 / 97,36 92,48 / 92,48 / 96,34

Organic hydrogen

0,99/0,99 /1,02

0,85/0,85/0,88

Oxygen

0,89/0,89/0,91

2,09/2,09/2,17

Nitrogen

0,68/0,68/0,70

0,56 /0,56 / 0,58

Combustible sulfur

0,01/0,01/0,01

0,02/ 0,02/ 0,02

Table 5.
Characteristics of woody biomass and coke residue. * In terms of working/ dry/dry ash-free condition.

Parameter

Dimen-sion

Parameter value

Oak sawdust  Pine shavings

(A) (B)
Synthesis gas volumetric flow m>/h 7,66 6,50
Specific yield of the obtained synthesis m>/ kg 1,28 1,30
gas
Synthesis gas chemical composition
Hydrogen (H,) % vol. 50,4 49,2
Carbon monoxide (CO) 40,8 40,8
Carbon dioxide (CO,) 5,5 5,0
Nitrogen (N,) 1,5 1,8
Oxygen (0,) 0,0 0,0
Hydrocarbons (C,Hy,), among them: 1,8 3,2
- methane (CH,) % of the total vol. of 90,7 91,8
- ethane (C,Hg) CoHlm 1,2 0,7
- ethene (C,Hy) 1,1 0,8
- propane (C3Hg) 4,2 2,7
- propene (C3Hg) 0,2 0,1
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Parameter Dimen-sion Parameter value

Oak sawdust Pine shavings

(A) (B)
- i-butane (C4H;o) 1,1 1,0
- n-butane (C4H;g) 0,6 1,0
- i-pentane (CsH;,) 0,2 0,4
- n-pentane (CsHyy) 0,7 1,5
Table 6.
Characteristics of synthesis gas obtained as a vesult of tests.
Parameter Dimension Value
Lower heating value of biomass M]/kg 16,9
Higher heating value of biomass M]/kg 18,2
Lower heating value of coke residue MJ/kg 33,0
Higher heating value of coke residue M]/kg 33,2
Lower heating value of synthesis gas MJ/ m? 10,5
M]/kg 16,0
Higher heating value of synthesis gas MJ/ m? 11,5
MJ/kg 17,5

Table 7.
Heating value of raw materials, coke residue and synthesis gas obtained as a vesult of tests in mode a.

The efficiency of the installation was calculated as follows:

net

n _ GBM ‘gSG ' <SG (6)
2. Gam- mr + Nps + Gng - QX%

where Gpgy is the consumption of biomass, kg/s; Nps is the power of the pump
station, MW; Gng — consumption of natural gas burned in the furnace, m?/s; NG —
lower heating value of natural gas, MJ/ m°. According to the results of calculations,
the efficiency was 37.1%.

Thus, the designed unit has a high efficiency of energy conversion of woody
biomass into synthesis gas, but it has a low thermal efficiency. The main ways to
increase efficiency are to increase the degree of using biomass energy and reduce
heat losses with the flue gases [22, 23]. The problem of reducing heat losses with the
flue gases can be solved both by increasing the efficiency of heat exchange processes
inside the unit (improving the flow parts of heat exchangers by using developed
fins and optimizing the geometry of the coolant channels), and by recuperating part
of the thermal energy of flue gases for heating air, which then goes into the solid
fuel furnace for combustion. The disadvantage of the latter solution is also the
complication of the installation and an increase in electricity consumption due to
the appearance of a heat exchanger and an air blower. A schematic diagram,
including the proposed areas of modernization, is shown in Figure 10.

It is shown in [12] that when solving the problem of finding the optimal operat-
ing parameters of a modernized installation, its efficiency can be increased to
69.5%, but the efficiency of energy conversion of raw materials will decrease to
70.3%.
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Figure 9.

Energy flows diagram of a thermochemical conversion installation. Pgy — Energy of biomass processed per unit
of time; Pcp — Thermal power introduced by natural gas combustion products; Py, — Total heat losses of the
installation; Psp — Energy corresponding to the heat content of solid products produced per unit of time;

Pgp — Energy corvesponding to the heat content of gaseous products produced per unit of time.

Parameter Designation Quantity, kWt

Energy corresponding to the heat content of the biomass processed Ppym 30,3
per unit of time

Thermal power brought in by natural gas combustion products Pcp 14,7

Thermal power of losses into the environment through the thermally P 8,1
insulated walls of pyrolysis and cracking reactors

Energy corresponding to the heat content of solid and gaseous
products formed per unit of time (chemical and physical heat):

« solid products, chemical heat Pg’lg 9,0

« solid products, physical heat pls”; 0,2

* gaseous products, chemical heat PCG”P 24,5

« gaseous products, physical heat pl'g;J 2,8

Energy balance discrepancy AP 0,4
Table 8.

Energy balance of the pilot plant.
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Figure 10.
Schematic diagram of the modernized installation. CP — Combustion products.
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5. Potential application areas for two-stage pyrolytic conversion
5.1 Cogeneration complex based on a gas piston engine

The schematic diagram of an autonomous cogeneration complex is shown in
Figure 11. The diagram assumes parallel operation of 4 thermochemical conversion
modules. The capacity of each module is 10-12 kg/h for the initial biomass or
12.8-15.4 m*/h for the synthesis gas.

The synthesis gas produced during the conversion of biomass is cleaned of solid
particles (cleaning from tar is not required) in the filter and through the receiver
enters the gas-piston engine (GPE). The rated power of the generator connected to
the GPE is 75 kW. The combustion products of the GPE are cooled in a shell-and-
tube heat exchanger to a temperature of 50 °C, after which they are removed into
the atmosphere. In the same heat exchanger water is heated, which is then cooled in
a heater (heat load up to 100 kW). The heater can be replaced by any other heat
consumer.

The parameters of the energy complex are chosen in such a way as to ensure the
possibility of testing it at the JIHT RAS stand. In the course of the tests carried out,
the thermochemical conversion module was brought to the operating temperature
mode, then the elastic gas tank was filled with synthesis gas, after which the GPE
was started in the mode of the minimum load, which increased stepwise to 30 and
then to 50 kW. During the tests, for each mode, we measured the flow rate of
synthesis gas at the engine inlet, temperatures, pressures, and parameters of the
electric generator. The engine running time at each load was 10 minutes. The results
of measurements and calculations are presented in Table 9.

The tests carried out with one thermochemical conversion module have shown
the possibility of implementing an autonomous cogeneration complex. The data
obtained indicate that with the capacity of one module (in terms of feedstock —

12 kg/h), four thermochemical conversion modules will be able to provide gas to a
power plant with a capacity of up to 50 kW. The thermal power in the cogeneration
mode will be 54.4 kW.

Heat load
&p Electrical
load
g Water Electricity
£
£l NN e

Heat exchanger

lAir cp

]

S |cp Thermal fsgf 5 [5G | gas |56 Gas piston
a [ conversion — =

1 i tank power plant
© module

(U]

] Natural I Biomass IAir

gas

Figure 11.
Schematic diagram of a cogeneration energy-technological complex based on a gas piston unit. SG — Synthesis
gas; CP — Combustion products.
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No Load Voltage, Electric Frequency Syngas Thermal
current, A A% Power, kW Hz consumption, m>/h power, kW
1 133,9 224 30 50 39,1 35,3
2 219,3 228 50 50 56,2 54,4
Table 9.

Test results of the power engineering complex.

5.2 Substitution of liquid fuel in existing liquid fuel boilers

The synthesis gas obtained in the process of two-stage pyrolytic conversion can
be used for partial replacement of diesel fuel in liquid fuel boilers. To study the co-
firing of syngas and diesel fuel, a thermochemical conversion module was installed
next to the boiler house. The schematic diagram of the heating complex is shown in
Figure 12.

The heating complex uses a floor-standing cast iron boiler “RIELLO RTT 93”
with an installed oil burner “CUENOD NC12H101”. The nominal heat output of the
boiler is 100 kW. The schematic diagram is provided for two modules for thermo-
chemical conversion of biomass, which allow replacing up to 90% of diesel fuel with
synthesis gas during continuous operation of the boiler at rated power. At the time
of testing, one module and one elastic gas tank with a volume of 10 m> were
installed, which made it possible to carry out preliminary tests and evaluate the
possibility of replacing liquid fuel with synthesis gas, since in fact the boiler oper-
ated in intermittent mode: after heating the direct supply water to the set tempera-
ture, the burner automatically turned off and remained off until the temperature of
the direct supply water reached the lower threshold value, after which the burner
re-ignited and the cycle was repeated.

For the co-combustion of diesel fuel and synthesis gas, a special nozzle was made
on the flame head of a liquid fuel burner, which consists of two main elements - a
supply pipe and a gas manifold with outlets after the air swirler (Figure 13). This

CP
Heat load
)
£
= | P cp
=2 Heat
lAlr CcP
E Thermal
5 |¢P - ISG] @ [5G eas [SG | Diesel
3 conversion = .
= i tank boiler
© module
U]
INatural IBiomass IAir IDiesel
gas fuel
Figure 12.

Schematic diagram of the heating complex.
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Figure 13.
Flame head of liquid fuel burner with nozzle for co-combustion of gaseous fuel.

allows synthesis gas to be fed into a turbulized air stream, which results in good
mixing of gas and air. When it enters the boiler combustion chamber, the gas-air
mixture burns out, while the liquid-fuel part of the burner, the power of which can
be reduced to 10% of the nominal due to the installation of a low-flow nozzle,
ensures guaranteed ignition of the mixture, preventing the occurrence of explosive
situations. The total area of the openings for the gas outlet was selected experimen-
tally (by measuring the gas flow rate) in such a way as to ensure the required gas
performance of the burner in the operating range of excess pressures (5-30 mbar).
Heating complex tests included the following stages:

1. Bringing the thermochemical conversion module to the operating mode.

2.Filling an elastic gas tank with synthesis gas with subsequent determination of
the composition of the syngas in the tank.

3.Start-up and subsequent operation of the boiler only on diesel fuel.

4.Boiler operation in the mode of combined combustion of diesel fuel and
synthesis gas.

During testing of the heating complex, the temperature of the direct supply
water was set on the boiler control panel and amounted to 58-62 °C. The tests were
carried out for five modes of operation: three modes of operation on diesel fuel and
two modes of co-combustion of diesel fuel and synthesis gas. Pine sawdust was used
as the initial biofuel. The operating time in each mode was 10-15 minutes. Data on
fuel consumption and parameters of combustion products in each mode are
presented in Table 10.

Based on the data obtained as a result of the tests, the power and efficiency of
the boiler were calculated in five operating modes (Table 11).

As tests have shown, the efficiency of the boiler in operating modes 4 and 5
turns out to be practically equal to the efficiency corresponding to the operation in
the nominal mode, which indicates that there are no significant changes in the
combustion conditions when diesel fuel is partially replaced by synthesis gas. Thus,
the tests confirm the possibility of replacing liquid fuel in boiler houses with gas-
eous fuel obtained by the method of two-stage pyrolytic conversion.
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Parameter Dimension Operating mode number
1 2 3 4 5
DF to SG ratio % | % 100/0 100/0 100/0 90/10 80/20

Parameters of the oil part of the burner:

Pressure of DF Bar 11 9 7 9 7

DF consumption kg/h 8,76 7,92 6,98 7,92 6,98

Parameters of the gas part of the burner:

SG consumption m?/hy 0 0 0 3,6 7,4

kg/h 0 0 0 2,29 4,72

Parameters of combustion products behind the boiler:

Temperature °C 297 292 286 299 303

O, content % vol. 3,2 4,74 6,20 3,12 3,08

Air excess ratio — 1,20 1,32 1,46 1,19 1,19
Table 10.

Fuel consumption and parameters of combustion products duving testing of the heating complex. DF — Diesel
fuel; SG — Synthesis gas.

Parameter Dimension Operating mode number
1 2 3 4 5
Thermal power kW 90,4 80,9 70,5 90,7 90,4
Efficiency % 87,2 86,3 85,3 87,2 87,1
Table 11.

Power and efficiency of the boiler at different operating modes.

The efficiency of the heating complex can be increased if the combustion prod-
ucts formed in the boiler are sent to the thermochemical conversion module. In a
similar way, the efficiency of the energy technology complex shown in Figure 11
can be increased by using the combustion products generated in the GPE in the
thermochemical conversion module.

5.3 Production of synthetic aviation fuel

The authors of [24, 25] have shown that synthesis gas obtained by two-stage
thermal conversion of woody biomass during experiments can be used to synthesize
dimethyl ether (DME) and methanol, which serve as the basis for the production of
the base component of aviation fuel. Studies have shown that the synthesis of DME
and methanol from lean synthesis gas with an H,:CO ratio of 0.95-1.25 can be
efficiently carried out with a two-layer loading of a methanol catalyst and y-AO3.

The volumetric content of individual gases, as well as various inclusions in the
composition of the synthesis gas used for the production of DME and methanol,
have a significant impact on both the efficiency of synthesis and the quality of the
products obtained. Tar, moisture, solid particles, nitrogen and sulfur compounds in
synthesis gas are undesirable impurities that reduce the catalyst life and deteriorate
the quality of synthesis products. In the production of synthesis gas from woody
feedstock by the method of two-stage pyrolytic conversion, gas purification is
significantly simplified in comparison with the gas obtained from air gasification.
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6. Conclusions

Two-stage pyrolytic conversion is a method for obtaining gaseous fuel with a
calorific value of about 11 MJ/m> from biomass. The process includes two stages:
pyrolysis of the feedstock and subsequent heterogeneous cracking of pyrolysis
products when they are passed through a carbon packing. As a result, synthesis gas
is formed, as well as a coal residue, which can be further used in the coal packing in
the cracking reactor, as a fuel for own heat demand or for other applications.

The optimum (in terms of the specific yield of non-condensable gases) temper-
ature in the pyrolysis zone is 500-700 °C, while the optimum temperature in the
cracking zone is 1000 °C. The minimum mass of coal in the cracking reactor to
achieve the maximum yield of non-condensable gases should be at least 67% of the
mass of the feedstock fed to the pyrolysis reactor, provided that the heating rate in
the pyrolysis reactor is 10 °C/min.

Experiments on the processing of six types of biomass (pellets from wood, peat,
straw, sunflower husks and poultry litter, as well as wastewater sludge) by the
method of two-stage pyrolytic conversion showed that each of the considered types
of biomass can be used as raw material for synthesis gas production. The gas
productivity of the process is several times higher than the gas productivity of
conventional pyrolysis. The ratio of volumes of hydrogen to carbon monoxide in the
produced synthesis gas varies from 1:1 to 1:2 depending on the type of biomass,
while it does not contain volatile pyrolysis products with high molecular weight,
which makes it possible to use it as fuel for internal combustion engines.

An experimental installation was built at the JIHT RAS, which implements the
process of two-stage pyrolytic conversion. The unit provides the degree of energy
conversion of the initial biomass into synthesis gas up to 79.8%. However, it has a
low thermal efficiency: only 37.1%. This characteristic can be increased up to 69.5%
with the heat recovery from flue gases.

Tests have confirmed that the synthesis gas obtained in the process of two-stage
pyrolytic conversion can be used as motor fuel for internal combustion engines, as
well as for partial replacement of diesel fuel in liquid fuel boilers. Moreover, it can
be used as a raw material for the production of liquid aviation fuel. The best suited
for this is the synthesis gas obtained during the processing of wastewater sludge due
to its high hydrogen content.
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Chapter 3

Co-Pyrolysis of Biomass Solid
Waste and Aquatic Plants

Md. Emdadul Hoque and Fazlur Rashid

Abstract

Reduction of conventional fuel has encouraged to find new sources of renewable
energy. Oil produced from the pyrolysis method using biomass is considered as an
emerging source of renewable energy. Pyrolytic oil produced in pyrolysis needs to
be upgraded to produce bio-oil that can be used with conventional fuel. However,
pyrolytic oil contains high amounts of oxygen that lower the calorific value of fuel,
creates corrosion, and makes the operation unstable. On the other hand, the up-
gradation process of pyrolytic oil involves solvent and catalyst material that requires
a high cost. In this regard, the co-pyrolysis method can be used to upgrade the pyro-
lytic oil where two or more feedstock materials are involved. The calorific value and
oil yield in the co-pyrolysis method are higher than pyrolytic oil. Also, the upgraded
oil in the co-pyrolysis method contains low water that can improve the fuel prop-
erty. Therefore, the co-pyrolysis of biomass waste is an emerging source of energy.
Among different biomasses, solid waste and aquatic plants are significantly used as
feedstock in the co-pyrolysis method. As a consequence, pressure on conventional
fuel can be reduced to fulfill the demand for global energy. Moreover, the associated
operating and production cost of the co-pyrolysis method is comparatively low. This
method also reduces environmental pollution.

Keywords: co-pyrolysis, pyrolytic oil, biomass solid waste, aquatic plants,
conventional fuel

1. Introduction

The reduction of conventional fuel sources such as coal, natural gas, and
petroleum encourages to search for new sources of renewable energy. Previous
literature predicts that coal would be the sole fossil fuel after 2042 [1]. On the other
hand, the increase in fossil fuel prices and sustainable effects on the environment
are the primary reasons for the use of alternate renewable energy [2-4]. A number
of different ways are now underway to search for alternate sources of energy that
are environmentally-friendly. However, environmental impact is more apparent
after an environmental summit of the earth [5]. Therefore, to reduce environmental
warming and pollution, it is required to control emissions produced by fossil fuels.
The effective way of reducing environmental pollution and dependency on conven-
tional fuel is to use renewable sources of energy [3, 6, 7].

There are a number of different alternative sources of available energy that
can be utilized to substitute conventional sources of energy. The selection of
effective and efficient alternative sources of energy is important. In general, an
alternate source of energy is suggested to select based on cost, availability, and
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environmental impact [4]. In this case, biomass is a prospective source of future
energy that is abundant in nature, less costly, and environmental-friendly. Biomass
is a significant source of bioenergy that can be utilized to generate energy and used
to reduce environmental warming [8]. Biomass energy source is significant because
it is the only available renewable resources that can be used to produce all three
types of fuels, such as solid (char), liquid (oil), and gas (CH,) [9]. By comparing
different biomass conversion methods, such as composting, incineration, landfill,
and pyrolysis, it is found that pyrolysis is an effective biomass conversion process
[10]. Pyrolysis method can be used to process biomass solids and produce solid,
liquid, and gaseous fuel. The pyrolysis method can be used to process biomass solids
and produce solid, liquid, and gaseous fuel. This process can also be able to produce
the highest quantity of yield in liquid form (~75 wt.%) at a moderate level of tem-
perature (~550 °C) [9]. The remaining quantity of yield can be reduced by changing
different operating parameters in the pyrolysis process. The liquid yield produced
from the pyrolysis method is called pyrolytic oil and it can be used directly to oper-
ate engines, boilers, furnaces, and turbines [11]. Moreover, pyrolytic oil reduces the
environmental emissions and global warming [12].

However, pyrolytic oil generated from the pyrolysis method is less efficient on the
basis of fuel combustion when compared to conventional fuels, such as diesel, petrol,
etc. This is due to the reason that pyrolytic oil usually contains a high quantity of oxy-
gen that creates unnecessary combustion problems. In different previous research, it
was found that pyrolytic oil contained approximately 30-60 wt. % of oxygen in the
form of water molecules [11, 13-15]. In addition, high oxygen contents in pyrolytic
oil cause lower calorific value and instability of operation. As a consequence, it is
required to upgrade and improve pyrolytic oil generated in the pyrolysis process.

To improve the quality of pyrolytic oil, it is required to reduce the quantity of
dissolved oxygen. It is possible to reduce the dissolved oxygen from pyrolytic oil by
catalytic cracking, co-pyrolysis, and catalytic cracking and hydrodeoxygenation
(HDO) process.

In the catalytic cracking and hydrodeoxygenation (HDO) method, external
catalysts are added in the pyrolysis process. However, the addition of catalysts
increases the operating cost of the pyrolysis process. It also increases the number of
solid materials at disposal [16]. Overall, this process is costly, complex, and require
higher pressure during operation. In contrast, the co-pyrolysis method is an effec-
tive and efficient process that can improve the quality of pyrolytic oil.

Therefore, this chapter presents the co-pyrolysis method of biomass feedstocks.
This chapter also presents the generation of liquid fuel from solid waste (wood,
plastic) and aquatic plants (water hyacinth) using the co-pyrolysis method.
Additionally, by using biomass solid wastes (plastic, wood) as feedstock material,
the co-pyrolysis method can reduce environmental pollution and help the global
waste management system. This method also uses invasive aquatic plants (water
hyacinth) as feedstock material and reduces the negative effects of water hyacinth
on aquatic flora, fauna. Hence, solid and aquatic plant biomass would be a potential
source of energy that produces less impact on the environment.

The outcomes of this chapter will help to decrease the pressure on conventional
fuel. On the other hand, the majority of the recent literature shows the use of rice
straw, pinewood, and plastic material as feedstocks in the co-pyrolysis method.
However, this chapter shows the generation of product yield for two different
combinations of feedstocks and compares the performance of them at a different
proportion that is rare in previous research. By effectively maintaining the required
proportion of biomass feedstock materials, it is possible to generate a significant
quantity of solid, liquid, and gas yield. As a consequence, biomass feedstocks would
be a feasible option to fulfill the global energy demand.
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2. Biomass conversion techniques

Biomass can be converted in a number of different ways. The most significant
ways are pyrolysis, gasification, combustion, and liquefaction, as shown in
Figure 1. On the other hand, all biomass conversion techniques are performed
using three major process technologies, as depicted in Figure 2.

2.1Pyrolysis

Pyrolysis is defined as the method of heating organic biomass in absence of
oxygen. This is due to the reason that without oxygen, there is no combustion
occurred in biomass materials. However, applying heat decomposes the chemical
components of biomass materials such as lignin, cellulose, and hemicellulose and
produce charcoal and combustible gases [17].

In the pyrolysis method, the produced combustible gases are condensed to a
combustible liquid called pyrolytic oil. The other products of the pyrolysis method
are CO,, CO, H,, and HC. Therefore, the pyrolysis method generates three types of
products, such as solid (charcoal), liquid (bio-oil/pyrolytic oil), and gas (synthetic
gas). Figure 3 presents the overall schematic diagram of the pyrolysis method that
generates pyrolytic oil.

Moreover, in pyrolysis method, biomass feedstock materials are decomposed in
pyrolytic oil by the following reaction mechanism Equations [18]:

Biomass feedstocks — H,O + residue materials (unreacted ) 1)
Residue materials (unreacted) — Volatile matters, + Charcoal, + Gases, (2)

Charcoal, — Volatile matters, + Gases, + Charcoal, 3)

Pyrolysis

Biomass
conversion
process

Combustion

Figure 1.
Biomass conversion techniques.
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Figure 2.
Flow diagram of the pyrolysis process.
] Pyrolysis (heating in Pyroelytic oil, charcoal,
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Figure 3.
Biomass conversion process technologies [17].

Therefore, in the biomass pyrolysis method, firstly, moisture contents, and
volatile matters are lost as presents by Eq. (1). Secondly, unreacted residue materials
are transformed into volatile matters, as shown in Eq. (2). Finally, charcoal material
is re-arranged at a slower step, as shown in Eq. (3).

Depending on the reaction temperature, residence time, and rate of heating, the
pyrolysis process can be classified as fast, slow, and flash pyrolysis. Pyrolysis process
usually occurs in a fixed bed, fluidized bed, moving bed, suspended bed reactors.

However, the generated pyrolytic oil in the pyrolysis process contains a higher
quantity of oxygen that decreases internal combustion engines’ efficiency.
Therefore, up-gradation of pyrolytic oil generated from the pyrolysis method is
necessary. The pyrolytic oil generated from the pyrolysis method can be upgraded
by esterification, emulsification, or catalytic cracking. All these up-gradation
methods include extra operating costs for the pyrolysis process and they are rather
costly. The other effective method of producing high-quality pyrolytic oil is the
co-pyrolysis method that can produce high-quality pyrolytic oil with less quantity
of oxygen.

Figure 4 shows the upgradation methods of pyrolytic oil generated from
biomass pyrolysis method.
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Biomass feedstock materials
Fast/slow/flash pyrolysis ‘ ‘ Co-pyrolysis
Emulsification Esterification Catalytic cracking

A 4

Figure 4.
Upgradation methods of pyrolytic oil [19].

2.2 Co-pyrolysis

Co-pyrolysis is the process where two or more feedstock materials include to
improve the quality of pyrolytic oil in absence of oxygen at a moderate temperature
(~500 °C). Effectiveness and simplicity are two important characteristics of the
co-pyrolysis process. Figure 5 shows the overall process of co-pyrolysis.

It is seen from Figure 5 that, in the co-pyrolysis method, two or more feedstock
materials are dried and ground to prepare feedstock material. After that inert gases
are required to add to the reactor. Inert gases use to speed up the sweeping vapors of
feedstock materials from the pyrolysis region to the condenser region. Nitrogen gas
is used as an inert gas in the co-pyrolysis process due to its low cost. Initially, char-
coal and combustible gases are produced. After condensation, combustible gases
generate upgraded pyrolytic oil. Therefore, the co-pyrolysis method requires three
steps for the generation of pyrolytic oil, such as preparation of feedstock materials,
co-pyrolysis, and condensation.

Drying of feedstock material can be done using the oven method at a higher
temperature (~105 °C) for 1 day. The drying process is required to remove the

<l Combustible
gases
(wood+plastic) i charcoal and condense to
or Copiiclyss combustible produce
(Rice (Inert gases) gases synihetic gas
straw+water and pyrolytic
hyacinth) oil

Figure 5.
Overall process of co-pyrolysis [9].
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Feedstock materials Temperature(°C) Inert gas Pyrolytic oil (wt.%)
Wood, plastic, rice 300 ~ 500 N, 45-75
husk, rice straw, water
hyacinth
Table 1.

Optimum operating conditions of co-pyrolysis method [9].

moisture contents in the feedstock material. However, for industrial purposes, the
amount of required heat is higher than lab-scale. Hence, process integration is used
to heat feedstock materials [9].

The optimum temperature of the co-pyrolysis process is considered as
400 ~ 600 °C. At this temperature, approximately 45 wt. % of pyrolytic oil is usu-
ally produced from feedstock material [9]. Table 1 presents the optimum operating
conditions of co-pyrolysis method for different feedstock materials.

In this chapter, pinewood with plastic material, and rice straw with water
hyacinth material is considered as feedstock materials for the co-pyrolysis process.
Pinewood [20, 21] and waste plastic [22, 23] materials are commonly available in
environment that can create environmental pollution.

3. Reaction parameters of co-pyrolysis process

Reactions of the co-pyrolysis method are complex and it includes a number of
different co-pyrolysis reactions. The biomass co-pyrolysis process and their reac-
tions depend on different parameters, such as the effect of feedstock materials,
blending ratio, rate of heat, temperature, reactor type, etc. This section of the
chapter presents the effect of different parameters on the co-pyrolysis method.

3.1 Effect of different feedstocks

Biomass feed materials consist of lignin, cellulose, and hemicellulose [24]. These
components generate synergistic effects on the thermal behavior of biomass. It is
considered that the cracking of biomass depends on the H and OH radicals release
during biomass pyrolysis [25, 26]. On the other hand, hemicellulose components
serve effects of promotion on biomass conversion during co-pyrolysis process [27].

Table 2 shows the characteristics of different biomass materials.

3.2 Effect of blending ratio

The blending ratio is defined as the proportion of biomass in the blend
of feedstock materials during co-pyrolysis. In the co-pyrolysis method, the

Feedstock materials Lignin (wt. %) Cellulose (wt. %) Hemicellulose (wt. %)

Pinewood 24 [28] 42 [28] 23 [28]

Water hyacinth 3~28[29] ~30 [30] ~25[30]

Rice straw 16.5 [31] 29.8 [31] 33.3[31]

Waste plastic (polystyrene) 10 ~ 15 [32] 35~ 55 [32] 20 ~ 40 [32]
Table 2.

Chavacteristics of different biomass materials.
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generated quantity of gas, liquid, and solid materials depends on the blending
ratio of feedstock material [33]. It was found that increasing biomass blending
ratio reduces the solid charcoal generation, while liquid and gas production
increases [34]. The blending ratio of biomass materials can also influence the
degree of synergistic effect.

3.3 Effect of rate of heat

The rate of heating is a significant factor that can affect the biomass co-pyrolysis
process. The biomass co-pyrolysis process can be distinguished if the rate of heat is
low. At a low heating rate, only additive behavior of biomass materials occurs. On
the other hand, the devolatilization process of biomass materials becomes slower
with the increase in the heating rate.

Synergism of biomass feedstock materials is favored by the increased heating
rate of feedstock material [27, 35, 36]. It was found that low heating rate caused lack
of synergies. Moreover, a high rate of heat during co-pyrolysis generally produces
higher volatile yields [37].

3.4 Effect of temperature

The temperature in the co-pyrolysis process is an important factor for the
generation of solid (charcoal), liquid (pyrolytic oil), and gas. By increasing the tem-
perature inside the co-pyrolysis reactor, it is possible to decrease the production of
charcoal from biomass co-pyrolysis. As a consequence, the overall efficiency of the
co-pyrolysis method can be increased by increasing the temperature [38, 39].

3.5 Effect of types of reactor

Different types of reactors, such as fixed bed, fluidized bed, TG, drop style,
auger are commonly used in pyrolysis and co-pyrolysis process. In this chapter, the
fixed bed reactor is considered for biomass feedstock materials. However, the TG
reactor is most commonly used during the co-pyrolysis method.

In a fixed bed pyrolysis reactor, a large quantity of feedstock materials provides
intimate contact between fuel particles and their generated volatiles. Due to this
phenomena, synergistic effect is occurred for gas and pyrolysis product yield [40].
Fluidized bed and drop style type reactors are fast pyrolysis reactors that can be
used to carry the co-pyrolysis process. Auger reactor is more effective than fixed-
bed reactor for co-pyrolysis process. Auger type reactor usually generates higher
liquid product yield than fixed-bed reactor [41].

4. Sample preparation and feedstocks for co-pyrolysis

Availability is one of the important factors for the selection of alternative energy
sources. With respect to this condition, biomass is considered a potential energy
source all over the world. It can be generated from the forest (wood), agriculture
(rice husk, rice straw), solid waste (plastic), aquatic plants (water hyacinth), etc.
In this work, rice straw, plastic, water hyacinth, and pinewood are considered as
feedstock material.

Biomass feedstock materials are required to collect from the local market. They
contain moisture and volatile matters that can reduce the overall efficiency of the
pyrolysis process. To overcome this problem, biomass materials are dried using the
oven for lab-scale operation and process heat through industrial applications. After
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drying, biomass feedstock materials are crushed and sieved to a particle size of

0.5 ~2 mm [42]. Thermogravimetric analysis (TGA) can be carried out to find the
measurement of moisture content, thermal degradation, fixed, and volatile carbons
in biomass feedstock materials.

Characterizing of biomass feed materials is significant because it provides C, H,
N, S, moisture, ash, fixed carbon, and volatiles. Table 3 shows the ultimate analysis
and Table 4 presents a proximate analysis of rice straw, water hyacinth, pinewood,
and plastic biomass materials.

The heating value of biomass feedstock materials is another significant property
that can affect the overall efficiency of the co-pyrolysis method. Table 5 presents
the heating value of rice straw, water hyacinth, pinewood, and waste plastic
materials.

It is seen from Table 5 that plastic material generates the highest quantity of
heat when combusts. On the other hand, they are available as waste material in the
natural environment.

The co-pyrolysis method can use two or more feedstock materials, therefore,
this chapter presents and compares the performance of pinewood and waste plastic
biomass with rice straw and water hyacinth aquatic plants.

In the co-pyrolysis process, rice straw, water hyacinth, pinewood, and waste
plastic material was used to perform the experiment in a fixed bed reactor, as shown
in Figure 6. The feedstock materials were prepared with a nominal size of 5 mm. All
the biomass feedstock materials were added in the fixed bed reactor and nitrogen
was used as the carrier gas. An external electrical heater was used to externally heat
up the reactor during the co-pyrolysis process. The heater increased the reactor
temperature to around 60 °C per minute. The final reactor temperature during the
co-pyrolysis process was 550 °C. The overall reaction time for the biomass co-
pyrolysis process was ~30 min. The solid and liquid product yields were collected by

Feedstock materials Carbon Hydrogen Nitrogen Sulfur
(®)] (Hp) (N2) (S)

(wt.%) (wt.%) (wt.%) (wt.%)
Pinewood [43] 475 6.50 0.095 ~0.13
Water hyacinth [42] 34.85 6.50 0.8 15
Rice straw [42] 36.1 5.20 0.6 0.30
Waste plastic (polystyrene) [44] 90.40 8.60 0.070 0.080

Table 3.

Ultimate analysis of biomass feedstock materials.

Feedstock Fixed carbon Moisture Volatile matters Ash
materials (wt.%) (wt.%) (wt.%) (wt.%)
Pinewood [43] 1790 14.2 67.70 45
Water hyacinth 4.90 1315 69.2 25.50
[42]
Rice straw [42] 6.90 11.7 781 15.2
Waste plastic ~0.7-12 0.20 99.31 0.50
(polystyrene)
[44]

Table 4.

Proximate analysis of biomass feedstock materials.
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Feedstock materials Heating value (MJ/kg)
Pinewood 18-21.5
Water hyacinth 14.6
Rice straw 14-151
Waste plastic (polystyrene) 40
Table 5.

Heating value of biomass feedstock materials.

A

Nitrogen
(N.) Reactor

Figure 6.
Schematic diagram of the co-pyrolysis process of rice straw, water hyacinth, pinewood, and plastic biomass.

weight basis, while gas yields collected in a gas reservoir bag. After that, a gas ana-
lyzer was required to analyze the composition of gas yield generated in co-pyrolysis
of rice straw, water hyacinth, pinewood, and plastic materials.

5. Co-pyrolysis using biomass solids and aquatic plants

Co-pyrolysis of pinewood and waste plastic feedstock material is a potential source
of energy. On the other hand, rice straw and water hyacinth is another significant
source of biomass energy that can be used as feedstocks in the co-pyrolysis process.
Individually rice straw, plastic, water hyacinth, and pinewood biomass materials, when
used in the pyrolysis process, produce less efficient pyrolytic oil that creates unneces-
sary combustion problems due to high oxygen contents. As a consequence, different
proportions of two or more feedstock materials are usually used in the co-pyrolysis
method that can provide better performance. This section of the chapter presents the
performance analysis of pinewood with waste plastic and rice straw with water hya-
cinth biomass feedstock materials during the co-pyrolysis method at different propor-
tions of feedstock materials. The product yields were solid (charcoal), liquid (pyrolytic
oil), and gas. Likewise. the co-pyrolysis of rice straw, water hyacinth, pinewood, and
plastic materials provide product yield of charcoal, pyrolytic oil, and gas.

In pinewood and waste plastic feedstocks, the products of charcoal production
do not depend on the addition of waste plastics. It was also found that very little
quantity of charcoal produced from the co-pyrolysis of waste plastic [45, 46].
While, in the co-pyrolysis of rice straw and water hyacinth feedstocks, the produc-
tion of bio-oils depends on the reactor temperature, and with the increase of reactor
temperature up to 400 °C, the pyrolytic oil production is also increased. After that,
above temperature 400 °C, generation of pyrolytic oil decreases [42].
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5.1 Performance analysis

In the co-pyrolysis method of pinewood-waste plastic and rice straw-water
hyacinth, it was observed that liquid yield generation was higher in pinewood-
waste plastic feedstocks than rice straw-water hyacinth feedstocks. This is due to
the higher heating value of pinewood and plastic material than water hyacinth. The
porosity of water hyacinth feedstocks can also negatively affect the generation of
product yield during the co-pyrolysis process. In addition, the density of rice straw
and water hyacinth is lower than the density of pinewood and waste plastic that can
negatively influence the generation of pyrolytic oil for the co-pyrolysis method.

In this process, initially pinewood with waste plastic (polystyrene) and rice
straw with water hyacinth materials were added in a 1: 1 ratio.

Figure 7 presents the generation of liquid yield from the co-pyrolysis process for
pinewood-plastic (polystyrene) and rice straw-water hyacinth feedstock materials.
It is seen from Figure 7 that the liquid yield (pyrolytic oil) of pinewood with plastic
(polystyrene) feedstocks in co-pyrolysis was higher than rice straw with water
hyacinth feedstock materials at 400 °C temperature [9, 42].

In the co-pyrolysis method, the amount of solid, liquid, and gas yield depends
on the type of biomass feedstocks and the proportion at which they are added in the
co-pyrolysis process. In this chapter, three different ratios of feedstocks have been
considered to analyze the performance of co-pyrolysis.

The co-pyrolysis of rice straw with water hyacinth feedstock materials produced
the highest yield of liquid (pyrolytic oil) than solid (charcoal) and gas yield at an
equal proportion of rice straw and water hyacinth (1:1). It was also found that with
the increase of water hyacinth proportion with rice straw, the liquid (pyrolytic oil)
yield was decreased but solid (charcoal) yield increased, while gas yield remained
almost same [42]. This trends were statistically significant. On the other hand, a high
proportion of rice straw with water hyacinth reduced the liquid yield from the liquid
yield of an equal amount of rice straw and water hyacinth, as shown in Figure 8.

Figure 9 presents the mean and standard deviation of the product yield wt. %
for three different compositions of rice straw and water hyacinth. It is seen from
Figure 9 that the variation of solid yield (charcoal) with the change of composition
of rice husk and water hyacinth was lower than liquid (pyrolytic oil) and gas yield.

Figure 10 shows the product yield of co-pyrolysis for different proportions of
pinewood and waste plastic (polystyrene) biomass materials. It was found that
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Pyrolytic oil (wt. %)
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Pinewood-plastic Rice straw-water
hyacinth

Biomass feedstocks
Figure 7.

Pyrolytic oil generation from biomass co-pyrolysis process at 400 °C [9, 42].
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Figure 8.
Product yield generation from different proportion of rice straw and water hyacinth in co-pyrolysis process [42].
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Figure 9.

Statistical analysis of product yield generation from the different proportion of rice straw and water hyacinth
feedstocks (vice straw (1): Water hyacinth (1), vice straw (2.5): Water hyacinth (1), and rice straw (1): Water
hyacinth (2.5)) in co-pyrolysis process.

co-pyrolysis of pinewood with waste plastic (polystyrene) feedstock materials
produced the highest yield of liquid (pyrolytic oil) than solid (charcoal) and gas
yield at an equal proportion of pinewood and waste plastic (polystyrene) (1:1).

It was also found that with the increase of waste plastic (polystyrene) proportion
with pinewood, the liquid (pyrolytic oil) yield was increased but solid (charcoal)
yield decreased [47]. This trends were statistically significant. On the other hand,
a high proportion of pinewood with waste plastic (polystyrene) reduced the liquid
yield from the liquid yield of an equal amount of pinewood with waste plastic
(polystyrene), as shown in Figure 10.
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Figure 10.
Product yield generation from different proportion of pinewood and waste plastic (polystyrene) in co-pyrolysis
process [47].

Figure 11 presents the mean and standard deviation of the product yield wt. %
for three different compositions of pinewood and plastic (polystyrene) feedstocks.
It is seen from Figure 11 that the variation of a gas yield with the change of compo-
sition of pinewood and plastic (polystyrene) was lower than liquid (pyrolytic oil)
and solid yield (charcoal) yield.

5.2 Characteristics analysis

In the co-pyrolysis process, the quality of the generated pyrolytic oil is better
than the pyrolysis process. As a consequence, the oxygen content in the pyrolytic
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Figure 11.

Statistical analysis of product yield generation from the different proportion of pinewood and plastic
(polystyrene) feedstocks (pinewood (1): Plastic (polystyrene) (1), pinewood (1): Plastic (polystyrene) (2.5),
and pinewood (2): Plastic (polystyrene) (1)) in co-pyrolysis process.
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Feedstock materials Calorific value Calorific value Calorific value
(MJ/kg) of solids (MJ/kg) of liquids (MJ/kg) of Diesel
Pinewood- plastic 33~45 32~45 45.5
(polystyrene) [47]
Rice straw-water hyacinth [48] 32~42 33~42 455
Table 6.

Calorific value of product yield of co-pyrolysis process.

oil generated from the co-pyrolysis method is lower than the pyrolysis process.
However, to improve or upgrade pyrolytic oil in the pyrolysis method requires an
intermediate process that increases the complexity and cost. Hence, this chapter
considers only the co-pyrolysis process of biomass feedstock materials and their
related characteristics.

However, the calorific value of pyrolytic oil and gas generated in the co-pyrolysis
process for pinewood-waste plastic or rice straw-water hyacinth was higher than
the calorific value of product yield when used only pinewood or rice straw or
water hyacinth feedstock biomass. Table 6 presents the calorific value of different
feedstock materials in pyrolysis and co-pyrolysis process.

Overall, the generation of liquid yield (pyrolytic oil) and solid yield (charcoal) in
the co-pyrolysis method increases with the increase of temperature of the pyrolysis
reactor. However, the required temperature of the co-pyrolysis process (300-450 °C)
is lower than the temperature required for the pyrolysis process (550-750 °C).

6. Conclusion

Biomass is a bio-renewable source of energy. It can be used to generate energy
through the pyrolysis and co-pyrolysis process. The generated liquid and gas yield
in the pyrolysis and co-pyrolysis method can be used with conventional fuel.
However, due to higher dissolved oxygen in pyrolytic oil produced in the pyrolysis
process, they are required to be improved or upgraded that makes the process
complex and costly. Therefore, the co-pyrolysis process is used that can generate
better quality and, upgraded liquid and gas yield. The co-pyrolysis process requires
a lower reactor temperature than the pyrolysis process. In this study, co-pyrolysis of
rice straw with water hyacinth and pinewood with waste plastic feedstock materials
have been analyzed. It is seen that with the increase of pyrolysis reactor tempera-
ture, the liquid yield (pyrolytic oil) production also increases. However, if the
reactor temperature exceeds 400 °C then the generation of liquid yield decreases.
On the other hand, the generation of solid (charcoal), liquid (pyrolytic oil), and gas
yield depend on the proportion of feedstock biomasses in the co-pyrolysis process.
The calorific value of product yield in the co-pyrolysis process is higher than the
pyrolysis process and comparable with conventional fuel, such as diesel. Therefore,
the biomass co-pyrolysis process would be a potential source of bio-renewable
energy that can fulfill the global energy demand with conventional fuel.
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Chemical Carbon and Hydrogen
Recycle through Waste
Gasification: The Methanol Route

Alessia Borgogna, Gaetano laquaniello, Annarita Salladini,
Emanuela Agostini and Mirko Boccacci

Abstract

A large amount of valuable Carbon and Hydrogen is lost in the disposal of the
non-recyclable fraction of Municipal Solid Waste (MSW) — particularly unsorted
waste fraction and plastics residue from mechanical recycle process. The waste-to-
chemical technology allows to exploit the components entrapped in the non-
recyclable waste by converting it into new chemicals. The core of waste-to-chemical
technology is the gasification process, which is designed to convert waste into a
valuable syngas to be used as example for methanol production. Waste to methanol
schemes allow to achieve significant environmental and economic benefits, which
can be further intensified within the scenario of increasing share of renewable
energy.

Keywords: Waste gasification, carbon recycle, methanol, hydrogen

1. Introduction

By now, it is undeniable the (negative) impact that human activities have on
environmental and climate conditions. The concentration of CO, in the atmosphere
has reached 415 ppm [1]; a value which has no comparison throughout mankind
history, and even before [2].

The discrepancy between the rate at which humans consume fossil resources and
the earth’s capability of absorbing emitted carbon and reproducing natural carbon
resources is glaring [3]; and it represents the rationale behind the climate change
issue. Therefore, this is today the problem to tackle.

To such end, three conceptual typologies of intervention can be identified.
Reducing the emissions deriving from human activities; resorting to different
(renewable) carbon sources; directly helping the planet absorb CO, in excess. These
three interventions do not exclude one another - i.e., they can be deployed simul-
taneously. As a matter of fact, every kind of contributions may result essential to
avoiding reaching the point of no return in relation to earth’s climate change.

As for the first type of intervention, emissions can be abated by directly reduc-
ing our consumption. This can be achieved by limiting the use of throwaway
material; by applying sharing and sustainable mobility [4]; by increasing environ-
mental efficiency of each productive process - i.e., limiting the emissions of CO, per
unity of product achieved.
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Second type of intervention — which has a lower impact on our habits and
lifestyle. Using a source of carbon which could be timely reproduced - algae repre-
sent one of the most recent examples thereof [5]. However, attention must be paid
to the compatibility of the source exploitation with other environmental and social
constrains, water usage and food production competition. Indeed, European Com-
mission adds to the criteria for environmental evaluation of biofuels the Indirect
Land Usage Change (ILUC) factors [6].

Third and final type of intervention. Technology and innovation should also
serve the ambitious aim of finding systems able to remove the CO, excess already
present in the atmosphere. An example thereof is direct capture of CO, from air,
which, however, is far from being economically competitive. As a matter of fact, by
2019 only 15 plant with an overall capacity of about 9 ktCO, captured per year have
been implemented [7]. This value is quite far from 30 Gton/y of CO, which is the
reduction of emissions estimated to be required for limiting the global warming
below 2°C [8].

Conversion of waste into a chemical encompasses both the first and the second
type of intervention. In this way, waste is utilized as a source of carbon and
hydrogen, thus representing a renewable source which is produced at a sufficiently
high rate directly through the community, thus being (quite) proportional distrib-
uted and available, without any geographical restriction. About 2 billion Mtons per
year of waste are globally produced. By 2050 it is foreseen to reach 3.4 billion of
Mtons, due to the expected increase of population and GDP, which both influence
waste production value per year [9]. Further, this source does not imply indirect
usage of land, on the contrary it is a cleaver alternative to landfill.

As a matter of fact, both chemical production and waste disposal imply high
greenhouse gases (GHG) emissions. Integration of these two processes into one
allows to significantly reduce overall emissions.

What described above is only one of the successful aspects of the waste-to-chem-
ical process. Economical aspect is also a favorable factor of a kind of process able to
simultaneously convert waste and produce chemicals. Differently from what has been
commonly seen till now, regarding chemical production economics, the main sources
of income are two: - the usual one, the selling of the product; — the unconventional
one, a gate fee for the feedstock, i.e. a payment for the disposal of the waste.

The waste fractions which are taken into account as sources in the waste-to-
chemical process are indeed fractions which alternatively would have been disposed
through — at worst - landfilling or — at best — incineration with energy recovery.
While, the waste-to-chemical process allows carbon and hydrogen recovery, i.e.
contextually material and energy recovery.

Refuse Derived Fuel (RDF), dry fraction of unsorted fraction of Municipal Solid
Waste (MSW), and unrecycled fraction of plastic sorted waste, are kind of waste
eligible for the waste-to-chemical process. It is worth noting that these fractions
come from social and technological constraints relating to the practical recyclability
of MSW.

The waste-to-chemical process allows to convert the mentioned kinds of waste
thank to its core section, a high temperature melting gasifier. Here, due to the high
temperature reached, the combustible part of the feed is converted into valuable
syngas, meanwhile the inorganic part is melted and then vitrified. A completely
inert residue is produced. Further, it can be also used for rockwool production or as
inert filling in the civil sector material. Thus, zero residue from MSW can be
reached, by integrating the waste-to-chemical process with technologies for
material recycle available by now.

The syngas produced can be applied for methanol production, after tailored
syngas purification. The chapter includes a technical, economic and environmental
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assessment of the overall technology, from waste conversion to methanol produc-
tion. Two possible schemes are exposed, the second one integrates a base waste to
methanol process with electrolysis, showing how waste to chemical is a feasible
technology able to accompany process industry in the pathway of energy transition.

2. High temperature gasification for waste valorization

As already mentioned, waste feedstock like Municipal solid Waste, Refuse
Derived Fuel (RDF) and plastics residues, due to the high content of carbon and
hydrogen, may be considered a sort of alternative and sustainable feedstock. Typi-
cal compositions for the above-mentioned waste are reported in the Table 1. As
shown by the elementary composition, carbon content varies in the range 30-60%w
while hydrogen in the range 4-7%w.

If properly converted, these kinds of wastes may be used in substitution of
conventional fossil feedstock building a new chemistry pathway allowing to pro-
duce conventional chemicals in a more sustainable way [10].

Under this scenario technology plays a major role in the fully implementation of
circular economy around the concept of waste as feedstock for industrial processes.
This paradigm implies a robust and reliable technology able to manage the hetero-
geneous nature of waste as well as their pollutants content.

The proposed technology allowing to convert waste into chemicals, is based on a
high temperature gasification process carried out under pure oxygen environment.
A schematic view of gasifier reactor allowing to perform such conversion is shown
in Figure 1.

The gasifier reactor consists of three sections: the melting zone (1600°C), where
exothermic reactions and melting of inert compounds take place; the gasification
zone (600-800 C°), where low oxygen-content brings to partial oxidation reac-
tions; the stabilization zone, where a further introduction of auxiliary fuel and
oxygen lead to an increase of temperature (1100°C) ensuring tar degradation,
full decomposition of the long chain organic molecules and inhibition of dioxins
formation.

Multiple injection of oxygen and auxiliary fuel along the reactor, take tempera-
ture in order of 1600-2000°C in the bottom, 600-800°C in the middle up to 1100-
1200°C on the top. Such temperature profile assures a full conversion of waste into

Component Value RDF PW
Wet basis
C % weight 33-38 47-61
H % weight 4-5 5-7
o % weight 16-18 14-20
N % weight 0.2-1.0 0.2-0.5
S % weight 0.02-0.15 0.02-0.3
Cl % weight 0.8-1.5 0.8-1.5
Moisture % weight 17-21 5-9
Inert % weight 17-25 7-20
LHVwet MJ/kg 14-16 21-24
Table 1.

Typical elementary composition of PW and RDF and relevant LHV values.
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1000-1200°C

.

Raw Syngas
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Slag 1600-2000°C
B S

Figure 1.
High temperature gasification reactor.

two products: a high valuable syngas rich in H,, CO and free of char, tar, dioxin and
furans (Iaquaniello et al. 2018) discharged from the top of reactor and an inert
vitrified material discharged on the bottom [11]. The high temperature held on the
melting zone allows to discharge the inert components of waste (mineral and
metals), in a granulated and vitrified state ideally carbon free. Depending on local
legislation, such material can be valorized into cement or construction industry
otherwise disposed as standard waste.

As reported by Salladini et al. [12], the syngas yield and relevant composition,
are mainly affected by the LHV value and C/O ratio. On the overall higher LHV
results into higher syngas yield as well as higher content in terms of CO an H, and
lower concentration of CO,. Produced syngas contains as major components CO,
H,, CO; and under minor content volatile metals and any particles up drafted with
the syngas. Figure 2 reports a block diagram of the gasification section, preliminary
cleaning and syngas purification section.

As first step the hot gas is routed to an evaporative quench where temperature is
abruptly reduced down to 85-90°C by direct injection of water. Although there is a
loss of high temperature heat, this rapid cooling freezes chemical composition
achieved at high temperature avoiding any undesired reaction. The two-phase
mixture at the bottom exit of quench is routed to a sedimentation tank. This unit
allows to collect on the bottom the sludge, continuously removed from the system,
and clarified water reused as cooling water in the quench. The Sedimentation works
under low pH condition (1.5-3) in order to promote the migration of volatile metals
in liquid phase. The syngas exiting the sedimentation tank is routed to an acidic
column that further promote the metal removal.

Syngas exiting from the acidic columns of each gasification line is collected and
sent to a common section based on alkaline scrubbing column, wet electrostatic
precipitators (WESP) and subcooling column. Water stream collected from the
bottom of the washing columns due to the potential content of pollutants are routed
to the WasteWater Treatment unit.

Gasifier works under quite atmospheric pressure achieving at the end of
cleaning section pressure in order of few mbar above the atmospheric pressure. It

88



Chemical Carbon and Hydrogen Recycle through Waste Gasification: The Methanol Route
DOI: http://dx.doi.org/10.5772/intechopen.98206

WASTE
NG NG J

————
[+ @

02 [
¢ 102 102 02! l 1
[ HT = Gasification ] [HT = Gasification ] [ HT = Gasification ]

& Acid cleaning & Acid cleaning & Acid cleaning
T T T Residual Metals

[PUNRR S R SRR S 7 [— 3 Removal

RAW SYNGAS Residual HCl and HF
Removal

Vitrified
granulate Alkaline scrubbing
g

Wet ElectroStatic
precipitator

Hydrolysis of
COS (HCN)

Hg removal

Subcooled
washing H25 Removal

Syngas storage

Sludge to WWT
H25

deep polishing removal

Purified syngas

Figure 2.
Block scheme: Gasification and syngas primary gas cleaning.

derives that a compression section is needed before routing the syngas to down-
stream section. In order to assure stable condition in terms of syngas pressure and
flowrate at suction of compressors, a gas holder is installed between the gasification
section and compression.

The cleaned syngas still contains sulfur compounds mainly in the form of H,S
and COS together with residual chlorine, HCN and trace of Hg. Once compressed,
syngas is routed to the purification section involving the following step: removal of
residual dust and metals, removal of HCI, hydrolysis of the COS and HCN, H,S
removal through an oxy-reduction system and a final polishing step based on zinc
oxide absorbents in order to reduce sulfur content down to ppb as required by
catalyst adopted for downstream synthesis.

The high temperature regime and the use of a waste as feedstock, requires
dedicated maintenance work around the gasifier aiming at preventing
damages on refractory materials and avoiding excessive fouling along the
quench wall and sedimentation. On this regard a plant architecture based on
multiple gasification lines working in parallel is foreseen in order to assure
plant availability during maintenance operation: when a gasification line is kept
shut down for maintenance service, the other lines are kept under maximum
capacity to assure a continuous syngas production with a minimum reduction of
productivity.

The purification procedure described above, delivers a syngas suitable to be fed
to catalyst-based synthesis. Depending on selected end product, a conditioning step
aiming at adjustment of H, and CO content is required [13, 14].

3. Waste to methanol scheme

The proposed waste to methanol case study will be developed around a waste
feedstock having an average composition describing a mixture of 75% RDF and 25%
plastic residues. Resulting mixture composition is reported in Table 2.

By applying the process scheme depicted in Figure 2, resulting syngas composi-
tion at the end of syngas cleaning (inlet compression) and downstream the purifi-
cation step is reported in Table 3. A very low level of contaminants are achieved
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Component Um. Value
Wet basis
C % weight 38.9
H % weight 5.3
(0] % weight 21.5
N % weight 0.85
S % weight 0.20
Cl % weight 0.94
Moisture % weight 15.7
Inert % weight 16.5
LHV M]/kg 16.0
Table 2.

Waste used for the case study (mixture 75% RDF-25% plastics).

Downstream cleaning section Downstream purification section
Component u.m. Value Value
H, %mol 37.6 39.1
Co %mol 41.0 42.6
CO, %mol 12.4 12.8
H,O %mol 4.0 0.4
N, %mol 4.6 4.8
CH4 %mol 0.21 0.21
Arg %mol 0.03
H,S ppm 930 0.01
Cos ppm 45 0.1
HCN ppm 10 0.1
HCl ppm 4.1 0.1
Hg ppm 0.02 —
PM ppm 0.3 —

Table 3.
Syngas composition.

through the proposed architecture thus accounting for a syngas to be used as
building block for downstream synthesis.

To proper design the condition section, it is necessary to understand constraint
required on syngas composition.

Methanol synthesis is based on the following catalytic reactions where only two
are linearly independent:

CO + 2H, 2 CH30H, AHY%g; = —90, 64 k] /mol (1)
CO; + 3H, 2 CH30H + H,0, AHY%g, = —49, 47k] /mol (2)
CO, + Hy 2 CO + Hy0, AHY%g, = —41.17 kJ /mol (3)
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According to the stoichiometry of reactions involved (1)-(3), a proper content
of H,, CO and CO, has to be assured in the gas mixture fed to methanol loop. Such
content is controlled by introducing the following parameter named Methanol
Module (MM) is defined: MM = (H, — CO,)/(CO + CO,).

The stoichiometric MM is equal to 2, thus a value of MM around 2.0-2.4, is
generally recommended in the industrial plant [15].

As reported in Table 3, resulting syngas is characterized by a low value of MM
(0.47) meaning that an excess of carbon or rather a deficit of hydrogen exists. In
order to achieve required composition for methanol synthesis, two different
approaches may be adopted. One option is to increase the hydrogen content
through water gas shift reaction and reduce the resulting excess carbon in the form
of pure CO, while another option is to add an external source of H, to balance the
deficit. Such H, would be preferably produced from water electrolysis powered
from renewable source in order to avoid any indirect fossil CO, emissions.

3.1 Waste to methanol scheme with internal hydrogen production

The process architecture for methanol production from waste based on internal
hydrogen production, is depicted in Figure 3. As introduced above, without foresee
any additional external source of Hydrogen, to comply the methanol module it is
necessary to increase the internal H, content through water gas shift reaction by
reacting CO and H,0 to produce CO; and H,.

CO +H,02C0,+H, 4)

To promote shift reaction, medium steam is mixed at the inlet of the shift
reactor, operating with a steam/dry-syngas ratio at least of 1.5 in order to manage
the shift exit temperature below 480°C. As shown by the stoichiometry, the shift
reaction accounts for an increase of hydrogen content but does not allow any
variation in the MM therefore a CO, removal system is required to achieve proper
composition as per methanol module. To achieve a MM in order of 2.1, only a
fraction of purified syngas has to be routed to the conditioning section based on
shift reaction and CO, removal system [16]. The higher the fraction of syngas
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Waste to methanol scheme with internal H, production (scenario a).
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Figure 4.
Carbon distribution of the waste to methanol scheme with internal H, production. Scenario A.

conditioned, the higher is the carbon converted into CO, that means a lower frac-
tion converted into final product. The sweet syngas coming from CO, removal
system is reconnected with fresh syngas. To increase carbon utilization, a recovery
of pure hydrogen through a membrane separation is applied on the bleed stream
coming from methanol loop normally routed to combustion. The target value of
MM = 2.1 at the inlet of methanol section, is thus achieved through the addition of
H, recovered from methanol loop.

The resulting conditioned syngas is compressed and routed to the methanol
synthesis reactor. The raw methanol is recovered by condensation and then purified
via distillation in order to fulfill the required grade.

In the proposed architecture three gasification lines are adopted with an overall
capacity of about 192.000 ton/y of waste and around 98.000 ton/y of methanol. As
described above, the excess carbon contained in the waste is discharged as pure CO,
to battery limits. It derives that it can be reused for any application ranging from
food industry or other industrial application. Without any external H, addition, the
proposed scheme based on feedstock reported in Table 2, allows to fix around 46%
of incoming carbon into the methanol and to deliver at battery limits around 49% of
carbon as pure CO, as shown by carbon distribution graph in Figure 4. The residual
is discharged into the atmosphere as diluted flue gas. Such distribution accounts for
a production of 1.07 ton pure CO,/ton MeOH and around 0,094 ton diluted CO,/
ton MeOH as flue gas. A conventional methanol production scheme based on fossil
feedstock performs higher direct CO, emission in the form of flue gas ranging from
0.52-0.70 ton CO,/ton MeOH once based on natural gas steam reforming, up to 1.4
ton CO,/ton MeOH once the reference scheme is partial oxidation of fossil oil [17].

Heat and material balance around the proposed scheme have been performed
through Aspen Plus Process simulator. Main results in terms of products and by-
product production as well as utilities consumption are reported in Table 4.

As shown in Block diagram depicted in Figure 3, a purge gas stream suitable to
be used as fuel is delivered to battery limits. To take care of its residual calorific
value, it was calculated the equivalent natural gas saving and properly considered in
the OPEX evaluation.

3.2 Waste to methanol scheme with addition of external hydrogen

As discussed above, a different approach in managing the syngas composition
characterized by an excess of carbon may be adopted. The latter consist into an
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Feed/Product/bioproduct Quantity per year U.m.
Waste feedstock 192.000 ton/y
Methanol production 98.000 ton/y
Granulated 31872 tly
Sludge 7520 tly
Utilities Quantity per year Um.
Electric Power 110720 MWh/y
Well water 256800 m?/y
Demi water 5600 m?/y
BFW 149037 m?/y
Medium Pressure (MP) steam 81936 ton/y
Low Pressure (LP) steam 126304 ton/y
Natural Gas 6456 ton/y
Instrument Air 10104000 Nm®/y
Nitrogen 12800000 Nm?/y
Oxygen 75840000 Nm®/y
Cooling water 23656000 m*/y
NG saving through off-gas energy recovery 2800 ton/y

Table 4.
Heat and material balance scenario a.

external addition of hydrogen in order to achieve a better carbon utilization. An
overall simplification of process scheme is obtained considering that shift reaction
and carbon removal system are no more required.

On this regards the conditioning section results into a mixing between the
external Hydrogen stream and the purified syngas. Source of external hydrogen
would be preferably derived from water electrolysis in order to benefit of the
oxygen coproduced by the electrolysis.

Corresponding process scheme is reported in Figure 5.

In this scenario for the same overall waste capacity of about 192.000 ton/y, the
Methanol productivity is quite doubled reaching a value of around 196.000 ton/y.
Such architecture allows to fix around 92.5% of carbon in the final end-product thus
reducing to around 7% the amount lost in the off gas (Figure 6). The resulting
direct emission factor is equal to 0.075 ton diluted CO,/ton MeOH with a consistent
reduction in comparison to conventional routes. In terms of direct CO, emissions,
the Scenario B allows for a better valorization of carbon contained in the waste
increasing the fraction transferred into the product.

Of course, looking at indirect CO, emission, the overall environmental perfor-
mance of this configuration will be directly related to emission of the electric energy
source in terms of ton CO,/MWh.

Main results of Heat and material balance around the H, assisted Waste to
Methanol scheme is reported in the Table 5.

Due to the high electric energy consumption associated to the use of electrolysis,
this figure becomes feasible from economic and environmental point of view under
low electric energy price and high sharing of renewables into the electric energy
system.
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Waste to methanol scheme with external H, addition (scenario B).
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Figure 6.
Carbon distribution of the waste to methanol scheme with external H, addition.

4. Evaluation of methanol cost of production

In order to assess the economic feasibility of the waste to methanol technology,
an economical evaluation has been carried out based on CApital EXpenditures
(CAPEX) and OPerating EXpenditures (OPEX) around the above-described
schemes: the scenario A where syngas conditioning is performed by internal hydro-
gen production at the expense of CO, and scenario B where syngas conditioning is
achieved through external H, addition.

The overall CAPEX has been evaluated starting from the cost of equipment and
applying proper multiplying factor to take into account all cost contribution to the
CAPEX (erection, civil work, engineering activities etc.) (Table 6) [18].

In order to evaluate OPEX and related methanol cost of production, the follow-
ing assumptions in terms of specific cost of utilities has been adopted (Table 7).

On the basis of utilities consumption derived from heat and material balance
(Tables 4 and 5), OPEX for the two scenarios have been estimated as reported in
Table 8.
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Feed/Product/bioproduct Quantity per year U.m.
Waste feedstock 192.000 Tonly
Methanol production 196.000 ton/y
Granulated 31872 tly
Sludge 7520 tly
Sulfur cake 680 tly
Waste water 88000 tly
Utilities Quantity per year Um.
Electric Power process consumption 165798 MWh/y
Electric Power electrolysis 936000 MWh/y
Well water 503328 m®/y
Demi water 176189 m’ly
BFW 292113 m?/y
MP steam 0 ton/y
LP steam 126304 ton/y
Natural Gas 6456 ton/y
Instrument Air 10104000 Nm’/y
Nitrogen 12840000 Nm®/y
Oxygen 0 Nm®/y
Cooling water 45404820 m3/y
NG saving through off-gas energy recovery 1021 ton/y
Table 5.
Heat and material balance scenario B.
Scenario A Scenario B
Me Me
CAPEX ISBL 193 214
ELECTROLYSYS — 128
CAPEX OSBL 35 40
Contingency (10%) 2 38
TOTAL 250 420
Table 6.

CAPEX estimation for methanol case study.

Taking into account a capital structure based on 30% equity and residual 70% as
bank loan, the corresponding methanol Cost of Production (COP) results into 243
€/ton and 522 €/ton for the scenario A and B respectively.

By considering a market price of grey methanol currently estimated in order of
390</ton for the European Market [19] a minimum conservative price of 400 €/ton
has been considered as market price for the circular methanol. On such basis the
Internal rate of Return (IRR) has been estimated as a function of main parameters.

For the Scenario A, IRR has been evaluated as a function of methanol market
price and waste gate fee (Figure 7). The base case performs a project IRR around
11% thus assessing a reasonable profitability.
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Cost component Value
Waste treatment ton/year (three gasification lines) 192000
Vitrified granulate produced ton/year 32000
Concentrated sludge produced ton/year 7500
Maintenance cost as % of the CAPEX 2%
Depreciation 0.0872
Equity (20 year and 6% interest rate) 0.0672
Bank loan (12 year and 3% interest rate)
Personnel (at company cost) Me€ per year 1.75
7 people per shift (7x5) = 35 people 0.24
3 specialist all over the working day 0.12
1 Manager
RDF-Plastics price € per ton 150
Electric energy cost € per MWh 70
Natural gas price, € per Sm3 0.24
MP steam cost, € per ton 28.3
LP steam cost, € per ton 24.2
02 cost, € per Nm3 0.078
N2 cost, € per Nm3 0.078
Instrument air, € per Nm3 0.028
Raw water, € per m3 0.08
Cooling water, € per m3 0.014
Demi water, € per m3 0.43
Cost slag disposal € per ton 40
Cost concentrated sludge disposal € per ton 200
Electrolytic H, consumption, KWh per Nm? 4.5
Electrolytic cost € per kWh 1100
Table 7.

Assumption list for economic evaluation.

To proper assess the impact of methanol price and gate fee, sensitivities analysis
has been carried out varying the Methanol market price in the range 400-500 €/ton
and the waste gate fee in the range 130-160 €/ton.

For the scenario B, due to the high impact on power consumption, project IRR
has been estimated as function of electric energy price.

As shown in Figure 8, electric energy cost in order of 30 €/MWh allows to
achieve project IRR comparable with those obtained with the Scenario A.

5. Estimation of CO, emission for the waste to methanol technology

For a better understanding of potential carbon footprint reduction of the proposed
Waste to Methanol technology, a simplified LCA analysis has been performed.

The use of waste as feedstock for chemical synthesis allows to fulfill at the same
time two different services: from one side the disposal of waste and from the other
the synthesis of a chemical in this case methanol. It derives that such system
compared with conventional route of waste disposal represented by incinerator and
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Utility Me Me
Electric Power 7.86 11.77
Electric power electrolysis — 66.46
Well water 0.02 0.04
Demi water 0.002 0.076
BFW 0.22 0.44
MP steam 2.32 —
LP steam 3.06 3.06
Natural Gas 213 2.13
Instrument Air 0.28 0.20
Nitrogen 1.00 1.93
Oxygen 5.95 —
Cooling water 0.33 0.33
Granulated 1.27 1.27
Sludge 150 150
Chemicals 0.50 0.50
Others 1.00 1.00
NG saving through off-gas energy recovery -0.93 -0.34
Variable cost subtotal 28.21 90.37
Maintenance 4.60 7.65
Labor cost 2.01 2.28
TOTAL OPEX 34.78 100.30
Depreciation (Equity) 6.54 12.20
Bank loan repayment 11.76 18.82
TOTAL COST + DEPRECIATION + BANK LOAN 53.08 131.06
REVENUES
From WASTE gate fee 28.80 28.80
COP (€/ton) 243 522
Table 8.

OPEX and COP estimation.

chemical synthesis from fossil feedstock, allows for a better exploitation of carbon
and at the end for a saving in terms of CO, emissions. The below evaluation is
referred to the entire life of products that means taking into account also emission
related to the use of methanol. The proper estimate the CO, saving of the waste to
chemical approach, the following formulation has been adopted:

co, saving _ (COZCanvmethanol) B (COZWaSte to Methanol — COZIncinemtor) (5)

COZConv. methanol

5.1 Emission of conventional methanol production

The estimation of CO, emission for conventional methanol production, takes
into consideration that equivalent emission for feed and fuel is around 75% of the
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Project IRR evaluation vs. methanol price and gate fee.
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Figure 8.
Project IRR evaluation vs. electric energy price and methanol market price. SCENARIO B.

overall LCA emission. An average feed & fuel consumption for conventional meth-
anol plant equal to 32,7Gcal/ton methanol has been assumed [20]. The resulting
specific emission to be taken into account for the above-mentioned criteria is
around 2.5 tonCO,/ton MeOH.

5.2 Emission of incinerator

For the incinerator it is adopted the reference value of around 2tonCO,/
tonWaste. To proper account for the equivalent CO, emission deriving from electric
power no more produced from waste and needed to be replaced from the grid, it is
assumed an electric energy efficiency of 28%. It derives that 24 t/h of waste having a
calorific value of 16MJkg, considering also a combustion assisted with natural gas in
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order of 2% of energetic content of waste can produced 30.5 MWe. This electric
power no more produced from waste needs to be replaced by electric energy from
the grid.

5.3 Emission of waste to methanol

For the waste to methanol plant the following contribution have been taken into
account:

C1 = CO; emission derived from all carbon contained in the waste which along
the process is converted into CO,. Considering the reference waste composition,
this contribution is in order of 2.8 tonCO,/ton Methanol distributed into methanol,
flue gas and concentrated CO,.

C2 = CO, emission derived from fuel consumption. This contribution considers
not only the direct fuel consumption but also the equivalent consumption for steam
used along the process. The overall consumption is in order of 0.257 ton CO,/ton
Methanol).

C3 = CO, emission derived from fugitive emission of natural gas used along the
project calculated as 2,5% of natural gas consumption [21] with a Methane GWP
equal to 28 [22]; the resulting value is in order of 0.061 tonCO,/ton Methanol.

C4 = Equivalent CO, emission to replace electric energy no more produced from
waste incinerator. Resulting amount of equivalent CO; is in order of 0.61 tonCO,/
ton Methanol on the basis of a grid electric emission factor of 0.245 kgCO,/kWhe.

C5 = Indirect CO, emission for electric energy absorbed along the process;
resulting value is in order of 0.43 ton CO,/ton methanol according to a grid emis-
sion factor of 0.245 kgCO,/kWhe.

C6 = Equivalent CO, emission derived from transport of Waste from production
facility assuming a distance between gasifier and waste facility of around 100 km.
resulting specific consumption is 0.017 ton CO,/ton methanol.

Taking into account the above contribution, the overall CO, emission for the
waste to methanol plant is in order of 4.17 ton CO,/ton methanol.

As shown in Figure 9, main contribution of CO, emission for the waste to
methanol approach, without considering Carbon contained in the waste and
released as flue gas, pure CO, and product, is addressed to electric energy. The latter
accounts for electric energy consumed by the process and that replacing the electric

WtM_Waste transport

WtM_Fuel consumption

WtM_Power consumption for WTM process
WitM_Equivalent power replaced by the grid

WtM_Methanol, pure CO2, flue gas

Incinerator

5.0 4.0 3.0 2.0 -1.0 0.0 1.0 2.0 3.0 aa
Specific CO2 emitted, ton CO2/ton Metoh

Figure 9.
Net LCA CO, emission of the waste to methanol scheme (SCENARIO B).
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energy no more produced from waste. Under a scenario where it is expected an
increasing share of renewables into the global energetic system, the CO, saving of
the Waste to Chemicals approach has the potential to be further increased. The
overall saving achieved by the waste to methanol plant, according to a simplified
LCA analysis, is in order of 94% corresponding to around 229.000 tCO,/year.

6. Conclusion

Waste like RDF, Municipal Solid Waste and residue plastics, once properly
converted into syngas, may be used as feedstock for the synthesis of wide range of
chemicals. This approach fulfills the hierarchy of waste management being
addressed to waste no more recyclable and normally routed to incinerator or land-
fill. The key step allowing for a reasonable use of waste as alternative feedstock, is
the primary conversion step based on a high temperature gasification carried out
under pure oxygen environment and with a temperature profile assuring certain
characteristics for produced syngas.

The case study here analyzed based on methanol production from waste,
resulted in a feasible solution from technical, economic and environmental point of
view. Competitive cost of production may be achieved with the scenario A under
Gate fee in order of 140-150€/ton. Scenario based on external hydrogen addition as
per Scenario B, although accounting for a strongly reduction of direct CO, emission,
needs of a cheap electric energy cost, in order of 30€/MWh, to be competitive.

The simplified LCA analysis performed around the waste to methanol scenario,
shows the consistent benefit of proposed solution in terms of CO, emission. The
waste to Methanol scheme fulfills two different service: from one side the disposal
of a waste and from the other the synthesis of a chemical. Under this scenario, once
compared with conventional methanol production based on fossil feedstock, a sav-
ing of CO, emission in order of 94% may be achieve. The latter, for the reference
capacity accounts for an avoidance of around 229.000 tCO,/y.

Taking into account the increasing sharing of renewable expected for the future,
the CO, avoidance of the Waste methanol scheme may be further increased.
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Chapter 5

Dioxin and Furan Emissions from
Gasification

Seyedeh Masoumeh Safavi, Christiaan Richter
and Runar Unnthorsson

Abstract

PCDD/Fs are a 75-member family of toxic chemicals that include congeners
(members) that have serious health effects including congeners that are classi-
fied group 1 carcinogens, endocrine disruptors and weakening or damage to the
immune system. Municipal solid waste (MSW) incinerations had historically been
implicated as the major source of PCDD/Fs distributed by air. As a result of aware-
ness and legislation most European MSW incinerators were either shut down or
equipped with modern air pollution control systems necessary to achieve MSW
incineration with PCDD/F emissions within regulatory limits set by national and
international laws (typically <0.1 ng TEQ/ Nm?®). There is a common belief that
gasification of waste and/or biomass, unlike incineration, inherently and always
achieve emission below regulatory and detectable limits. However, a review of the
literature suggests that the belief that the substitution of incineration with gasifica-
tion would always, or necessarily, reduce PCDD/Fs emissions to acceptable levels
is overly simplistic. This chapter discusses the mechanisms of PCDD/Fs formation,
the operational measures and parameter ranges that can be controlled during
gasification to minimize PCDD/Fs formation, and methods for post-formation
PCDD/F removal are reviewed. The purpose of this chapter is to assist researchers
and practitioners in formulating waste management policies and strategies, and in
conducting relevant research and environmental impact studies.

Keywords: gasification, dioxins, furans, dioxin formation mechanism,
PCDD/F removal technologies

1. Introduction

Due to industrialization and improved living standards, global energy consump-
tion is on the rise. Simultaneous population growth and per capita energy demand
led to increased fossil fuel production and consumption accounting for about 80%
of world energy consumption, while nuclear, biomass, and hydroelectric energy
accounting for the remaining 20%. This trend of fossil fuel use as the largest
portion of the growing global energy mix results in a steady increase in CO,, NO,
and SO, emissions, leading to environmental threats. Therefore, seeking sustain-
able solutions is urgent. Biomass is defined as biological and carbon-containing
material derived from living or recently living organisms. Biomass is one of the
biggest sources of energy and is a renewable, possibly efficient, and an attractive
alternative to fossil fuels. Biomass when compared to fossil fuels contains much less
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carbon, more oxygen, and less heat in the range of 12-16 MJ/kg [1]. Its average net
greenhouse gas emissions are lower than fossil fuels, an environmental advantage
that may be a key driver for biomass and waste energy extraction. Biomass is the
predominant source of energy in many developing countries, but in some indus-
trialized ones it also plays an important role. Biomass-based options for energy
production are widely researched and developed to replace fossil fuels in heat and
electricity production, chemicals formation, agriculture, moving towards sustain-
ability, regional economic and social development in order to alleviate the emission
of greenhouse gas [2].

1.1 General overview: thermochemical biomass conversion methods

Through biochemical, chemical, and thermochemical conversion techniques,
the chemical energy that is contained in biomass is converted to heat, electricity
or fuel. Biochemical and chemical methods can only convert selected biomass to
biogas, biodiesel, etc., while most biomass materials can be thermochemically
converted. Thermochemical biomass conversion is one of the most energy-efficient,
flexible, and high-energy yield methods for extraction of energy from biomass and
organic waste, and therefore one of the most promising pathways with many envi-
ronmental benefits. This thermal treatment can be divided into different processes
depending on the supply of oxygen: (1) combustion; direct biomass burning using
excess oxygen, (2) gasification; biomass burning with a limited oxygen supply, and
(3) pyrolysis; biomass burning without oxygen [3], where gasification is the most
efficient energy extraction process [4, 5].

Given its economic and environmental benefits, gasification has attracted
worldwide attention. Many agricultural and industrial waste streams that are
currently problematic can be used sustainably through gasification. Industrial
waste (e.g., from the food and pulp and wood industries), municipal waste (e.g.,
household waste), or agricultural waste (e.g., gardening and animal manure) [6]
and energy products can be all converted into a mixture of non-combustible gas
in a gasifier (producer gas) via gasification. Gasification is the conversion of solid
carbon to a gas under a limited oxygen supply at high temperatures (400-1000°C
[7]). Producer gas is a mixture of CO, H,, CHy, slight amounts of other light
hydrocarbons, steam, CO,, N, in addition to impurities like char, ash, tar, and oil
particles. The producer gas can simply be stored and combusted at a later time to
produce heat and/or steam. The producer gas can also produce electricity when
used in gas turbines or to power and engine-generator combo. Syngas is the purified
producer gas that can be used as fuel or as feedstock to produce higher value fuel or
chemicals [8].

Although the main feedstock for gasification can be any hydrocarbons; the
acceptable range of feedstock properties is practically very narrow for most existing
real world gasifiers. This is a major disadvantage compared to incineration. The
reaction chemistry and fluid-dynamics within gasifiers tend to be highly sensitive
to changes in the composition of raw materials, their reactivity, density, particle
size, moisture, and ash content. The beneficial output in combustion plants is
power and possibly heat, while the output in gasification can also be chemicals,
liquid fuels or hydrogen in addition to power and heat. Due to the presence of
acid gases, tar particles, and other impurities that exist in the gas produced by the
gasifier, the producer gas should be treated properly for optimal production of
chemicals, liquid or hydrogen fuels and internally-fired cycles (internal combustion
engines, gas turbines) [8].

Biomass conversion efficiency varies based on the gasifier itself, purpose of use,
type of treated material, its particle shape and size, and the gas flow. The process
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of gasification which occurs in gasifiers can be divided into five groups: (1) the
calorific heat of the producer gas is high when it is between 10 to 40 MJ/Nm?; it

is medium if it is between 5 to 10 MJ/Nm?; and it is low when below 5 MJ/Nm?;

(2) nature of gasification agents (air, 02, steam, H,); (3) the direction in which
consuming material and gasifying agents move (updraft, downdraft; cross draft

or fluidized bed); (4) operating pressure (atmospheric or high pressures of up to

6 MPa); (5) type of feedstock (municipal solid waste (MSW), industrial waste,
biomass/wood). There are only a few processes that do not fall into these categories,
namely molten iron bath gasification, in situ gasification (underground gasifica-
tion), plasma gasification or hydrogasification and rotary kiln gasification [8, 9].

1.2 Gasification vs. combustion

Combustion has been a viable method for waste management with drawbacks
such as harmful process residues and hazardous emissions. Gasification has come
up to tackle these issues and improve energy efficiency. Gasification reduces cor-
rosion and emission by preserving alkali and heavy metals (excluding Hg and Cd),
sulfur and chlorine in the process residues, greatly inhibiting dibenzo-p-dioxins
(PCDDs) and chlorinated dibenzofluorans (PCDFs) formation and decrease the
formation of thermal nitrogen oxides (NOy) owing to lower temperatures and
reducing conditions [10]. Slag gasification can destruct dangerous compounds,
however, S and Cl species such as H,S and HCI might remain present in the pro-
ducer gas. When producer gas volume is small, lower dimensioned gas cleanups is
needed. This can save the cost of investment while using O2 raises both the costs
and the producer gas calorific value. Producer gas can be used in different applica-
tions energetically or as raw material which has a higher efficiency [9, 11]. Some of
the potential benefits of gasification versus combustion and their corresponding
potential drawbacks are summarized in Figure 1, using reference [12] with the
permission of Elsevier.

PCDD/Fs are a group of unwanted by-products and pollutants coming from
thermal and combustion processes. The toxicological and chemical properties of
compounds of this sort depend on the number and position of the chlorine atoms
that are bound to the two aromatic rings [13]. PCDDs and PCDFs are composed of
75 and 135 homologs, respectively. Specific isomers of PCDD/F have been recog-
nized for their toxicological properties that have serious carcinogens [14]. They are
highly toxic and cause severe bronchitis, asthma, and strangulation of the lungs in

Potential advantages of gasification vs. combustion Related issues that hinder the benefits of gasification

since syngas is highly toxic and explosive, its presence raises major

*  the combustible gas generated by gasification is easier to handle, meter - 7 §
security concerns and requires sophisticated control equipment
and control than waste - . : - i
. . *  since feedstock is oxidized/converted in two steps (gasification + syngas
*  the homogenous, gas-phase combustion of syngas can be carried out

combustion/conversion) plants tend to be more complex and costly, more
difficult to operate and maintain, less reliable

The actual production of pollutants depends on how syngas is processed

downstream of the gasifier; if syngas is eventually oxidized, dioxins, furans

and NOy may still be an issue

*  Required syngas treatment is costly and causes significant energy
consumption/losses

+  Due to the consumption/losses of gasification and syngas clean-up,
overall energy conversion efficiency is typically lower than that of
combustion plants

+# At the small scale typical of waste treatment plants, efficiency of
internally-fired systems are low (especially if gas turbine- based)

*  Required syngas treatment very demanding and costly

under conditions more favorable than those achievable with waste

The reducing conditions in the gasifier:
*  improve the quality of solid residues, particularly metals
*  reduce the generation of some pollutants (dioxins, furans and NOy)

Syngas can be used, after proper treatment, in highly efficient internally-
fired cycles

Syngas can be used, after proper treatment, to generate high-quality fuels
(diesel fuel. gasoline or hydrogen) or chemicals

Gasification at high pressure enhances the opportunities to increase energy
conversion efficiency and reduce costs ﬂsiﬂcauon

* At the small scale typical of waste treatment plants, synthesizing quality
fuels or chemicals can entail prohibitive costs

Pressurized waste gasification poses formidable challenges and has not been
attempted by any technology developer

Figure 1.
Comparison of waste gasification and combustion.
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humans. Agricultural lands and livestock in the vicinity of incinerators can also be
affected by dioxin that infects meat, dairy products, and so on. Consuming these
products may destroy the human immune system, thyroid function, hormone
dysfunction, and causes cancer. It has negative health condition in infants because
of dioxin exposure through breast milk and uterine exposure. Scientists have
conducted numerous experimental studies on experimental animals (rats and
mice) to investigate the effects of dioxin contamination that lead to carcinogenic-
ity, liver toxicity, and immune toxicity. 2,3,7,8,8-tetrachlorodibenzo-p-dioxin
(TCDD), considered to be very toxic and assigned a toxic equivalence factor (TEF)
value of 1 [10, 15, 16], and commonly used as a test substance in toxicity tests. In
immunotoxicity experiments, 2,3,7,8-TCDD caused thyroid atrophy, cellular and
humoral immune abnormalities, constrained host resistance to viral infections, and
inhibited antibody formation [17].

In 1977, the release of PCDD/F from incineration processes was first observed.
Since then, researchers have evaluated emission of this compound by a series of
thermal processes that include integrated combustion and gasification [16]. The
main reason for the negative environmental reputation of waste incineration is the
emission of PCDD/F and other pollutants during the process [18], especially for
MSW incineration [19-21]. After PCDD/F enters the atmosphere, they are exposed
to chemical, physical, and biological changes and eventually contaminate soil, body
and sediment [22].

The purpose of this chapter is to shed more light on PCDD/F formation and
their sources in combustion. The main objective is to review the PCDD/F forma-
tion in gasification as there is no review on formation and emission of dioxins from
processes based on gasification know-hows. This chapter highlights the likelihood
of reducing the emission of PCDD/Fs to well below regulatory limits or even detec-
tion limits, by using gasification technology. We have done a thorough study of all
the accessible articles came into existence over the last 30 years in literature to be
able to frame this review which is really felt missing in the field.

2. Dioxin formation

In the 1950s and 1960s, incinerating organic waste from chemical plants and
releasing greenhouse gases into the atmosphere became common practice. Its exten-
sion to incineration of solid waste, especially MSW, increased during the 1960s and
1970s and enabled these processes to recover the energy generated by waste incinera-
tion, reduce the waste by 80-90% of volume, and consequently decrease the areas
required for landfilling. Nonetheless, the release of very toxic organic compounds
from waste incineration, recognized as dioxins, was not known back then [23].
Actually, the toxic effects of PCDD/F were not materialized until around the end of
1980s. Due to maximum enforcement of available control technology regulations,
the release of “toxic equivalent” dioxin (TEQ ) from US power plants was lessened by
three orders of magnitude to less than 12 g of TEQ per year by 1987 [24]. It has been
widely acknowledged that combustion processes lead to the formation or emission
of by-products such as NOy, SO, HCI, TOC, CO, HF, and CO; into the atmosphere.
Moreover, small quantities of toxic substances such as metals and PCDD/F are
released into the atmosphere [23]. Figure 2 shows the structure of PCDD/Fs [25].

2.1 Dioxin formation during combustion

The formation and emission of dioxin - group of chlorinated poly-nuclear
aromatic compounds - from waste combustion is of prodigious public concern.
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Figure 2.
Molecular structure of polychlorinated dibenzo- p-dioxins (a) and dibenzofurans (b). Reprinted from [25]
with the permission of Elsevier.

Dioxin is released in small quantities from combustion sources mainly in the
process of municipal waste incineration, which is one of the most important sources
of PCDD/Fs formation in the environment. Therefore, dioxin control measurement
from combustion sources has become vital and the mechanisms of dioxin formation
have been comprehensively investigated because of its carcinogenic and mutagenic
effects.

2.1.1 Mechanism of PCDD/F formation

PCDD/Fs can be formed when reaction of hydrocarbons and chlorine takes
place in vicinity of O2 and metals like Cu at high temperatures of 200 to 800°C.
There are many theories regarding the mechanism of dioxin formation. PCDD/F
formation proceed via: (1) homogeneous (gas phase) reactions at high tempera-
tures (500 to 800°C), and the main mechanism of the reaction process is via
chlorination precursors like chlorophenol (CP) and chlorobenzene (CB) in the gas
phase. This high-temperature homogeneous path is known as “precursor route” in
which a smaller subset of PCDD/Fs is formed in the gas phase. (2) heterogeneous
(surface-catalyzed) reactions at lower temperatures (200 to 400°C) in the post-
combustion zone [21, 26]. This low temperature heterogeneous path is called the
“de novo route” (for the PCDD/Fs subset of carbon, oxygen, hydrogen and chlorine
in the cooling flue gas). In the heterogeneous mechanism, the formed PCDD/Fs
may also come from CPs or CBs or from carbon in fly ash. The catalytic effect of fly
ash or soot is the main factor in the latter case, and this is a well-known example
of a de novo process. It is said that the two pathways of dioxin formation occur
simultaneously and independently. It is still debated whether the carbon in the
heterogeneous PCDD/F mainly comes from gas precursors or from carbon in fly
ash [25, 27]. Dickson et al. [28] disclosed that under similar conditions, the rate of
PCDD/Fs precursor formation is 72-99000 times higher than the rate of carbon
formation in fly ash. Luijk et al. [29] thought that the formation of PCDD/Fs from
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precursors was about 3,000 times faster than the de novo process of activated
carbon. The precursors were found to be the major source of PCDD/Fs formation
by Tuppurainen et al. [30]. Figure 3 is a stylized illustration of the mechanisms
by which PCDD/F is formed in combustion systems. The surface shows a particle
of ash, and the arrows depict both the reaction and absorption processes. Thick
arrows indicate the relative importance of pathways in the formation of PCDD/F.

The emission of PCDD/Fs is directly related to the amount of carbon used.
Along with CP, CBs, polycyclic aromatic hydrocarbons (PAHs), and residual car-
bon, there are also key elements that influence the formation of PCDD/Fs including
residence time, precursors, combustion temperature, PCDD and chlorine in the
feed, feed processing, supplemental fuel and oxygen availability [31, 32].

Dioxin formation happens in a temperature range of 200 to 800°C with a
maximum reaction rate reached between 350 to 400°C [33]. Data from the litera-
ture show that the rate is very slow in the range of 200 to 250°C. Under optimum
combustion conditions (such as adequate oxygen, mixing, and airflow), virtually
all organic compounds including PCDD/F are destroyed above 800°C. However,
PCDD/F is formable at high temperatures, but under less optimum conditions like
insufficient oxygen [34]. Dioxin formation correlates well with access to organic
precursors, CO, unburned carbon or combustion products (even soot particles),
metal salts and hydrogen chloride/chlorine. Dioxins are formed during the cooling
cycles of the flue gas in combustion systems. This formation process goes via one of
the two mechanisms mentioned above [21, 35]. The main mechanism of dioxin for-
mation in combustion systems appears to be de novo synthesis where morphology
of the carbon from deteriorated graphical configuration is critical for dioxin forma-
tion. Therefore, such carbon morphologies have been investigated. It was found
that the soot particles from gas phase combustion reactions including deteriorated
graphical configurations are a potential source of de novo dioxins synthesis.

The formation of PCDD/F in combustion processes can be described in a two-
step route: (1) formation of carbon: carbon particles comprised of deteriorated
graphical configurations in the combustion region. (2) oxidation of carbon: the
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Figure 3.
The pathway for formation of PCDD/F is illustrated in this diagram. Reprinted from [25] with the permission
of Elsevier.
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carbon particles that have not been properly burnt can still be oxidized in low
temperatures after combustion. PCDD/Fs are by-products of oxidative degrada-
tion of the graphical structure of carbon particles. There are several steps and
chemical reactions involved in these routes. Here are at least three known steps for
carbon formation: nucleation, agglomeration and particle growth. Here are four
steps involved in carbon oxidation: oxidant adsorption, complex intermediate
formation with metal ion catalysts, interaction with graphitic carbon structure,
and product desorption. The nature of these chemical reactions is complex and
heterogeneous [21].

Since the reactants for the formation of PCDD/Fs are inadequate during
combustion, the combustion conditions are likely to have a major influence on the
formation of PCDD/F. There are some conditions in the combustion process that
can cause a favorable formation of PCDD/F. These conditions are: low combus-
tion temperature, poor turbulence in the combustion chamber, short residence
time in the combustion zone, low O2 content resulting in deficient combustion,
sluggish flue gas cooling process in the critical temperature range [23]. Moreover,
existence of metals (Cu, Fe, Pb and Zn) [35] in fly ash catalytically increase
formation of PCDD/F. Also in presence of these metals, PCDD/F can react with
chloride and unburned carbon and contribute to the so-called de novo synthesis
of PCDD/F [35-37].

Chlorine content in raw materials is one reason for PCDD/Fs formation during
combustion [21, 38]. When combusting wood, for example, presence of phenol,
lignin or carbon and chlorine particles can contribute to emission of PCDD/Fs
[39]. Since the concentration of chlorine in uncoated natural wood is low [40],
the combustion of this feedstock yields a much lower emission rate of PCDD/Fs
compared to when combusting straw, coal, and sewage sludge [41]. Contrarily,
during combustion of wood, PCDD/Fs compounds can remain on the surface and
thus be removed by fly ash particles. Thus, primary and secondary emission control
measurements are vital to effectively mitigate this part of the PCDD/FS emission in
the flue gas. Some example of these control measurements are: usage of high quality
wood fuel, optimizing combustion conditions, and try to precipitate the fly ash at
low temperatures (less than 200°C) [42].

There is a review on dioxin emission from wood combustion by Lavric et al.

[19] emphasizing on the fact that the combustion conditions and fuel properties

are the most dominant considerations on the dioxin release rate. They concluded
that using flue gas cleaning systems when combusting non-contaminated natural
wood, lowers the level of dioxin emission below the legitimate levels. The minimum
concentration of dioxin in greenhouse gas emissions prescribed by most current
European legislation is 0.1 ng m® expressed in I'TEQ units [43].

2.2 Dioxin formation in gasification

The formation of harmful chemicals, especially PCDD/Fs, is the most serious
problem. It is important to reduce the formation of polychlorinated compounds and
increase their capture due to their environmental emissions. Although there is an
increasing trend of well-designed gasifiers with a broad range of raw materials that
are essentially used in gasifiers, not all materials should necessarily be gasified in
a given setup. Processed plastic, rubber, and tanned leather [44] as well as vari-
ous animal biomasses (such as food waste) and sewage sludge [45] contain large
amounts of chlorine.

Solid waste segment is commonly treated at incinerators. Energy generation
via waste incineration has become an effective way of managing combustible
waste, because it reduces the volume and mass of waste. Nevertheless, perilous
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emissions and detrimental process residues are among the drawbacks of incinera-
tion. Incineration causes fly and bottom ashes, and thus release leachable toxic
heavy metals, PCDD/Fs, and volatile organic compounds. Therefore, it is possible
to replace incinerators with gasifiers. Incinerators emit PCDD/Fs and their con-
centration often exceeds the legal limit, which calls for a different technology for
waste treatment. Gasification processes usually emit PCDD/Fs within acceptable
limits as determined by national and international organizations [35]. The amount
of pollutants in producer gas can be lower than that of the flue gas of an incinera-
tor [46], and it is because of partial oxidation of waste with limited oxygen supply
[47]. Gasification benefits from numerous advantages in comparison of traditional
waste combustion. It occurs in a low oxygen environment (where the equivalence
ratio varies between 0.25 to 0.50) which limits the formation of PCDD/Fs and large
amounts of SO, and NO,, [48]. Gasification reduces the emission of acidic gases due
to higher temperatures and reduction conditions [49]. However, small amounts of
PCDD/Fs can result from deficient destruction of the PCDD/Fs present in the waste
itself or from the existence of organic chlorinated compounds in the reactor [50, 51].
It is evident that the mechanisms of dioxin formation and its related amounts to
producer gas correlate well with tar formation, and is therefore a relatively compa-
rable parameter for all gasifiers in which tar is partly converted to producer gas [52].
Zwart et al. scrutinized the formation of dioxin from refuse derived fuel (RDF),
sewage sludge, and untreated wood pellets gasification in an extensive range of
temperatures. The outcome revealed that the level of dioxins was very different in
terms of gasification temperature and feedstock quality (chlorine content). Their
conclusion was that high amounts of chlorine in the feedstock cause dioxin forma-
tion, especially at temperatures below 800°C. At temperatures above 800°C, dioxins
levels are drastically reduced, along with corresponding tar levels. At temperatures
above 850°C, the PCDD/Fs concentration in the producer gas was within the range
of 0.5 ng TEQ/Nm” for clean wood pellets and sewage sludge. However, PCDD/Fs
concentrations became lower in higher temperatures for RDF, it was still above the
allowed limit [52].

3. PCDD/Fs removal

Assessing the environmental impacts of gasification know-how is vital to ensure
the practicality of the process. An occasional misconception that gasification plants
are only minor variations of incinerators is the cause of gasification processes to
still face environmental community resistance. One important distinction is that
gasification can be an intermediary process for the production of producer gas in a
broad range of applications. Utilizing syngas to generate on-site electrical and ther-
mal energy is the most dominant process in gasification, however, the production of
chemicals and fuel may be the ideal goal for the near future. Gasification contrib-
utes to air pollution control and make it less complex and costly compared to that
needed for incineration. Although cleaning exhaust gases from non-combustion
thermochemical conversion processes could be simpler than that of incineration,
proper design and emission control systems are critical to satisfy health and safety
requirements. Products of gasifiers must be controlled before discharging into the
air as they can comprise several air pollutants. These include particles, hydrocar-
bons, CO, tars, N, SOy, and small amounts of PCDD/Fs.

Lonati et al. [53] evaluated the risk of human carcinogenicity owing to the
release of PCDD/Fs and Cd from a waste gasification plant using a probabilistic
method. Probability density functions were used to define emission rates and risk
model parameters of pollutants via Monte Carlo simulations. This gave a probability
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distribution estimation with involvement of epistemic uncertainty and aleatory
variability. The results showed that Cd emissions are much higher than PCDD/Fs
despite their higher toxicity. PCDD/Fs concentrations were well below the current
permissible limit of 0.1 ngTEQ m’. They indicated that 95% of carcinogenic risk is
due to Cd exposure.

To control greenhouse gas emissions from gasification processes different
strategies can be adapted, depending on plant configuration, the requirements of
specific energy conversion equipment or reactors and catalysts for downstream
fuel synthesis. In any case, there is the advantage that it can be possible to control
the air pollution of the reactor and the exhaust gas output in numerous cases using
a combined method [9]. Coal filters were the first dioxin-reducing technologies,
which were installed in the backend of an air pollution control system in many
wastes to energy plants, in the late 1980s.

Filters also helped to absorb other organic compounds and mercury, but their
bulky volume and probability of ignition were their pitfalls. For the sake of safety,
inorganic sorbents such as zeolites were used for monitoring and inertisation of CO
[54]. It was also found in the 1980s that oxidative catalysts have high degradation
potential for dioxins [55]. Those catalysts were initially operational at 300 to 350°C,
and then they were further developed to reach higher destruction efficiency of 99%
at temperatures of about 230°C [56].

The high operating temperature (> 1000°C) along with oxygen deficiency elimi-
nates any PCDD/Fs that may be present in the raw material and eradicates potential
formation of PCDD/Fs. Thus, operating the gasification process at high temperature
or maximizing the conversion of hydrocarbons that are being produced in pyrolysis
are possible approaches to reduce the formation of dioxins [57]. For example,
high-temperature gasification lowers dioxin formation when high-chlorine content
fuels are used [57]. Another effective and easily applicable measure is the rapid
cooling of the syngas by a water immersion that inhibits the synthesis of PCDD/Fs
[58]. The capture of PCDD/Fs by a special multi-step absorption filter is the most
effective method of removing dioxins from the residual burst stage and/or the gas
or cooling effluent, regardless of technology used. Volatile organic compounds such
as PCDD/F and other organics are effectively eliminated in the gaseous and liquid
phases due to the high temperature reactor and shock cooling [35, 59].

As an example, Andersson et al. who got inspired by Griffin’s theory [60] were
successful to lower the concentration of dioxins [61]. They increased the concen-
tration of SO, in the flue gas and adjusted the Cl/S ratio in a way that lowered the
concentration of dioxin to around 0.1 ng(TE)/m’ in the raw gas. As another exam-
ple, Pafizek et al. applied the REMEDIA technology in a MSW incinerator, and they
varied the operational temperature from 180-260°C. They saw that the degradation
efficiency can be extended to 99-97% while dioxin emission can be lowered below
0.1ng. (TEQ)/ m°® [62]. REMEDIA technology benefits from catalytic substrates
that are overlaid on a two-layer polytetrafluoroethylene (PTFE) membraned mate-
rial to filter and eliminate PCDD/F.

Off-gas cleaning system is vital for both incineration and gasification processes
in thermal waste treatment plants, as it keeps the amount of pollutants being
released into the environment lower than that legislated. PCDD/F can be cleaned
using DeNO,/DeDioy technologies such as sodium bicarbonate or PCDD/F removal
using catalytic filtration or adsorption materials such as activated carbon [63].

3.1 Catalytic filtration of PCDD/F

On the basis of applied applications it has been found that the method of dioxin
removal by catalytic filtration REMEDIA [64] is highly effective. A GORE-TEX is
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a special fabric filter bags usually used in catalytic filtration by which particles of
solid fly ash are well separated via instantaneous removal of dioxins in flue gases.
The filtration efficiency of the gas can be elevated to around 96.6% due to a PTFE-
type membrane used in the external filtration layer. This refined gas is then driven
inward the internal filtration layer comprised of catalytically active compounds
that can eliminate dioxins further to reach 98.8% efficiency. The external filtration
layer is periodically revived with the help of a usual pulse jet cleaning system. In
the gasification process, catalytic filtration is usually placed immediately after a
mechanical cleaning of the flue gases [65].

The Japanese government enforced the guideline of dioxin emission via Waste
Management and General Purification Act (WMGPA) in 1997. After this WMGPA
enforcement, the industrial sector was obliged to install catalytic reactors and
bag filters in the new facilities. Following this enforcement, not only the adjusted
values for the combustion temperature, the cooling temperature of the exhaust gas
from the furnace, and the CO concentration in the exhaust gas from the stack were
satisfactory at almost all facilities, but also the concentration of dioxin, acidic gases,
and NOx in the discharged gases was significantly lower than those made before
1997 [66].

3.2 Technology DeNO,/DeDio,

One proficient approach to remove Dioxin is to combine its catalytic degrada-
tion with selective reduction of NO; according to the following stoichiometric
equations [67]:

NO+4NH, +0, - 4N, +6H,0 1)

C,,H,Cl;_ 0, +(9+0.5n)0, ——(n-4)H,0+12CO, +(8-n)HCl (2)

In order to selectively reduce NO,, ammonia can be injected prior to the
catalytic reactor. Simultaneous removal of NO, and dioxins (DeNO,/DeDio,) can
be carried out in a catalytic reactor at 200 to 300°C [56]. Although the NO, and
dioxins removal via this method is a highly efficient process, catalyst poisoning
is one of the main detriments. In addition to mechanical and chemical clean-
ing, the reactor in this setup needs to be installed after dust removal from flue
gases (Figure 4). This means that re-heating of the flue gases to 200-300°C is
required [68].

Parizek et al. [69] analyzed the economical balance of catalytic filtration versus
DeNOx/DeDiox technology. They used a computer-based system for simulation
calculations making solution more approachable. The annual economic balance of
the operation of the catalytic filtration REMEDIA is composed of: cost of the filtra-
tion bags (for this study the guaranteed lifespan and real lifespan of the filtration
tube was 4 and 8 years, respectively), energy cost of the fan drive, cost required to
spray the flue gases before entering the filter. Also the annual economic balance of
the operation of DeNOx/DeDiox technology is composed of: catalyst costs (a 4-yar
life-time operation was considered), energy costs of the fan drive, and cost for
heating of flue gases. Results showed that the operating cost of the DeNOx/DeDiox
technology rises due to the reheating of flue gases to the required temperature of the
reaction and the cost was linked with the increased pressure drop. Catalytic filtra-
tion does not require heating of flue gases and the cost of the filtration bags falls due
to their real lifespan.
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Figure 4.
Scheme of DeNOx/DeDiox technology [69].

4. Experimental evidence of PCDD/Fs in gasification and reliable
mitigation

In an upcoming article [70] we will publish and extensive review of experimen-
tal measurements and evidence of PCDD/F emissions from gasifiers of various
types and sizes, varying operating conditions and feedstocks.

The main findings are:

* Although PCDD/F emissions from gasification are in general lower than those
from incinerators without modern emission control of the same feedstock it is
not correct to assume that PCDD/F emission from a gasifier will necessarily be
safe or below regulatory limits. PCCD/F can be produced in gasification above
safe and regulatory limits.

* The two main factors that can widely and reliably reduce PCCD/F emissions to
very low levels in gasification are

1. peak operating temperature (> 1000°C) in the combustion and cracking
zone together with oxygen deprivation

2.rapid cooling of syngas by for example a water quench which prevents de
novo synthesis

3.high amounts of chlorine in the feedstock cause dioxin formation, especially
at temperatures below 800°C. At temperatures above 800°C, dioxins levels
are drastically reduced.

5. Future work or guidelines

The main purpose of this chapter is to assist researchers in making primed
decisions when adopting waste management policies and conducting relevant
research and environmental impact studies. There is a need to establish more
information on PCCD/F formation in gasification by experimentation of different
feedstock when using different operational parameters and removal technologies;
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in order to be able to choose an appropriate PCCD/F mitigation method when
gasifying different waste streams.

6. Conclusions

Dioxin formation and emission from the incineration of waste have been
reduced in Europe and North America by either decommissioning plants or other-
wise installing of air pollution control systems [71-73]. However, given the severity
of the health impacts and continued unknowns (like emissions during start-up,
shut-down and other peak events) the topic continues to be of great public concern
both in Europe and North America [73-75] and the developing world [73, 76, 77].
Gasification can offer a substitute approach for waste treatment and energy genera-
tion that may indeed more consistently achieve lower toxic PCDD/F emission levels
compared to combustion.

All combustion processes can result in formation of PCDD/F at temperature
range of 200 to 600°C in case organic carbon, oxygen, and chlorine become acces-
sible. The formation of dioxins is effectively reduced due to the high temperature
reactor (in special cases >1000°C) and shock cooling of gases combined, with an
absence of available oxygen.
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Nomenclature

PCDDs Polychlorinated dibenzo-p-dioxins
PCDFs Polychlorinated dibenzofurans

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin
PCBs Polychlorinated biphenyls

TEF Toxic equivalence factor

TEQ Toxic equivalent

CPs Chlorophenols

CBs Chlorobenzenes

PAHs Polycyclic aromatic hydrocarbons

SOx Sulfur oxides

NOx Nitrogen oxides

DeNOx/DeDiox Removal of nitrogen oxides and dioxins
RDF Refuse derived fuel

MSW Municipal solid waste

WEEE Waste electrical and electronic equipment
PVC Polyvinyl chloride

BR Cogasified biofermenting residue
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iGCLC In-situ gasification chemical looping
GEK Gasifier’s experimenter’s kit

LHV Low heating value (MJ/ m’)

HHV High heating value (MJ/m’)
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Chapter 6

Solid Waste Gasification:
Comparison of Single- and
Multi-Staged Reactors

Xianhui Zhao, Kai Li, Meghan E. Lamm, Serdar Celik,
Lin Wei and Soydan Ozcan

Abstract

Interest in converting waste into renewable energy has increased recently due to
concerns about sustainability and climate change. This solid waste is mainly derived
from municipal solid waste (MSW), biomass residue, plastic waste, and their
mixtures. Gasification is one commonly applied technology that can convert solid
waste into usable gases, including H,, CO, CH,, and CO,. Single- and multi-staged
reactors have been utilized for solid waste gasification. Comparison in reactor
dimensions, operating factors (e.g., gasification agent, temperature, and feed
composition), performance (e.g., syngas yield and selectivity), advantages, and
disadvantages are discussed and summarized. Additionally, discussion will include
economic and advanced catalysts which have been developed for use in solid waste
gasification. The multi-staged reactor can not only be applied for gasification, but
also for pyrolysis and torrefaction.

Keywords: solid waste, gasification, single-staged reactor, multi-staged reactor,
syngas, catalyst

1. Introduction

Solid waste can be derived from municipal solid waste (MSW), biomass residue,
plastic waste, and their mixtures. For example, MSW management has become a big
challenge all over the world. Based on a World Bank report [1], the world generates
0.74 kg of waste per capita per day, and the total MSW production is projected to grow
to 3.40 billion tons by 2050. 37% of this MSW ends up in landfills and 33% is openly
dumped worldwide [1]. Only 19% undergoes material recovery through recycling and
composting, while the remaining 11% is treated through modern incineration. This
creates serious environmental problems and a huge energy waste. One sustainable
strategy for waste management is to reduce landfill disposal, thus minimizing the
environmental impact. Meanwhile, utilizing solid waste resources to create value-
added products has become one of the most attracting topics. The top 3 components
of MSW are food and green waste (44%), paper and cardboard (17%), and rubber
and leather (12%) [1]. Therefore, MSW contains a high content of organic material,
which can be recovered through biochemical [2] and thermochemical processes [3].
Thermochemical processes are promising for dealing with a large quantity of MSW,
especially from unsorted waste streams, as it can significantly reduce the waste in both
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mass (about 70-80%) and volume (about 80-90%) with a high conversion rate. Other
detailed advantages can be found in Arena’s review on thermochemical processes [4].

Various thermochemical processes, such as incineration, pyrolysis, and gasifica-
tion, have been developed to recover energy from the organic fraction in MSW
[5]. Incineration is a full oxidation of the combustible materials in the waste and
generates energy in the form of heat. Incineration has been traditionally used to
treat waste. However, due to the production of flue gases (CO,, H,O, O,, N,) during
the process and legislation enforcement regarding gas emission, new development
of incineration is needed to reduce the environmental impact. Pyrolysis is the
thermal degradation of waste, under a limit or total absence of an oxidizing agent.
Pyrolysis can recover part of the organic fraction as liquid fuels (e.g., hydrocarbons,
alcohols), while also generating a small amount of synthesis gas (syngas, a mixture
of CO, H,, CO,, CH,, etc.) and biochar. The generated syngas can be used to power
gas engines or turbines to generate electricity. Although there may be some differ-
ences in yield, proportion, and exact composition, gasification is a partial oxidation
of organic compounds and mainly produces syngas. Syngas can be converted into
value products through processes such as the Fischer-Tropsch synthesis [6, 7], or
used as a fuel for electricity and heat generation. Therefore, gasification can pro-
duce energy, energy carriers (such as H,) and chemicals from the solid waste [8], all
of which creates lots of research interest. Additionally, gasification has advantages
including no limitations on the size and type of waste, different applications of the
gaseous fuels, and a decrease in overall pollution.

Gasification of solid waste is a complex process, including different chemical and
physical transformations at high temperature (e.g., >600 °C). Based on the oxida-
tion medium, gasification can be classified into partial oxidation with air, oxygen-
enriched air, pure oxygen, steam, and plasma gasification. Different gasification
processes generate different gas compositions, heating values and byproduct yields.
In general, there are four steps in gasification: vaporization, devolatilization/pyroly-
sis, secondary cracking of tars, and reactions/reduction/gasification [9]. Vaporization
involves heating the waste at low temperature (ca. 160 °C) to remove water from the
solid waste. Devolatilization/pyrolysis occurs at a higher temperature and generates
char and volatiles, which include long chain hydrocarbon liquids and a small fraction
of gases. Secondary cracking of tars (a mixture of condensable hydrocarbons) is used
to further crack the tars and involves several homogeneous reactions in the gas phase
and heterogeneous ones at the surface of the solid fuel or char particles. Reactions/
reduction/gasification is used to react the char with a gas species using heterogeneous
reactions. The reactions which occur during gasification are complex, making it
difficult to optimize the processing parameters to obtain the best quality and yield of
syngas. These parameters include equivalence ratio, reactor temperature, residence
time of gases and waste, waste composition and physical properties, and composi-
tion and inlet temperature of the gasifying medium. Park et al. [10] performed a
two-staged gasification of high-density polyethylene (HDPE) and biomass blends,
comprised of an oxidative pyrolysis reactor and a thermal plasma reactor. They found
that, for higher biomass fractions, enhanced CO, yields were produced and reversely,
an increased HDPE fraction yielded a higher content of hydrocarbons.

Different reactors, including single-staged and multi-staged gasifiers, have
been developed for gasification [5]. For a single-staged reactor, the pyrolysis and
gasification zones are packed into one reactor (Figure 1a). A single-staged gasifier
includes a fixed bed gasifier [11, 12], fluidized bed gasifier [13, 14], and entrained
flow gasifier [15, 16]. A multi-staged reactor system is configured in two ways:

a single reactor with separate, controlled pyrolysis and gasification zones, and
separate pyrolysis and gasification reactors connected in series (Figure 1b). The
multi-staged gasification technology allows for optimization of reaction conditions

124



Solid Waste Gasification: Comparison of Single- and Multi-Staged Reactors
DOI: http://dx.doi.org/10.5772/intechopen.96157

(a) Biomass (b)
Air
\ k Steam = ] |
,,.-J\ » Syngas 1 !

Drying A F
Pyrolysis Gasification
Gasification . reactor

— B:omai

| Oxidation © | _ Grate
Oxidizer —*
o—

I lAir: LK Syngas
Ash Air  Steam Steam

== Gaseous phase + Solid
2 Solid phase residue

Figure 1.

Schematic of a single-staged reactor (a, fixed bed gasifier) and multi-staged reactor (b, 1: first stage [pyrolysis],
2: second stage [thermal decomposition of tar], 3: third stage [gasification], 4: fluidized bed) [17]. Reproduced
with permission from [17].

for the conversion of biomass at every separate stage. Both single- and multi-staged
reactors have been utilized for solid waste gasification. Single- and multi-staged
reactors are illustrated in Figure 1. Chan et al. [18] studied the single-staged gasifi-
cation of MSW, finding that the tar content in syngas could reach 7.8 g/Nm”. Bhoi
etal. [19] investigated the co-gasification of a MSW and switchgrass mixture in a
single-staged reactor, producing 9.9-26 g/Nm’ of tar. Compared with a single-staged
reactor, a multi-staged reactor system can reduce the tar yield, which is beneficial
because generated tar can cause failure of gasification projects [20]. Gdmez-Barea
etal. [21] developed a three-staged, fluidized bed based gasification reactor and
found that this three-staged system depicted a higher gasification efficiency (14%)
and lower tar content, compared to a regular single-staged fluidized bed reactor.
However, literature providing a comparison between single- and multi-staged
reactors for solid waste gasification remains sparse. The analysis of reactor dimen-
sions, operating factors, and performance of these reactors has not been studied
systematically. It is the goal of this review to present current literature comparing
these reactor types and analyzing their relevant processing parameters.

This chapter focuses on the comparison of single- and multi-staged reactors used
for solid waste gasification. Solid waste resources such as MSW, biomass residue,
plastic waste, and their mixtures are discussed. The reactor dimensions, operating
factors (e.g., temperature, gasification agent, and feed composition), performance
(e.g., syngas yield), advantages, and disadvantages of single- and multi-staged reac-
tors are discussed and summarized. Additionally, discussion includes economic and
advanced catalysts (e.g., Ni-CaO-C and Ni/AL,O;) which have been developed for
use in solid waste gasification. These Ni based catalysts are promising for solid waste
gasification at high conversion efficiency. The multi-staged reactor can not only be
applied for gasification, but also for pyrolysis and torrefaction.

2. Solid waste gasification
2.1 Single-staged reactor
2.1.1 Reactor dimensions

Different reactor scales, including bench, lab, and pilot scale, have been devel-
oped for solid waste gasification. The inside diameter and length of the reactor
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are typically in the range of 3-800 mm and 200-3500 mm, respectively, as shown
in Table 1. Selection of the appropriate reactor dimensions is helpful for the
solid waste gasification performance. For example, Xiong et al. [38] found that
the reactor diameter had a negligible effect on gasification performance, but an
increase in bed height (0.6-1.2 m) caused an increased heating value and carbon
conversion efficiency. Basha et al. [39] found that a difference in the hydrocarbon
content and methane concentration of the product gas depends on the reactor size
and design. Larger reactors can increase the residence time of the product gas in
the reactor, so that lighter hydrocarbons have more time to decompose or undergo
oxidization into smaller molecules such as H, and CO [39]. There are various
types of reactors developed for solid waste gasification, including bubbling fluid-
ized bed, downdraft fluidized bed, updraft fluidized bed, downdraft fixed bed,
updraft fixed bed, batch, and entrained-flow reactors, some of which are shown
in Figures 2—4. Different types of reactors are applicable for specific types of
solid waste. For example, steam gasification of waste with a high moisture content
occurs well in a bubbling fluidized bed reactor.

Other designs, such as adding a stirrer or using sorbents, have been developed
to improve the solid waste gasification performance. In a study, Indrawan et al. [32]
utilized a stirrer in a downdraft reactor system to create a uniform mixing feed and
prevent bridging inside the reactor; a rotating ash scrapper to unload ash from the
reactor and prevent ash accumulation inside the reactor; and an inclined ash screw
conveyor to transport the ash into the ash drum. Pinto et al. [30] used water to cool
the feeding system and avoid clogging inside, which can arise from the feedstock
pyrolysis (prior to entry into the reactor). N, was blown through the feeding system
to help transfer the feedstock smoothly, avoid plugging, and prevent gas backflow.
Lastly, the gas product passed through a cyclone to remove particulates [30].
Salaudeen et al. [42] used calcined eggshell as the bed material and CO, sorbent for
the steam gasification of sawdust, in a bubbling fluidized bed reactor, to improve
the hydrogen content in the syngas. The sorbent-enhanced gasification enabled the
reactor operation at comparatively lower temperatures, and required less equip-
ment [42]. In summary, the reactor design and size (inside diameter of 3-800 mm
and length of 200-3500 mm) need to be optimized to maximize the solid waste
gasification performance.

2.1.2 Operating factors and performance

During the solid waste gasification process, many parameters such as tempera-
ture, feed composition, gasification agent, and reaction time are investigated. Table 2
shows the syngas yield (typically 1.2-2.2 Nm?/kg) obtained from gasification under
varying conditions. Temperature is a significant parameter that can affect the
gasification performance and is usually in the range of 600-900 °C. For example,
Bai et al. [34] studied the gasification of PP at 23 MPa and 500-800 °C, finding that
an increase in temperature improved the gasification efficiency. Bai et al. [43] also
studied the supercritical water gasification of polyethylene terephthalate (PET),
finding that the gasification efficiency increased with an increase in temperature
from 500 to 800 °C. The PET gasification reaction increased slowly with the
temperature (500-700 °C). Based on the kinetics, the PET gasification reaction was
complex and intense in the initial stage of gasification. Most active components
gasified quickly, while inert components reacted slowly in the later stage of gasifi-
cation [43]. Peng et al. [44] studied the gasification at various gasification tempera-
tures (750, 825, and 900 °C), finding that high temperature (900 °C) was favorable
for tar cracking. Xiong et al. [38] studied gasification at 400-800 °C, finding that
an increase in temperature affected the heating value and improved the gasifier
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Waste Reactor type Reactor dimension Other Ref.
MSW Lab scale fixed Inside diameter = 48 mm, — [22]
bed length = 500 mm
Landfill waste Lab-scale Inside diameter = 25 mm, — [23]
horizontal tube  length = 1000 mm
Lignite coal and Sealed quartz Inside diameter = 3 mm, Plastic: PP?, PE®, or [24]
plastic mixture length = 200 mm pPC*
Poplar wood Stainless — Supercritical water [25]
chips steel batch gasification
(autoclave)
Rice husk Bubbling Diameter = 0.08 and 0.8 m, — [38]
fluidized bed bed height = 0.6-1.2 m
MSW Fixed bed Outside diameter = 219 mm, — [26]
length = 600 mm
Chicken Fixed bed — Feedstock flow rate: [27]
manure and downdraft 10 kg/h
wood chip
mixture
Rural solid Fixed bed — Feedstock main [28]
waste updraft composition: paper,
plastic, and kitchen
waste
Biomass Fixed bed Inside diameter = 54 mm, — [29]
reverse length =1.25m
downdraft
Rice production Bench scale Inside diameter = 80 mm, Feedstock flow rate: [30]
waste mixture bubbling length =1.5m 5 g/min
fluidized bed
Biomass Fluidized bed Outside diameter = 120 mm, — [31]
length = 610 mm
MSW and Downdraft Length =32m Feedstock flow rate: [32]
switchgrass 100 kg/h
mixture
Food waste Batch Reactor volume = 200 mL Superecritical [33]
water gasification;
maximum operation
temperature: 600 °C,
maximum operation
pressure: 35 MPa
PP Quartz tube Inside diameter = 3 mm, — [34]
length = 200 mm
MSW Drop quartz Inside diameter = 19 mm, Feedstock flow rate: [35]
tube length=1.8m 0.78 g/min
MSW and Pilot-scale Inside diameter = 0.25 m, — [36]
biomass bubbling length =23 m
mixture fluidized bed
Sawdust Pilot scale Inside diameter = 0.2 m, Reactor capacity: [37]
bubbling length =3.5m 50 kg/h
fluidized

“Polypropylene (PP).
bPolyethylene (PE).
‘Polycarbonate (PC).

Table 1.

The solid waste gasification, single-staged reactor type, and dimension.
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chematic diagram of an H, production plant with gasification of MSW. MSW was pre-processed and then
gasified to produce syngas, which passed through a WGS reactor to produce H,. Partial MSW combustion
provided heat for district heating and power grid. (WGS: water gas shift, CHP: combined heat and power)
[40]. Reproduced with permission from [40].

efficiency. Xiang et al. [26] studied the steam gasification at temperatures of
600-1000 °C, finding that the increase in temperature increased the total volume
fraction of H, and CO from 56% to 66%. From all the above studies, an appropri-
ate temperature (e.g., 800-900 °C) should be selected for solid waste gasification
based on high gasification performance and low energy consumption.

Feed composition is also a significant parameter for gasification. For example, Pio
etal. [36] studied gasification using a refuse-derived fuel (from MSW) and biomass
(pine chips or pine pellets) mixture. 0, 10, 20, 50, and 100 wt% of refuse-derived
fuel content in the mixture was studied. An increase in the refuse-derived fuel
content increased both the CH, concentration and lower heating value (LHV) of the
product gas. Therefore, the addition of refuse-derived fuel to biomass may improve
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An updraft gasification reactor (left) and a schematic diagram of the reactor interior (right). The reactor
consisted of a stainless-steel cylinder with a height of 59 cm and a diameter of 8.3 cm. Biomass was transported
through a feeding cochlea at the top. Four thermocouples (TH1-THa4) were used to monitor the temperature
evolution during the gasification process. A perforated metal plate was used as a support for the gasification bed
to allow the oxidant to flow through. A wind box was used to preheat the oxidant agent. The produced syngas
was cleaned using a cyclone and a ceramic filter for particle removal. Reproduced with permission from [41].

the economic viability and environmental benefits for gasification plants. There was
no agglomeration, slag, or defluidization observed during the experiment [36]. Ng
etal. [27] studied the gasification of a chicken manure and wood chip mixture. The
co-gasification of this chicken manure and wood chip mixture (30 wt% chicken
manure) produced a syngas of similar quality (in terms of LHV) compared to that
of gasification of pure wood chip. The chicken manure was found to be a compatible
feedstock for gasification in the presence of wood chips [27]. Su et al. [45] studied
the gasification of food waste at a food waste concentration of 10-30 wt%. When the
food waste concentration increased from 10 to 30 wt%, the H, yield largely decreased
from 1.1 to 0.6 mol/kg, while the CH, yield increased. However, higher food waste
concentrations may cause the reactor to plug and catalyst to deactivate [45].

More researchers have studied the effect of feed composition on gasification
performance. For example, Bian et al. [24] studied the supercritical water co-
gasification of a lignite coal and plastic (PP, PE, or PC) mixture at concentrations of
5-35 wt%. The co-gasification of lignite coal and plastic improved the gasification
efficiency of each other, indicating a synergistic effect. This was also observed in
other studies. Zaini et al. [23] studied the gasification of landfill waste and a landfill
waste and biochar mixture. Co-gasification of landfill waste with biochar was
beneficial to improve the H, concentration in the syngas. At 800 °C, the addition of
35 wt% biochar enhanced the H, concentration from 38 to 54 vol%, and reduced the
tar yield from 0.05 to 0.01 g/g-fuel-daf (daf: dry-ash-free weight basis) [23]. It was

129



Gasification

Waste Reactor Reaction Performance Other Ref.
type conditions
MSW Downdraft 850 °C, Syngas yield: MSW feed rate: [18]
fixed-bed equivalence air ~12 L/min 4.4 g/min; MSW
ratio of 0.3 moisture content:
25 wt%
Food waste Batch 420 °C, 23 MPa, Gasyield: Reactor volume: [46]
reaction time of 8.4 mol/kg; H, 200 mL; heat rate:
30 min yield: 3.1 mol/kg 10 °C/min
Biomass Bubbling 700-854 °C, Syngas yield: Biomass feed rate: [13]
fluidized equivalence ratio 1.2-2.2 Nm3/kg; 7-15kg/h
bed of 0.17-0.36 carbon
conversion
efficiency:
60-88%
MSW and Fixed bed ~800 °C Syngas yield: 20% MSW in the [19]
switchgrass downdraft 1.5 Nm®/kg feed mixture
mixture
Palm kernel Downdraft 800 °C, air flow Solid yield: 20 wt% PS in the [39]
shell and PS* rate of 2.5 L/min ~17 wt%; feed mixture
mixture liquid yield:
~18 wt%;
tar yield:
~5 wt%;
gasyield:
~60 wt%
PE and Batch 700 °C, reaction Gasyield: Internal volume: [47]
soda lignin time of 30 min 75 mol/kg 10 mL;
mixture 50% PE in the
feed mixture
MSW Drop-tube 900 °C Syngas yield: CO, gasification; [48]
17.5 mol/kg MSW feed rate:
0.8 g/min
PET Quartz tube 800 °C, reaction Carbon Supercritical [43]
time of 10 min conversion: water gasification
98 wt%

“Polystyrene (PS).

Table 2.

The solid waste single-staged gasification factor and performance.

also determined that an increase in feedstock concentration could cause problems

with reactor operations, such as reactor plugging and damage, thus reducing the
gasification efficiency. A suitable feedstock concentration should be selected to

balance the gasification efficiency and industrial application [24].
During solid waste gasification, different gasification agents such as O, and air
can be used. For example, Pinto et al. [30] studied the gasification of rice husk, rice

straw and PE at ~850 °C using different gasification agents, such as a mixture of

steam, air, oxygen, and CO,. At this temperature, the heavier gaseous hydrocarbons
and tar contents can be minimized, while steam can promote steam reforming reac-
tions, thus resulting in a gas enriched in H, and lower tar content. The use of steam
and O, was also a good gasification agent option, especially since it lacked N, and
prevented any diluting effects. The combination produces a larger gas HHV (around
42% higher) and greater energy conversion than those obtained when air was used
instead of O,. However, the cost of O, is still a disadvantage and limits its use [30].
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Meng et al. [37] studied the effect of gasifying agents such as air, air-steam, oxygen-
steam, and oxygen-enriched air, on sawdust gasification. Compared to sawdust
gasification using air, oxygen-enriched air increased LHV due to a reduction in
N, dilution, while air-steam favored H, production due to water gas shift reaction
enhancement [37]. Zheng et al. [35] studied the steam gasification of MSW using
recycled CO, at 1000 °C with a CO,/steam ratio of 0.5-3.0, and found that increas-
ing the CO,/steam ratio from 0.5 to 2.5 increased both H, and CO molar yields.

In order to further improve the gasification performance, various catalysts
have been developed and explored. For example, Wang et al. [49] studied the
CO,-assisted gasification of PP at 900 °C, and discovered the catalytic (Ni/AL,O;
catalyst) gasification improved the gas evolution rate and syngas yield significantly
compared to non-catalytic gasification. Irfan et al. [22] studied the catalytic gasifi-
cation of MSW at 1 atm, finding that the use of waste marble powder as a catalyst
was helpful to increase the H, concentration and decrease the CO, concentration in
the gas product, compared to non-catalytic tests. Tian et al. [31] studied the gas-
ification at 800-1000 °C, finding that the use of a catalyst (olivine) enhanced the
syngas yield and reduced the cracked tar content. Peng et al. [44] studied gasifica-
tion over a Ni/CeO,/AlL,O; catalyst at different Ni loadings (20, 30, and 40%), find-
ing that a high catalyst loading (40%) was favorable for high-purity H, production
and tar cracking. The above research demonstrates that the use of an appropriate
catalyst can improve product yield and selectivity.

Other parameters such as reaction time, waste pretreatment, and feed dimen-
sion have also been investigated for their influence on gasification performance. For
example, Bai et al. [34] studied the gasification of PP at a reaction time of 2-60 min,
finding that an increase in reaction time had a positive effect on the gasification
efficiency. In another study, Bai et al. [43] studied the supercritical water gasification
of PET, finding that gasification efficiency increased with the increase in reaction time
from 2 to 60 min. Bai et al. [43] also found that the reaction pressure (21-29 MPa) had
little impact on the gasification efficiency because the properties of the supercritical
water did not change significantly at these different pressures. Su et al. [33] found that
waste sorting is helpful to improve the H,-rich syngas production (or syngas yield)
and gasification efficiency compared to unsorted waste. Xiang et al. [26] studied
the steam gasification of MSW with two different MSW particle sizes (20 < diam-
eter < 30 mm and 80 < diameter < 100 mm), finding that the increase of particle size
decreased the total volume fraction of H, and CO from 52% to 50%. Basha et al. [39]
selected a feedstock size of 2-4 mm because a larger particle size prevented a compact
fuel bed, while a smaller particle size blocked the reactor and plugged the gas outlet.

2.1.3 Advantages and disadvantages

In single-staged reactor systems, different types of reactors have been utilized
based on their advantages and disadvantages. The common reactors used for solid
waste gasification include fixed bed, fluidized bed, and entrained flow reactors
[50]. A fixed bed reactor has simple construction and operation. However, a fixed
bed reactor is typically used for small size reactions with limited loading/processing
flexibility because of the poor adaptability for heterogeneous materials. A fluid-
ized bed reactor can provide high mixing and solid-gas contact, promote heat and
mass transfer, increase the reaction rate and conversion efficiency, and improve the
process flexibility, compared to a fixed bed reactor. However, for both fixed bed
and fluidized bed reactors, tar formation is a major problem, while entrained flow
reactors have a high cost and poor biomass adaptability [50].

Indrawan et al. [32] studied the gasification of a MSW and switchgrass mixture,
finding that the downdraft reactor (patented design) system design was selected due
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to low tar content (< 0.5 g/Nm?®), compared to a circulating fluidized bed (up to 12 g/
Nm?), fluidized bed (upto 40 g/ Nm?), and updraft fixed-bed reactor (up to 150 g/
Nm?). Bian et al. [24] used a sealed quartz reactor system in their study and deter-
mined that a fluidized bed reactor might be better for enhancing the mass transfer
of the reactant and reducing reactor plugging problems. The fluidized bed gasifier
has excellent solid-gas contact efficiency, uniform and controllable temperature
distribution, and broad feedstock feasibility [51]. Based on this data, the downdraft
fluidized bed is a promising reactor choice for solid waste gasification.

2.2 Multi-staged reactor
2.2.1 Reactor dimensions

The inside diameter and length of a multi-staged reactor is typically in the range of
3-750 mm and 150-3500 mm, respectively, shown in Table 3. These dimensions are
similar to those of the single-staged reactor. Likewise, selection of appropriate reactor
dimensions will be helpful for the solid waste gasification performance in a multi-staged
reactor. There are multiple stages in a multi-staged reactor system such as pyrolysis,
reforming, tar cracking, and water-gas shift. Figure 5 shows a diagram of a two-staged
gasification process. Different stages are developed for specified reactions. Parameters
in each stage can be operated individually for optimization. In addition, using high
temperatures in the tar cracking stage can be helpful to largely reduce tar [50].

Kuba and Hofbauer [62] studied the gasification in a dual fluid bed gasifier,
where heat is supplied by the bed material circulating between the gasifier and the
combustion reactor. The reactor design and the fluidization nozzle position had a
significant effect on the tar formation and reduction. For example, an increase in
the bed height of the gasifier can increase the residence time, leading to an overall
decrease in tar. Additional fluidization nozzles in the inclined wall, located in the
bubbling bed where the feedstock enters the gasifier via a conveyer screw, can
improve the mixing of feedstock and bed material. A moving bed section above the
inclined wall (no fluidization) can be used to reduce the tar formation. Additional
fluidization nozzles can also be installed to reduce the influence of the inclined wall
[62]. Chai et al. [63] studied the two-staged gasification of a mixture of LDPE and
pine sawdust over catalysts, finding that N, can be introduced into the gasifier to
prevent oxidation of the catalyst in the bottom stage.

2.2.2 Operating factors and performance

Table 4 shows the syngas yield (typically 0.7-3.0 Nm?/kg) obtained from different
gasification processes, depending on feedstock species, reactor types, and operating
conditions. Temperature is one operating parameter that has a significant influence
on the solid waste gasification performance in a multi-staged reactor. For example,
Bai etal. [52] studied the two-staged gasification kinetics of PC in supercritical water
at different temperatures (500-800 °C). An increase in temperature improved the
free radical and cracking reactions of PC. The gasification reaction of PC was intense
and underwent a cracking reaction, forming gas phase products and many small
molecular fragments in the first stage. The gasification reaction was slow, but kept
increasing in the second phase [52]. Xiao et al. [54] found the pyrolysis/gasification of
pine sawdust was largely improved by increasing the reactor temperature from 700 to
850 °C. Prasertcharoensuk et al. [56] found that pyrolysis temperature significantly
influenced char properties, specifically, the surface area and pore size increased with
an increase in temperature from 600 to 900 °C. Liu et al. [59] studied the gasifica-
tion at temperatures of 600-800 °C, finding that a higher temperature was helpful
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Waste Reactor Reactor configuration Other Ref.
type
PC Quartz Inside diameter = 3 mm, Two stages: 500-700 °C, and [52]
two-staged length = 200 mm 700-800 °C
tube
Oat hull Two-staged — Steam gasification [53]
pellet fixed bed
LDPE* Two-staged Central diameter = 30 mm, Pyrolysis (feedstock loaded, [63]
and pine fixed bed length = 150 mm 700 °C) and gasification
sawdust (catalyst loaded, 600 °C)
mixture
Pine Three- First stage: inside First stage: pyrolysis/ [54]
sawdust staged diameter = 80 mm, gasification, second stage:
length = 200 mm, second stage: reformer for tar cracked,
inside diameter = 136 mm, and third stage: combustor
length = 400 mm, and third with air
stage: inside diameter = 26 mm,
length = 2500 mm
Olive Two-staged Inside diameter = 0.75 m, Pyrolysis and char [55]
oil mill length =2m gasification
residue
Waste Two-staged Center diameter = 33 mm, — [56]
biomass fixed bed length = 830 mm
Biomass — Inside diameter = 22 mm, — [57]
length = 160 mm
Rice husk Bench-scale First stage: diameter = 38 mm, First stage: pyrolysis at [58]
and PE two-staged length = 300 mm, and second 600 °C, and second stage:
mixture fixed bed stage: diameter = 25 mm, reforming at 800 °C
length = 300 mm
Ricehusk ~ Two-staged First stage: inside First stage: pyrolysis, and [20]
downdraft diameter = 44 mm, second stage: tar cracking
fixed bed length = 250 mm; second stage:
inside diameter = 44 mm,
length = 530 mm
Rice Two-staged Inside diameter = 50 mm, — [59]
straw bubbling length=12m
fluidized
bed
Wood Dual Inside diameter = 150 mm, — [60]
pellet or fluidized length =3.5m
manure bed

“Low-density polyethylene (LDPE).

Table 3.

The solid waste gasification, multi-staged reactor type, and dimension.

to enhance gasification performance. Khonde and Chaurasia [20] studied the two-

staged gasification at different second-stage temperatures (700-900 °C). The tar yield

decreased with increasing temperature, while tar cracking at higher temperatures led

to hydrogen rich syngas production (or gas yield) [20].
Feed concentration and catalyst are important factors that have been investi-

gated for solid waste gasification. For example, Bai et al. [52] studied the gasifica-

tion kinetics of PC in supercritical water at different PC concentrations (5-25 wt%),

finding that a decrease in PC concentration improved the gasification level of the
unit feedstock. Chai et al. [63] studied the two-staged gasification of a mixture of
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Diagram of a two-staged gasification process, which mainly consists of a feeding system, two reaction zones
(fluidized bed reactor and tar-cracking reactor), a char separation system (cyclone and hot filter), and a
quenching system (water-cooled condensers) [61]. Reproduced with permission from [61].

Waste Reactor type Conditions Performance Other Ref.
Biomass Two-staged First stage: 695 °C; Gas yield: Biomass [50]
briquette (fluidized second stage: 1280 °C ~1.5 Nm?/kg contains rice

bed and straw, plastic

swirl-melting and paper;

furnace) Biomass feed

rate: 25 kg/h

Pine Three-staged Pyrolyzer: 700 °C; Gasyield: Biomass feed [64]
sawdust (pyrolyzer, reformer: 850 °C; 1.6 Nm®/ kg; rate: 200 g/h
reformer, and combustor: 850 °C tar yield:
combustor) 1.0 g/kg
Pine Three-staged Pyrolysis/gasification: Gas yield: Biomass feed [54]
sawdust (pyrolysis/ 800 °C; 1.0 Nm®/kg rate: 200 g/h
gasification, reformer: 850 °C;
reformer, and combustor: 850 °C
combustor)
Wood Two-staged Input power of 18 kW Gas yield: 40 wt% [65]
sawdust (plasma ~2.2 Nm®/kg HDPE in the
and gasification feed mixture
HDPE and folded
mixture plate)
MSW Two-staged Gasification: 850 °C; Syngas yield: — [66]
(gasification reforming: 850 °C 0.7 m’/kg
and
reforming)
PE Two-staged Gasifying: 792 °C; Syngas yield: Steam [61]
(fluidized cracking: 852 °C 3 Nm’/kg; gasification
bed gasifying char yield:
and tar 271 g/kg;
cracking) tar yield:
68 g/kg
Table 4.

The solid waste multi-staged gasification factor and performance.
LDPE and pine sawdust, finding that the use of a Ni-CaO-C catalyst was helpful to

improve the gas yield, compared with non-catalyst. Additionally, it was determined
that the heat recovered from the catalyst regeneration can be used for heating
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feedstocks in the reactor [63]. Al-Rahbi and Williams [57] studied a two-staged
pyrolysis-reforming gasification, finding that the H, production increased largely
with the use of a tyre pyrolysis char as the catalyst, compared to non-catalytic test.
Other parameters such as reaction time and pressure have also been investigated
for gasification. For example, Bai et al. [52] studied the gasification kinetic of PC in
supercritical water at different reaction time (5-60 min), finding that the increase
in reaction time improved the gasification efficiency. Bai et al. [52] also studied
the gasification at different pressures (21-29 MPa), finding that the pressure had
no significant impact on gasification. This is likely because the properties of the
supercritical water do not change significantly at these different pressures.

2.2.3 Advantages and disadvantages

Compared to single-staged reactor systems, the use of multi-staged reactor
systems for solid waste gasification has some advantages and disadvantages. A two-
staged reactor system is convenient to investigate the specific effect of temperature
at different stages [63]. The multi-staged reactor tends to be more promising and
reliable in technique development [50]. For example, Al-Rahbi and Williams [57]
studied two-staged pyrolysis-reforming gasification. The first stage was pyrolysis
at 500 °C, and the second stage was reforming at 700-900 °C. The two-staged
pyrolysis-reforming reactor was found to increase the total gas yield, compared
to a single-staged reactor. One aim of this combination approach of pyrolysis and
reforming is to improve the gas yield and obtain an optimum syngas ratio via shift-
ing the reaction from exothermic to endothermic [57].

In a single reactor, it is difficult to control the different gasification reactions,
such as pyrolysis, char gasification, tar cracking, and water-gas shift reaction,
individually [64]. Multiple reactions can occur in one reactor, making it difficult
to correlate feedstock properties and downstream utilization of the gas product.
Multi-staged reactors can be helpful to improve gasification performance [64].

In a three-staged reactor system, the reactions can be optimized, individually,
under appropriate conditions. This can also achieve efficient tar removal [54].
However, the multi-staged reactor is significantly more complex and has a higher
capital cost, compared to a single-staged reactor [67]. Furthermore, a long and
steady gasification operation needs to be developed for commercial scale H,
production [61].

2.2.4 Applications of a multi-staged reactor

Multi-staged reactors have some advantages, as discussed previously. They have
been applied not only in gasification, but also in other technologies such as pyrolysis
and torrefaction. For example, we previously studied the pyrolysis of alkali lignin to
biofuel using a two-staged reactor (pyrolysis and catalytic reactor) [68]. The alkali
lignin and catalyst were individually loaded into the pyrolysis and catalytic reactor,
respectively. The alkali lignin was successfully converted into biofuel at a biofuel
yield of 28 wt% [68]. Guzelciftci et al. [69] studied the pyrolysis of wood using a
two-staged reactor system (auger and fluidized bed reactors). The auger reactor
temperature varied between room temperature and 290 °C, while the fluidized bed
reactor temperature varied between 500 and 700 °C. The obtained bio-oil yield
varied largely between 24 and 52 wt% [69].

Granados et al. [70] used a two-staged rotary reactor system for torrefaction
of poplar wood residues. The two-staged rotary reactor system consists of two
in-series rotary drums for continuous drying (115 °C) and torrefaction (300 °C)
processes. The HHV of the torrefied poplar wood residues reached 26 MJ/kg, which

135



Gasification

was a much higher value than that of the raw poplar wood residues (18 MJ/kg) [70].
Nhuchhen et al. [71] studied the torrefaction of yellow poplar in a two-staged reac-
tor system at an angular speed of 4 rpm. Three different torrefaction temperatures
(260, 290, and 320 °C) were investigated. An increase in the torrefaction tempera-
ture resulted in a decrease in solid mass yield from 93 wt% to 81 wt%. The HHV of
the torrefied poplar increased from 20 to 23 MJ/kg with an increase in the torrefac-
tion temperature from 260 to 320 °C [71]. However, further torrefaction studies on
the comparison of single- and multi-staged reactors will be needed.

3. Conclusion

Solid waste, including MSW, biomass residue, plastic waste, and their mixtures,
has accumulated fast in recent years, leading to solid waste gasification gaining great
attention. However, no systematic study has been performed to compare single-staged
and multi-staged reactors. This book chapter systematically reviewed state-of-the-art
research for both single- and multi-staged reactors. Discussion included analysis of
the reactor dimensions, operating factors and performance, advantages, and disad-
vantages of these reactors. The yield of syngas generated from solid waste gasification
is mainly in the range of 0.7-3.0 Nm’/kg. Multi-staged reactors are a convenient
approach to investigate the specific effect of parameters at different stages, and the
reactions can be optimized individually under appropriate conditions. Additionally, a
multi-staged reactor can be helpful to improve gasification performance, but is more
complex and has higher capital cost, compared to a single-staged reactor.

Solid waste gasification is affected by several factors including temperature,
reaction time, feed composition, and catalyst activity. An appropriate temperature
(e.g., 800-900 °C) can be selected for solid waste gasification based on the elevated
gasification performance and low energy consumption. A suitable feedstock con-
centration and reaction time should be selected to balance gasification efficiency
and industrial application. Higher feedstock concentration can cause the reactor to
plug and subsequent catalyst deactivation, while a longer reaction time may cause
greater energy consumption. The use of a steam and O, mixture as the gasification
agent is helpful for gasification efficiency because it produces steam reforming
reactions and has a lack of N, dilution. Waste sorting is helpful to improve the
gasification efficiency compared to unsorted waste. Moreover, an appropriate
waste feed size should be selected because larger feed size can cause a loose bed and
smaller feed size can lead to reactor blockage. The co-gasification of waste mixtures
over Ni based catalysts is a promising technology due to the improved gasification
efficiency derived from the synergistic effect of the feed mixture.

Additionally, multi-staged reactors have many unique advantages, which make
them useful in other applications such as pyrolysis and torrefaction. However,
reducing the processing cost of converting solid waste to syngas remains a major
technical challenge. Pretreating solid waste, such as MSW, to remove the impurities,
high energy consumption at elevated temperatures, and the use of catalysts remain
the most expensive aspects of this process. In the future, a better understanding
of the gasification reactions, reactor design, and catalyst development needs to be
investigated to improve syngas yield and avoid tar formation.
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Appendices and nomenclature

MSW Municipal solid waste
HDPE High density polyethylene
PP Polypropylene

PC Polycarbonate

PE Polyethylene

HHV Higher heating value

LHV Lower heating value

S/C Steam to carbon ratio

ER Equivalence air ratio

TC1 Thermocouple 1

TC2 Thermocouple 2

RDF Refuse derived fuel

TR Tar reformer

DES Desulfurization reactor
GS Gasifier

SPA Solid phase adsorption
WGS Water gas shift

CHP Combined heat and power
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Chapter7

Gasification Process Using

Downdraft Fixed-Bed Gasifier
for Different Feedstock

Md. Emdadul Hoque and Fazlur Rashid

Abstract

The use of conventional fuels is decreasing globally due to its limited reserves
and negative impact on the environment. The associated cost of conventional fuels
is increasing owing to the higher demand for conventional fuels. Hence, utilization
methods of biomass to generate energy are of growing interest. Among differ-
ent biomass feedstocks, rice husks, waste plastics, and sawdust are significantly
available in the global environment. The annual generation amount of rice husk
is approximately 120 million tons worldwide, with an annual energy generation
potential of 109 GJ with a heating value of 15 MJ/kg. The gasification process is
assumed to be the most effective biomass conversion method that can generate
synthetic gas to operate IC engines, fuel cells, and boilers. Synthetic gas production
from biomass using a gasification process is a significant source of future energy.
Downdraft fixed-bed gasifiers are considered as a feasible option of biomass
conversion in the gasification process. By optimizing the operating conditions of
downdraft fixed-bed gasifier, such as reaction zone temperature, combustion zone
temperature, intake air temperature, airflow rate, the humidity of intake air, a
significant amount of synthetic gas can be produced from rice husks, waste plastic
material, and sawdust.

Keywords: gasification, downdraft fixed-bed gasifier, rice husk, waste plastic,
sawdust

1. Introduction
1.1 Global energy status

Human civilization and development have significantly increased world
energy demand over the past years [1]. Consumption of world energy includes all
energy sources consumed by humans in their economy and industrial purposes
[2, 3]. Major factors that influence energy consumption are the high growth rate
of population and per capita energy consumption. The globalization of interna-
tional trade is another factor that affects the global energy profile [4]. Figure 1
shows the global energy consumption from 2000 to 2020 and the forecast of
future energy for 2035.

However, the world’s population is the main global energy consumer [2-4].
According to the United Nations forecast data, the global population will reach
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Figure 1.
World’s energy consumption scenario [1].

approximately 9.157 billion in 2040, which is around 2 billion higher than the
population reached in 2015 [2]. Figure 2 shows the global population in 2015 and
the forecast for 2040. It is a challenge to provide sufficient energy to this huge
population of around 2 billion using conventional energy sources.

All countries and regions worldwide are trying to reduce the use of conventional
energy sources due to their low reserve and high rates of emission. However, due
to the change in overall gross domestic product (GDP), failure of energy-saving
technologies, and lack of investment for alternate energy, it is difficult to reduce
the intense use of conventional energy. Consequently, the environment is largely
polluted, and the world is moving towards an energy crisis era. The major sources
of conventional energy are oil (33%), and the other sources of energy are coal
provides 27%, and natural gas, 24% [6-8]. On the other hand, hydropower energy
sources supply 6%, renewable sources 5%, and nuclear energy sources provide
4% world energy [7]. Figure 3 presents the world’s primary energy consumption
sources. Overall around 84% of global energy is consumed from conventional fossil
fuels. Therefore, finding new sources of energy is a major concern nowadays. In
certain capacities, alternative renewable sources of energy are currently used with
conventional fuels [9].

1.2 Renewable energy sources

Renewable energy sources can be utilized to generate energy again and again
where wastes are minimized with less air pollution. Renewable sources of energy
provide a significant contribution to global energy demand. It includes solar energy,
energy from biomass, wind, ocean energy, and hydropower [10]. They supply
clean energy and give less pollution than conventional sources of energy. Due to
the depletion of conventional fuels and their negative impact on the environment,
renewable energy sources would have a remarkable contribution to the world
economy [11]. Again, fossil fuels reserve are diminishing, and they create an adverse
effect on the environment that causes health hazard and change global climate
condition [12]. Hence, the world’s population moves slowly towards the generation
of energy from sustainable renewable energy sources. Table 1 shows the global
consumption of renewable energy in a million tons of oil equivalent (Mtoe) and
their forecast for 2040.
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Global energy population by different countries in 2015 and 2040 [2, 5].
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Figure 3.
World’s primary energy sources [6-8].
Renewable energy sources Year
2001 2010 2020 2030 2040
Biomass energy 1080 1313 1791 2483 3271
Solar energy 4.10 15.0 66.0 244.0 480.0
Hydropower 22.70 266.0 309.0 341.0 358.0
Wind energy 4.70 44.0 266.0 542.0 688.0
Tidal/wave energy 0.050 0.10 0.40 3.0 20.0
Geothermal energy 43.20 86.0 186.0 333.0 493.0
Consumption of total energy (Mtoe) 10,038 10,549 11,425 12,352 13,310

Table 1.

World’s renewable energy consumption scenario in million tonne of oil equivalent (Mtoe) [13].

Overall, renewable sources of energy provide approximately 15% supply of
global energy demand [14]. The use of renewable energy sources is now considered
an alternate solution to meet the high energy demand [15, 16]. Major sources of
renewable energy are solar, biomass, and hydropower. Figure 4 shows the prospec-
tive usage options of renewable energy that can be applied to meet up the global

energy demand [17-20].
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Figure 4.
Options of renewable energy usage [17-20].

Energy generation from solar and hydropower sources are dependent on the
weather condition of that country or regions of the world. Among different renew-
able sources, biomass plants require 0.820-1.130 relative units of energy to generate
per unit of electricity, whereas solar photovoltaic requires 0.470 [17]. Table 2 shows
global renewable energy sources with their required relative units to generate per
unit of energy.

1.3 Biomass renewable energy

Biomass renewable energy is a significant source of energy that can provide
energyata lower cost. It can maintain a sustainable energy supply and targeted
greenhouse gas reduction all over the world. Moreover, energy generation methods
related to biomass renewable sources are growing in interest due to the lower reserves
of conventional fuels [21]. Also, regulations on low carbon dioxide emissions and
reduced pressure on fossil fuels increase the interest in biomass renewable energy
sources. Biomass renewable energy sources include waste produced from plants,
rice husks, waste plastics, sawdust, algae, and trees [2]. Biomass renewable energy
sources are mainly found in the wood form.

Usually, energy can be generated using thermal or chemical processes, as
depicted in Figure 5. Gasification, pyrolysis, and combustion are the commonly
used thermal processes to generate energy from biomass sources. In contrast, by
applying chemical reagents and processes, biogas, hydrogen, and ethanol gas is
generated from biomass renewable sources [22]. Gasification is now considered as
one of the potential conversion processes, and therefore, this chapter presents the
gasification methods of biomass sources.

Overall, biomass energy sources supply around 15% of the global energy and
35% for the developing countries. It is an effective bio-renewable energy source
that is available globally. Production of biomass is approximately 146 billion metric
tons per year globally [22]. It is approximated that 90% of the global population
will depend on biomass renewable energy sources by the end of 2050 [22]. Figure 6
shows the different usage options of biomass renewable energy that can be utilized
to solve the high demand for future energy. It is seen from Figure 6 that biomass
renewable energy has the potentiality to use as energy and non-energy sources.
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Renewable energy sources Required quantity to generate per unit of electricity

Biomass energy plant 0.82-0.13.0

Solar PV plant 0.470

Tidal energy plant 0.070

Wind energy plant 0.06-1.920

Wave energy plant 0.30-0.580

Geothermal energy plant 0.080-0.370
Table 2.

Energy production from different venewable energy sources plant [17].
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Figures.
Different power generation processes for biomass [22].
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Different applications of biomass renewable energy [22].
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There are different types of biomass sources available in nature. The most com-
mon and available biomass sources are rice husk, sawdust, and waste plastics. Rice
is the common food among the world’s population. Hence, each year, millions of
rice husks are wasted all over the world. On the other hand, plastics are used with a
high growth rate due to their formability and higher durability. Therefore, turning
waste plastic to generate energy is a potential way that can generate energy and
reduce global environmental pollution. Sawdust can also be converted into energy
using biomass anaerobic gasification method [23].

This chapter also presents the salient features and gasification method using a
downdraft fixed-bed gasifier. It has been found in previous literature that the upper
limit of moisture content of downdraft fixed-bed gasifier is 25% on a wet basis,
while for updraft fixed-bed gasifier, it is 50% on the wet basis of measurement [24].
However, the high content of feed moisture negatively affects the gasification pro-
cess and product gas [25, 26]. As a consequence, downdraft fixed-bed gasifier may
provide better performance than updraft fixed-bed gasifier. Hence, this chapter
considers the performance analysis of the downdraft fixed-bed gasifier.

2. Conventional biomass conversion technologies
2.1 Gasification

Gasification is the method that can convert carbonaceous biomass material to
hydrogen, carbon dioxide, and carbon monoxide [27]. The method can be achieved
by reaction of feed material at over 700 °C temperature, with a limited amount
of oxygen and steam. In the gasification method, the feed material is processed
without combustion. In this method, the generated mixture of gas is considered
synthetic gas or producer gas utilized as fuel [28]. The produced power in the bio-
mass gasification method and combustion of the generating gas can be considered
as renewable energy source.

In chemical reactions of gasification method, char type carbonaceous feed
material (C) is reacted with steam (H,O) and generates carbon monoxide (CO) and
hydrogen (H,).

C+H,0 —» H,+CO (1)

C+CO, — 2CO )

Therefore, in the gasification method, a small amount of air or oxygen is applied
to the gasifier reactor to burn the organic feed material to generate energy and
carbon dioxide. Figure 7 shows the overall process of the gasification method to
generate synthetic gas.

Gasification (low .
amount of air or Synthetic gas
oxygen)

Biomass feed
material

Figure7.
Flow diagram of biomass gasification process [29].
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The gasification method of biomass renewable energy sources is the potential
sources to generate energy, chemical energy, and biofuels. A gasifier is required
to convert biomass renewable energy sources to synthetic gas in the gasification
method. The generated synthetic gas is used to operate an internal combustion
engine. They can also be used to produce electricity and heat energy by using a
cogeneration system [30].

Again, the gasification process of biomass renewable energy sources is similar
to the coal gasification method. Thermal decomposition of both biomass and coal
gasification method generates the same output gases [31]. However, the operating
conditions of gasification methods of biomass energy sources are less severe than
coal gasification method [32]. In the biomass gasification method, cellulose and
hemicellulose present in the feed material, whereas carbon is the main material of
coal feed materials.

Practically, biomass energy sources are required to dry first. After that, the
dried feed materials are required for the process of shrinkage and devolatization
[30]. Finally, the char gasification is applied from the surface of the material to
the biomass center. Figure 8 shows the overall process of biomass gasification to
generate energy.

The overall power generation cost of the gasification process of biomass renew-
able energy includes labor cost 54%, cleaning cost of synthetic gas 28%, balancing
of plant 9%, fuel cost 6%, and miscellaneous cost 3%. Figure 9 represents the
overall power generation cost of gasification methods.

2.2 Pyrolysis

Pyrolysis is the process where biomass materials are decomposed in absence of
air or oxygen using heat energy. Therefore, the pyrolysis method generates bio-char
as solid fuels, bio-oil as liquid fuels, and gases (non-condensable) [35]. Figure 10
shows the overall process of pyrolysis method. The pyrolysis oil properties and
yield of pyrolysis products depend on the operating conditions and parameters of
the pyrolysis process. The pyrolysis process’s operating parameters are the heating
rate of feed material, the temperature of the reactor, residence time, catalysts, and
reactor configurations.

The Pyrolysis process of biomass renewable energy sources can be simplified by
the following Equations [36]:

Biomass feed materials — H,O + unreacted residue materials 3)
Unreacted residue materials — Volatile materials + Gases + bio —char. (4)

Bio — char — Volatile materials + Gases + Bio —char. (5)

Firstly, in the biomass pyrolysis method, feed materials are decomposed to
remove the moisture contents and break the bond to form CO, CO,, and residues
[37]. The remaining compounds are exposed to further conversion using crack-
ing and polymerization that produces secondary char, tar, and gases [37]. In this
method, at a lower temperature, such as less than 500 °C temperature, the organic
vapor materials are not cracked. However, at higher temperatures, they convert
readily with fewer residence times. The optimum temperature to generate the
maximum quantity of bio-oil using the biomass pyrolysis method is over 500 °C.
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Power generation cost of biomass gasification method [34].
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Figure 10.
Flow diagram of pyrolysis methods [35].

The residence time of vapor materials and heating rate in the pyrolysis method can
be classified into three major groups, as shown in Figure 11.

Fast and flash pyrolysis process generates lower amounts of char when compared
with slow pyrolysis process. Flash and fast pyrolysis methods can produce bio-oil in
high quantity. Hence, they are considered as a favorable method for the generation
of bio-oil [35].

Slow pyrolysis is the process that occurs under a long residence time, lower
temperature, and slow heating rate. In the slow pyrolysis method, cracking of the
primary material generates a high yield of char.

Slow pyrolysis is the process that occurs under a long residence time, lower
temperature, and slow heating rate. In the slow pyrolysis method, cracking of
the primary material generates a high yield of char [40, 41]. The remaining
non-condensed gases are used for drying purposes of raw biomass materials or as
fuel gases. They can also be reflowed to the pyrolysis reactor to heat the pyrolysis
method. Overall, biomass fast pyrolysis generates bio-oil (60-75%), bio-char
(15-25%), and gaseous yield (10-20%) [42]. This process is preferable compared
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Figure 11.
Types of biomass pyrolysis methods [38, 39].

to the slow and flash pyrolysis method based on the cost, transportability, and
storability of liquid and gaseous fuels.

Flash pyrolysis is the third major group of pyrolysis methods that sometimes
refer to a similar fast pyrolysis process. However, the flash pyrolysis method
generates pyrolytic yield under a high heating rate, higher reaction temperature
values, and short residence time [35]. This method has the capability to generate
a high quantity of bio-oil from the conversion of biomass feed material. It has the
capacity to convert a higher quantity of biomass to liquid bio-oil. However, the
generated bio-oils in the flash pyrolysis method are unstable, acidic, and highly
viscous in nature [43]. They even also contain solids and dissolve water. Hence,
the yields of the flash pyrolysis method require up-gradation methods, such as
hydrogenation and catalytic cracking to reduce the final product’s oxygen content.
Table 3 shows the operating variables require to operate slow pyrolysis, fast
pyrolysis, and flash pyrolysis method.

The pyrolytic reactor is considered the heart of the pyrolysis method and based
on the types of reactors; the yields would change in the pyrolysis method. Several
pyrolysis reactors are used in the pyrolysis process, such as a fixed-bed reactor,
fluidized bed reactor, moving bed reactor, suspended bed reactor, inclined rotating
bed reactor, etc. However, fixed and fluidized beds are commonly used in pyrolysis
reactors. A fixed-bed reactor usually uses an external heating source by using a
furnace. In contrast, the fluidized bed reactor uses a solid—fluid mixture of stable
reactor bed where nitrogen is used to create an inert atmosphere. Figure 12 shows
the characteristic properties of a fixed-bed and fluidized bed reactor. Fluidized bed
reactors are easy to operate, capable of transferring high heat rates, good at control-
ling temperature [44, 45]. Therefore, the pyrolysis method is an effective way of
biomass to the energy conversion process.

2.3 Incineration

The process when the combustion of biomass materials occurs to generate heat,
ash, and flue gases is known as incineration, as shown in Figure 13 [46]. It is con-
sidered as the thermal treatment process of biomass materials. In this process, ash is
produced due to the inorganic components contained in the biomass feed material.
Ash and flues gases are required to clean, whereas the generated heat in the incin-
eration process produces electricity. In recent practice, the generated heat is used
to produce electricity effectively using combined heat energy and power systems.
However, emission control is the main factor that needs to be considered during the
biomass incineration process [30].
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Types of pyrolysis Temperature Rate of heating Residence time Size of particles

method (K) (K/sec) insec (mm)

Slow 550-950 0.1-1 450-550 5-50

Fast 850-1250 500-10° 0.5-10 Lessthan1

Flash 1050-1300 Above 10° Lessthan 0.5 Less than 0.2
Table 3.

Operating variables for fast, slow, and flash pyrolysis method [37, 42].

+Cylindrical tube )
=Gas cooling and inert gas is circulated in the reactor
Fixed Bed | *External Heating by using a furnace
Pyrolysis
Reactor Y
* Fluid-solid mixture of stable bed A
+Equip with cyclone to separate solid type particles
»Sand particles warm up using gas before feed the biomass
material in the reactor )

Figure 12.
Magjor types of reactor use in pyrolysis method.

+Waste

Biom
omass ) ...

-

Figure 13.
Biomass incineration process [47].

The incineration process is one of the several energy generation methods from
wastes. Although gasification and incineration methods are considered similar, the
generated energy is not the same for them. In the gasification method, combustible
gas materials are the major energy product, whereas high-temperature heat is the
main energy component in the incineration method [47, 48]. Both the gasification
and incineration methods can be implemented without the recovery of energy.

3. Gasification method using different gasifiers

In the biomass gasification method, a gasifier is the core of the mechanism.
There are different types of gasifiers commonly used in the gasification method.
They can be classified depending on the ratio of dense phase biomass to the reac-
tor’s total volume. Therefore, dense phase gasifiers and lean phase gasifiers are two
common types of gasifiers use in the gasification process. Dense phase biomass
gasifiers have a density factor of between 0.08 to 0.3, whereas lean phase gasifiers’
density factors vary between 0.05 to 2 [30, 49-51].
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3.1 Counter-current or updraft gasifier

In counter-current or updraft gasifiers, the air or oxygen is passed through the
gasifier’s bottom level, and the generated product gases are left at the top of the
gasifier [52]. Combustion reactions occur at the bottom side of the gasifier near
the grate. After that, the reduction reactions occur at the somewhat upper level of
the combustion zone, as shown in Figure 14. In the upper level of updraft gasifier,
pyrolysis process and heating of the biomass materials occur using the forced
convection and radiation heat transfer methods where the required heat is provided
from the combustion and reduction zone in the lower part of the gasifier [53]. The
generated volatile matters and tars in the updraft gasifier carry in the upper-level
gas stream, as depicted in Figure 14. On the other hand, produced ash require to
clean from the bottom layer of the updraft gasifier.

The main advantages of an updraft gasifier are simplicity in design, simplicity
in operation, lower exit gas temperature, and high burning rate of feed materials.
Therefore, the equipment efficiency of the updraft gasifier is high. This type of
gasifier can be operated using different feed materials such as rice husk, waste
plastics, and sawdust.

On the other hand, the disadvantages of updraft gasifiers are channeling that
breaks the air or oxygen and creates harmful or explosive situations. Therefore,
automatic grates are required in the updraft gasifier. Disposal of tar is another
disadvantage in the case of an updraft gasifier.

3.2 Co-current or downdraft gasifier

In a downdraft gasifier, air or oxygen generally enters the middle zone of the
downdraft gasifier above the grate, as presented in Figure 15. Air or oxygen enters at
or above the oxygen region level in the downdraft gasifiers [54]. The feed materials
are entered at the top of the gasifier, similar to the updraft gasifier. However, air and

Biomass feed
material
|:> Product gas
Drying zone
Distillation zone
Reduction zone
Hearth
Grate
Air or oxygen |:>
‘ Ash

Figure 14.
Gasification process using updraft gasifier [54].

155



Gasification

Biomass feed
material

T

Drying zone

Distillation zone

Hearth zone

Alr or oxygen |:> <:| Air or oxygen
(_Reduction zone
|:> Product gas

Ak |

Grate

Figure 15.
Gasification process using downdraft gasifier [54].

generated gas mixtures are passed through the oxidation region. In a downdraft gas-
ifier, the producer gases are removed at the bottom level of the gasifier. Therefore,
gases and fuels in co-current or downdraft gasifiers are moved in the same direction.
When the gases and fuels move down, the fuel must pass through a charcoal bed

and generate H,, CO, CO,, and CH,. In a downdraft gasifier, based on the hot region
temperature and residence time of tars, most of the tars are broken down. Therefore,
the generated product gas in co-current or downdraft gasifier contains lower tar
than updraft gasifier. Consequently, they are suitable to use in an internal combus-
tion engine compared to the updraft gasifier gases.

The major advantages of downdraft gasifiers are tar-free gases, and they are
suffered less from the environment compared with updraft gasifiers. Figure 16
shows the salient features of the co-current or downdraft gasifier.

The main disadvantage of co-current or downdraft gasification is the inability
to utilize or operate unprocessed fuel. Downdraft gasifier is suffered much from the
high content of ash materials when compare with updraft gasifier.

3.3 Fluidized bed gasifier

In a fluidized bed gasifier, fuel fluidizes with air or oxygen and steam. Fuel is fed
into a bubbling or circulating type fluidized bed. The bed of fluidized bed gasifier
acts as fluid with high turbulence. In this system, ash materials are removed from
the gasifier in a dry state that defluidize. The temperature in a fluidized bed gasifier
is low, and the fuel is required to be highly reactive [55, 56]. However, the energy
conversion efficiency is lower than the downdraft gasifier due to the elutriation
of carbonaceous fuel [57]. There are three major types of fluidized bed gasifiers:
circulating, bubbling, and dual fluidized bed.

The working principle of the operation of updraft and downdraft gasifier is
affected by the fuel’s chemical and physical properties. Fluidized bed gasifiers can
solve a few of the drawbacks of updraft and downdraft gasifiers, such as pressure
drop and low bunker flow over the updraft or downdraft gasifier [58].
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Salient features of the gasification process using downdraft gasifier.

Overall, a fixed-bed gasifier has the capacity for a wide range of temperature
distribution. On the other hand, a fluidized bed gasifier can transfer heat between
solid and gaseous phases with the best temperature distribution. Fluidized bed
gasifiers can tolerate a high variation of fuel quality as well as a large particle distri-
bution [58]. The major drawbacks of fluidized bed gasifiers are high dust contents
that make the conflict between higher reaction temperatures with better energy
conversion efficiency and lower melting temperature of ash.

3.4 Entrained flow gasifier

In an entrained flow gasifier, a dried solid pulverized, liquid fuel, or a slurry
of fuel is reacted with oxygen or air in a gasification process using co-current flow
[59]. In an entrained flow gasifier, gasification reactions are taken place in a dense
cloud of fine particles. High throughput can be achieved, but the overall efficiency
is relatively low than the downdraft or fluidized bed gasifier. The entrained flow
gasifier system’s residence time is approximately 5 seconds that is shorter than the
residence time of the downdraft or fluidized be gasifier. Most of the reactions of
entrained flow gasifiers are endothermic. Therefore, high heat is required to be
supplied using combustion of biomass feed material or from the outside sources
of heat.

In this gasifier, finer coal with air is added co-currently in such a way that air and
water steam surrounds the finer coal feed materials. This type of gasifier usually
operates at very high pressure and temperature [60]. As a consequence, the flow
is turbulent in an entrained flow gasifier. The rate of gasification reaction and
efficiency of conversion of carbon is high, while the generation of hydrocarbons is
low. Moreover, the coal devolatization process generates oil, tar, other liquids, and
phenols that can be decomposed into hydrogen (H,). This chapter describes gas-
ification of rice husk, waste plastic, and sawdust biomass, therefore the entrained
flow gasifier performance is not presented with their related analysis.

3.5 Plasma gasifier

In a plasma gasifier, high voltage and current are applied to a torch that can
create an arc of high temperature. In the gasification method using plasma gasifier,
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inorganic components of feed material are converted into a glass-like substance.
It can also be used to gasify solid wastes mainly generated from municipal and
households [61].

The plasma type gasifier mainly heats up by using a torch of plasma that is
usually located at the bottom of the reactor [62]. At atmospheric pressure, feed
materials are required to add to the reactor. The majority of the plasma gasifier is
water-cooled on the outer side of the gasifier. In the gasification process of plasma
gasifier, the generation of tar is usually eliminated by maintaining the temperature
of the synthetic gas greater than 1000 °C.

4, Different biomass feedstock materials

In the gasification method, carbonaceous materials such as rice husk, coal, waste
plastics, and sawdust are turned into synthetic gas in the presence of limited air or
oxygen, carbon dioxide, and steam. The generated synthetic gas includes hydrogen
(H,), carbon dioxide (CO,), carbon monoxide (CO), Nitrogen (N,), char, tars, ash,
and bio-oil [63].

This chapter presents the gasification of rice husk, waste plastic, and sawdust as
biomass feed material due to their availability, high production rate, and reduction
of environmental pollution. The majority of the world population use rice as their
main food. Therefore, it was estimated that rice husk generation globally is about 80
million tons with an annual energy generation potential of 1.2 ~ 109 GJ. The esti-
mated heating value of rice husk is approximately 15 MJ/kg [18]. In Asia and Africa,
the annual generation of rice husk is 1.5 x 101 kg [64].

On the other hand, the world’s population uses plastic material in their daily
activities due to its insolubility in liquid water, availability, resistance to corro-
sion, and lighter weight. The generation of plastic waste materials is increasing
globally. For example, Asia regions possess maximum plastic waste, and they
generate around 30% of plastic wastes in the world [65]. Therefore, if the plastic
waste materials can be used as biomass feed material in the gasification method
to generate energy, the waste materials are turned into energy. On the other
hand, world environmental pollution due to waste plastics will also be reduced
significantly. Waste plastic material can also be converted into oil by using fast
pyrolysis.

Sawdust material is another potential biomass source use in the gasification
process. Carbonaceous feed materials are effective for gasification methods. The
ultimate and proximate analysis of sawdust material shows that sawdust contains
approximately 50.90% carbon. Table 4 shows the ultimate analysis results of rice
husks, sawdust, and waste plastic material.

Biomass feed materials Carbon Oxygen Nitrogen Hydrogen Sulfur
C (%) 0 (%) N (%) H (%) S (%)
Rice husk [66] 45.2 476 1.02 5.8 0.2
Waste plastic [67] 7710 11.20 0.20 11.50 —
Saw dust [23, 68] 50.9 45.03 0.27 37 0.05
Table 4.

Ultimate analysis of rice husk, waste plastics, and sawdust biomass feed materials.
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5. Gasification method using downdraft gasifiers

Downdraft fixed-bed gasifiers generate low tar content synthetic gas that can
be used to operate an internal combustion engine. Hence, this chapter presents the
gasification methods using the downdraft fixed-bed gasifier.

5.1 Gasification performance

The performance of the gasification method mainly depends on the reactor
temperature. With an increase in reactor temperature, the performance and yield
of the gasification method are also increased. It was observed that with waste
plastic gasification method using downdraft gasifier, at 600 °C synthetic gas yield
was 112.4 (wt. %), whereas at 700 °C yield was 166.8% (wt. %), 800 °C generated
205.7% (wt. %) gaseous yield and maximum synthetic gaseous yield obtained at
900 °C (234.6 wt. %) [67].

In rice husk and sawdust gasification method, the performance of synthetic gas
yield generation also depends on the reactor temperature. It was obtained that using
atotal 5 kg rice husk with 3.6 kg/h feed rate for 1.38-hour gasification in a down-
draft fixed-bed gasifier; the generated synthetic gas yield was highest at 810 °C
(0.27 wt.% CH4 and other gases 61.09 wt.%) [18].

Catalytic temperature is another significant parameter of the biomass gasification
method. With the increase of reactor temperature and catalytic temperature in the
sawdust gasification method, the synthetic gas yield is also increased. It was found
that at a constant gasification temperature of 800 °C in a downdraft fixed-bed gasifier,
the synthetic gas yield was 63.43 (wt. %) at 600 °C catalytic temperature. In contrast,
the gas yield was 71.35 (wt. %) at 700 °C catalytic temperature, 77.25 (wt. %) at
800 °C catalytic temperature, and 80.58 (wt. %) at 900 °C catalytic temperature [68].

5.2 Synthetic gas composition

In this chapter, gasification method using downdraft fixed-bed gasifier gener-
ates synthetic gas from rice husk, waste plastic, and sawdust biomass energy
sources. Among different gases, carbon monoxide, carbon dioxide, methane,
hydrogen are significant. Carbon dioxide and carbon monoxide form a significant
portion of synthetic gas, whereas methane generation is lower than carbon dioxide
and carbon monoxide [18]. In the case of biomass feedstocks, the generation of H,
and methane is higher for sawdust than rice husk biomass due to its higher heating
value. In contrast, the heating value of plastic is higher than sawdust and rice husk.
Therefore, it has a significant potential for H, (3-18 vol. %) rich and high methane
synthetic gas generation using a downdraft fixed-bed gasifier. On the other hand,
the gasification of plastic generates a high quantity of tar that reduces the efficiency
of the gasification process. In addition, endothermicity is another drawback of the
plastic gasification process. Overall, the gasification process using plastic material
is still uncommon in practical cases although the efficiency can be improved by
adding another feed material with plastic material as co-feedstocks.

5.3 Power generation using gasifier

The generated synthetic gas from the gasification of rice husk, waste plastic,
and sawdust is collected from the exhaust end by controlling the exhaust valve of
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the downdraft fixed-bed gasifier. A gas analyzer is needed to analyze the contents
of synthetic gas. The generated synthetic gas can be utilized to operate the engine,
boiler, etc. It is possible to operate any prime movers, such as engines and boilers
by connecting them at the exhaust end of a downdraft fixed-bed gasifier where the
gasification of rice husk, sawdust, and waste plastic occurs.

The heating value of rice husk, sawdust, and waste plastic is 16.7 MJ/kg,

18.23 MJ/kg, and 40 M]J/kg, respectively.

However, in the biomass gasification method using downdraft fixed-bed
gasifier, the heating value is within the range of 5.4 MJ/m’ to 5.7 MJ/m’ [69]. The
generated synthetic gas from the biomass gasification method can also be used in
diesel engines, dual-fuel engines, and petrol engines. Moreover, the produced heat
in the rice husk, waste plastic, and sawdust gasification process can be used to gen-
erate electricity in an off-grid area. The typical size of an off-grid electricity system
is 10-500 kW for the generated heat in these biomass gasification process [30].
The exact size of the off-grid energy system depends on the amount of feedstock
materials use in the downdraft gasification process.

6. Conclusion

Rice husk, waste plastic, and sawdust were used as feedstock materials in
the gasification process using a downdraft fixed-bed gasifier. The generation of
synthetic gas depends on the heating value of biomass feedstocks. It has been
found that waste plastic has the highest heating value (40 MJ/kg) among the three
biomasses. Therefore, it has the highest potential of H, rich (3-18 vol. %) synthetic
gas generation than rice husk and sawdust biomasses. On the other hand, sawdust
produces a high H, and methane content synthetic gas than rice husk. Moreover, the
generation capacity and quantity of biomass gasification method depends on the
type of gasifier. Downdraft fixed-bed gasifier is one of the effective gasifiers used in
the gasification process. The generation of synthetic gas and heat from the biomass
gasification method using a downdraft gasifier depends on the reactor temperature,
residence time, catalytic temperature, and gasification duration.
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Chapter 8

Performance Assessment of the

Thermodynamic Cycle in a
Multi-Mode Gas Turbine Engine

Viktors Gutakovskis and Viadimirs Gudakovskis

Abstract

This chapter discusses the direction of development of promising multimode
aviation gas turbine engines (GTE). It is shown that the development of GTE is on
the way to increase the parameters engine workflow: gas temperatures in front of
the turbine (T*g) and the degree of pressure increase in the compressor (P*¢). It is
predicted that the next generation engines will operate with high parameters of the
working process, T*g = 2000-2200 K, n*¢ = 60-80. At this temperature of gases in
front of the turbine, the working mixture in the combustion chamber (CC) is
stoichiometric, which sharply narrows the range of stable operation of the CC and
its efficiency drops sharply in off-design gas turbine engine operation modes. To
expand the range of effective and stable work, it is proposed to use an advanced
aviation GTE: Adaptive Type Combustion Chamber (ATCC). A scheme of the
ATCC and the principles of its regulation in the system of a multi-mode gas turbine
engine are presented. The concept of an adaptive approach is given in this article.
There are two main directions for improving the characteristics of a promising
aviation gas turbine engine. One is a complication of the concepts of aircraft engines
and the other one is an increase in the parameters of the working process, the
temperature of the gases in front of the turbine (T*g) and the degree of increasing
pressure behind the compressor (n*¢). It is shown how the principles of adaptation
are used in these areas. The application of the adaptation principle in resolving the
contradiction of the possibility of obtaining optimal characteristics of a high-
temperature combustion chamber (CC) of a gas turbine engine under design (opti-
mal) operating conditions and the impossibility of their implementation when these
conditions change in the range of acceptable (non-design) gas turbine operation
modes is considered in detail. The use of an adaptive approach in the development
of promising gas turbine engines will significantly improve their characteristics and
take into account unknown challenges.

Keywords: thermodynamic cycle, gas turbine engine, combustion chamber,
adaptation principle, aviation

1. Introduction
This chapter analyses the main trends in the development of an aviation multi-

mode gas turbine engine (GTE) of direct reaction, examines its thermodynamic
cycle and determines the influence of the multi-mode GTE on its efficiency,
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analyses the multi-mode operation of a multi-purpose aircraft and analyses ways to
improve operation of the thermodynamic cycle in non-design modes of GTE opera-
tion. The energy capabilities of traditional aviation fuels for the implementation of
high thermodynamic characteristics in non-design gas turbine engine operation are
studied. The adaptive approach is determined as the main one in the creation of
promising aviation GTEs. The concept of an adaptive approach is given. There are
two main directions for improving the characteristics of the promising aviation GTE.

One is the sophistication of the schematic diagrams of aircraft engines and the
second one is an increase in the parameters of the working process, the temperature
of the gases in front of the turbine (7% ) and the degree of pressure rise behind the
compressor (72).

It is shown how the principles of adaptation are used in these areas. The appli-
cation of the adaptation principle in resolving the contradiction of the possibility of
obtaining the optimal characteristics of the high-temperature combustion chamber
(CC) of the GTE under the design (optimal) conditions of operation and the
impossibility of their implementation when these conditions change in the range of
permissible (non-design) operating modes of the GTE are considered in detail. The
use of an adaptive approach in the development of promising gas turbine engines
will significantly improve their characteristics and take into account unknown
challenges.

2. The main trends in the development of aviation gas turbine engines

The world leaders in aircraft engine manufacturing prefer the traditional
(“soft”) direction of the development of aircraft gas turbine engines. In accordance
with the theory of aircraft engines, the development of the traditional direction of
aircraft gas turbine engines occurs in accordance with the following priorities:

* ensuring high efficiency;

* stable operation in a wide range of speeds and flight altitudes of the aircraft;

* ensuring high dynamic characteristics;

* reliable high-altitude and ground launch;

* ensuring high environmental performance (reducing harmful emissions and
reducing noise levels);

* ensuring acceptable performance under icing conditions and other difficult
climatic conditions;

* widening of the range of work due to ensuring the operation of the engine with
a minimum degree of stability;

* the ability to operate on various fuels (alternative).
At present, aviation GTEs has reached a high level of development and has:
* a high level of thermodynamic perfection;

* high aerodynamic loading of blades (compressors, turbines);
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* marginal combustion intensity and ecological perfection of combustion
chambers;

* effective thermal protection of the elements of the hot path of the engine;
* low specific gravity;
* multi-mode operation;

* new materials in engine design (steel and composite materials);

highly efficient constructive and technological solutions.

The main regularity in the development of aviation GTEs is the consistent
improvement of the indicators of technical perfection and the efficiency of their use
on aircraft. This pattern is continuous and progressive, reflecting the need to accu-
mulate the required amount of knowledge, understanding the experience of previ-
ous developments and operation, mastering new technologies for creating highly
efficient units and elements of aviation GTE.

The traditional way to improve the efficiency and traction characteristics of a
GTE is to increase the efficiency of the thermodynamic cycle of the engine:

* increase in the total degree of pressure increase in the cycle (1):
ﬂéz — PEAJX 5 (1)

where:
(P} — pressure behind the compressor, P; —engine entrance pressure);

* increase in turbine intake temperature(Tg );
* reduction of total pressure losses in the air intake and outlet devices.

Within the framework of the traditional approach of improving the efficiency of
aircraft gas turbine engines, there is also some reserve associated with improving
the main components of the aircraft engine.

However, it should be stated that further improvement of the characteristics of
aviation GTEs within the framework of traditional layouts is associated with ever-
increasing difficulties.

The main qualitative changes, in accordance with thermodynamics and heat
exchange, are associated with the creation of turbines and combustion chambers
capable of operating at turbine intake temperature which is at the level of 2100~
2400 K, bringing the turbine inlet temperature closer to the maximum energy
potential of aviation fuel, and requiring new solutions for realization of such tem-
peratures in aircraft gas turbine engines.

As noted earlier, the development of aircraft gas turbine engines follows the
path of a constant increase in the parameters of the working process, an increase in
the turbine inlet temperature (T*g) and an increase in the total of pressure increase
degree in the engine (7}5).

An increase in T*g with a simultaneous increase in 7/ leads to an increase in the
specific engine thrust Rg = R/G, (R - engine thrust, G, - air flow through the
engine) and frontal thrust Rg = Rro / Fyy (Rro - engine thrust at take-off, F,, - the
area of the mid-section of the engine) .
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GTE generation I I III 1A% v VI

Tg*, K 1000-1150  1150-1250  1300-1450- 1500-1650 1700-1900 2100-2200

ey 3-5 7-13 14-20 20-35 20-50 60-80
Table 1.

The growth trend of T"g and n*cs for different generations of aviation gas turbine engines.

The higher Rg, the smaller the frontal dimensions of the engine and the specific
gravity of the engine Ygng = Gene/Rr (Geng - engine mass). Parameters Ry and
YEne — characterize the level of perfection of the engine.

An increase in the values of T*; and n* lead to an increase in the work of the
thermodynamic cycle and efficiency. Table 1 shows the growth trend of T*g and
7* s for different generations of aviation gas turbine engines [1].

One important feature of a promising multi-mode aircraft is flight at supersonic
cruising modes, which should be carried out at non-boosted engine operating
modes.

A promising direction for meeting this requirement is the creation of the so-
called stoichiometric motors. In these engines, all of the oxygen in the air entering
the gasifier is used to burn fuel in the main combustion chamber to obtain a high
T*G.

Obtaining T*g = 2000-2200 K in the combustion chamber of a promising gas
turbine engine requires that the excess air ratio of the combustion chamber
acc = Ga/GrLo (Ga - the air flow rate entering the combustion chamber, Gg - the
fuel flow rate entering the combustion chamber, L, - the theoretically required
amount of air for complete combustion of 1 kg of fuel, for aviation kerosene
Lo = 14.8) was acc = 1.1-1.2 (to describe the fuel composition a description of the
following dependence is used: air / fuel ratio).

The urgency of creating high-temperature (stoichiometric) gas turbine engines,
in the direction of increasing the efficiency of the thermodynamic cycle and ensur-
ing their multimodality, poses a number of new problems. These tasks are associ-
ated with the peculiarities of the organization of the fuel combustion workflow to
obtain high turbine inlet temperature and the efficient use of the energy potential of
the fuel in the entire range of the GTE operation.

3. Thermodynamic cycle of the direct reaction aircraft GTE

As mentioned above, the parameters of the working process of aviation GTE
nts and T¢ with the development of engines are constantly increasing. Such a
tendency in the development of aviation GTE as a heat engine, in accordance with
the theory of aircraft engines, is natural. Put simplistically, the main components of
a modern aviation GTE are:

* a heat engine operating according to a thermodynamic cycle with heat supply
to the working fluid (implementing the Brighton cycle);

* propulsion device - a device for converting the available work, obtained as a
result of the thermodynamic cycle, into thrust, depending on the type of gas

turbine engine;

* automatic control system (ACS), which ensures the maintenance of the
necessary engine operating modes.
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Based on the basic provisions of the theory of aircraft engines, the energy
balance of aviation GTE of a direct reaction can be represented in a simplified way
by a diagram that displays all stages of the process of converting the chemical
energy of fuel into useful work.

In a direct reaction GTE, atmospheric oxygen is used to convert the chemical
energy of the fuel into thermal energy. Air serves as the main component of the
working fluid for the thermodynamic cycle, in which thermal energy is converted
into mechanical energy. Receiving acceleration in the propulsion system, it creates a
thrust force, i.e. serves as a propulsion device. Direct reaction engines are turbojet
engines and turbofan engines. Figure 1 shows a simplified diagram of the energy
balance of a direct reaction GTE.

In the diagram on the Figure 1:

Qo= Ggf - the amount of thermal energy introduced into the engine with fuel
per 1 kg of working body (chemical energy of the fuel);

Gr —fuel consumption;

G4 —air consumption;

H, -lower calorific value of fuel;

Q - the actual amount of heat energy received during fuel combustion.

The real process of heat release is accompanied by losses and is characterized by
the fuel combustion efficiency (1, = Q/Qo).

L¢ - the work of the thermodynamic cycle of the engine, which results in an
increase in the kinetic energy of the exhaust gases, can be represented for
multimode aircraft real cycle in the following formula (2) [1]:

—1 (mA
Lc= CpTHe (W - 1) ) (2)

e e

where: 7, 57, — the efficiency of the compression and expansion processes, i.e.,
they characterize the technical perfection of the compression and expansion
process;

A= % — working body heating degree;
Ty — ambient air temperature;
m — coefficient taking into account the difference in the physical properties of air

and gas;

< N: >
o rlinl Ll
f— N,—>» — [—>
1 2
Qn — Q » IJ( (l+m)R\V
ACS

Figure 1.
Simplified diagram of the energy balance of a direct reaction GTE: 1- heat engine; 2 - propulsion device;
ACS - automatic control system.
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E=T5 k5

C, — specific heat of heat supply at constant pressure.

The operation of the actual thermodynamic cycle of a GTE depends both on the
parameters of the working process 75y, A, and on the technical perfection of the
compression and expansion processes (1, 1,).

Nint = LTCO - internal coefficient efficiency of the GTE thermodynamic cycle

(motor thermodynamic efficiency), i.e. the efficiency of the engine as a heat engine
serves to assess the efficiency of heat conversion into cycle work, is given in the

. . L
following relation: (1;,, = CT"g).
The internal efficiency of the GTE thermodynamic cycle takes into account the
inevitable heat losses associated with the costs of overcoming hydraulic losses, as
well as heat losses due to incomplete fuel combustion and recoil to the engine walls.

Ny = ZC]_ - propulsive efficiency, which characterizes the operation of a direct

v
reaction gas-turbine engine as a propulsion device [1]:

where:

C; — nozzle flow rate;

V - flight speed.

(1 + m)RsV — effective work (jet thrust),

where: m = g—;‘i - bypass ratio (Ga — air flow through the second engine circuit,

Ga1 — air flow through the gas generator).

Ny = NiMlyy — the overall efficiency of the direct reaction GTE, which character-
izes the share of chemical energy of the fuel converted into effective work, takes
into account all the losses in the process of converting heat into effective work, and
thus most fully characterizes the efficiency of the GTE .

ACS - automatic engine control system that regulates the operation of the GTE
of both the heat engine and the propulsion unit in various flight modes of the
aircraft, in order to obtain maximum performance.

Figure 2 shows the values of the level of efficiency of GTE for some engines of
civil aviation, considering the degree of bypass (m) [2, 3].
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Figure 2.
Commercial aircraft gas turbine engine efficiency trend BPR, bypass ratio. Reproduced with the permission of
United Technologies Corporation, Pratt ¢ Whitney [2, 3].
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Figure 3.
Dependence of the cycle L¢ from nly if T = var. and Ty = const.

Figure 3 shows the dependence of the cycle L on the parameters of the working
process of the direct reaction gas turbine engine. The graph shows that for a
promising multi-mode bypass turbofan engine at n$s = 28 the turbine inlet temper-
ature will be TS =~ 1700 K, while the degree of bypass is m ~ 0.57.

4, Multi-mode aviation GTE of direct reaction

As a rule, aviation GTEs are designed for the maximum power mode, which
provides the maximum parameters of the thermodynamic cycle and which are
optimal. The geometry of the gas-turbine engine flow path also optimally corre-
sponds to this mode and the parameters of the thermodynamic cycle. Other modes
of GTE operation, which have their own optimal parameters of the thermodynamic
cycle and which must correspond to their own geometry of the GTE flow path, are
taken as compromises with the engine flow path unchanged. Engines of
multipurpose supersonic aircraft differ from engines of subsonic aircraft in the
requirement of multimode.

In a certain sense, any aircraft is multimode, but the most multimode is typical
for military aircraft, the aircraft which must perform a wide range of varied tasks,
which are characterized by a wide range of speeds and flight altitudes. Thus, the
fighter’s engine must provide high thrust when accelerating and intercepting
supersonic targets at high altitudes and when conducting air combat at medium
altitudes in a wide range of aircraft flight speeds, as well as having high efficiency
when flying at subsonic speeds at high altitudes and near the ground. Since each
flight mode of an aircraft is characterized by its own optimal parameters of the
thermodynamic cycle, compromise decisions are made in the design of the engine
and its control systems.

The provision of supersonic flight in non-afterburner mode is especially acute
for engines of military multipurpose aircraft. Provision of supersonic cruise flight in
non-afterburner mode requires the creation of a large thrust from the engine. One
of the ways to solve this problem is to increase the turbine inlet temperature (T¢),
in the future to stoichiometric. The result of analyzing the main flight modes of a
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Figure 4.

Aveas of the main flight modes of a multi-mode aircraft: 1- on the bearing properties of the wing, 2- on the
thrust capabilities of the engine (static ceiling), 3- on kinetic heating, 4- on the strength of the aircraft
(high-speed head); flight modes: 5- subsonic maneuverable combat, 6- interception, 7- attacks of ground
targets, 8- supersonic cruising flight, 9- subsonic cruising flight.

multi-mode aircraft [4, 5] is represented in Figure 4, it shows the areas of the main
flight modes of a multipurpose aircraft.

The engines of multi-mode aircraft have high values of the parameters of the
working process. This is due to gaining an advantage over a potential enemy.
Engines of civil aircraft with high parameters of the working process have an
advantage in the combat, because their efficiency will be better. It becomes impor-
tant to create aviation gas turbine engines that work effectively in all flight modes of
aircraft, i.e. adapt the engine to the appropriate operating mode. The higher the
thrust-to-weight ratio of the aircraft, the more it is necessary to throttle the engine
in cruise mode, especially for stoichiometric engines.

When the engine is throttled, its internal efficiency decreases sharply due to a
strong decline niy when decreasing T . This leads to a decrease of L¢ at this engine
operating mode.

To increase L¢ at throttle modes (non-design modes of GTE operation), as can
be seen from formula (1), it is necessary to increase the efficiency of compression
(n¢) and efficiency enlargement (#,) of the thermodynamic cycle.

5. The main directions of increasing the efficiency of GTE of direct
reaction in non-design (throttle) modes

Increasing the efficiency of the GTE of direct reaction in off-design modes is
achieved by regulating the elements of its flow path. To increase the efficiency of
compression (1) in non-design modes, regulation elements are used:

* air intake device for supersonic aircraft;

* rotation of the engine fan blades with a high bypass ratio;
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* rotation of the guide vanes of the compressors of individual stages or a group of
stages;

* the use of a bypass GTE scheme, which makes it possible to redistribute the air
flow between the gas generator by the second or third circuits (regulation of

the degree of bypass (m));

* the use of two or three compressor stages in the design of a gas turbine engine,
while there is a spontaneous change in the rotational speed of individual stages;

* the use of a slotted air bypass above the rotor blades of the first compressor stages;
* regulation of the radial clearance in the last stages of the compressor;

* bypassing air from individual sections of the compressor flow path to the
atmosphere, the second circuit, or into any section of the gas-air duct with
reduced pressure (as a rule, it is not used in advanced engines).

A characteristic feature of promising aircraft gas turbine engines is the use of
complex schemes with high parameters of the working process, in which several
methods of compressor control are used. To increase the efficiency enlargement
(n,.) the following regulation elements are applied:

* regulation of gas turbines GTE by turning the nozzle apparatus;

* regulation of radial clearances of working blades of gas turbines;

* regulation of mixing chambers (for gas turbine engines with mixing flows);
* regulation of output devices.

It should be noted that in modern and promising gas-turbine engines, the regu-
lation of the flow path occurs in a complex manner according to regulation pro-
grams, depending on the properties of the joint operation of the elements of the
flow path of the aviation GTE. At the same time, the greatest effect of obtaining
high values of efficiency of compression and expansion processes at non-design
modes of GTE operation is observed.

6. Influence of the GTE operating mode on the energy characteristics
of the fuel

The source of thermal energy for the implementation of the thermodynamic
cycle of aviation GTE is aviation fuel. In connection with the aforesaid, there is an
acute issue of the efficiency of fuel use, reduction of its consumption while
obtaining the maximum possible thermal energy. The main aviation fuel, today, for
jet aviation is aviation kerosene, obtained from oil. Despite the development of
alternative fuels, aviation kerosene will remain the main fuel for jet aircraft in the
near future. The most common brands of aviation kerosene used in civil and mili-
tary aviation, and their main characteristics, are presented in the source [6, 7].

An important parameter characterizing the energy capabilities of fuel for a
multi-mode GTE is the fuel heat output. Heating capacity characterizes the energy
capabilities of the fuel-air mixture, taking into account the efficiency of the
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organization of the working process in the engine combustion chamber. Fuel
heating capacity (Q,) is determined from the relation (3):

Hyn,

Trauly’ €)

Q, =

where:

Q, —heating capacity (lowest), kJ/kg;

H, - lower calorific value, kJ/kg;

L - stoichiometric coefficient, kg air/kg fuel;

1, — fuel combustion efficiency;

o, — excess air ratio in the combustion chamber.

From formula (3) it follows that the fuel heat output depends on the operating
mode of the gas turbine engine.

Thus in non-design modes a.. will take on larger values than in the design mode of
operation of the GTE, then the heat output of the fuel in these modes will decrease.
This will lead to an increase in fuel consumption in these engine operating modes.

The results of previous research in the field of changes in a.. can be represented
in the following way in Figure 5. It shows the range of variation of the excess air
ratio in the combustion chamber of a turbojet engine of a maneuverable aircraft. For
a turbofan engine the excess air ratio will vary in a smaller range. This is due to the
fact that part of the air will be bypassed into the second circuit, bypassing the gas
generator (first circuit).

A typical change in the excess air ratio can be shown schematically in the
following form in Figure 6. It shows a typical change in the excess air ratio in the
combustion chamber when changing the operating mode of the gas turbine engine.
Point 2 corresponds to the maximum operating mode of the engine (design mode),
point 1 corresponds to the operating mode of the minimum power, which is
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Figure 5.
Range of acc variation in GTE multi-mode (maneuverable) aircraft.
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Figure 6.
Typical change in excess air ratio a.. in the combustion chamber of a gas turbine engine when changing its
operating mode.

characterized by increased values of the excess air factor in the engine compressor,
3- steady-state modes of GTE operation, 4- throttle response, 5- gas discharge, 6-
lean flameout in the combustion chamber, 7- rich flameout in the combustion
chamber, af,— the calculated value of the excess air ratio in the combustion chamber.

As it can be seen from Figure 6, a change in the operation of a gas turbine engine
leads to a strong change in the excess air ratio in the combustion chamber, which
greatly affects the efficiency of fuel combustion efficiency (1,) this also reduces the
heat output of the fuel (Q,), which, accordingly, reduces the coefficient of the GTE
thermodynamic cycle 7;,,, and in the end full efficiency of the engine ()
decreases. This situation is typical for any direct reaction aircraft GTE, and the
parameter values depend on the specific engine and its purpose.

At the design operating mode of the GTE (maximum power mode), . = 2.0-2.5,
n,=0.98-0.99, which corresponds to the modern level of development of aviation gas
turbine engines, the heat output of aviation kerosene is 1103-1385 kJ/kg - design
modes, fuel heating capacity (Q,) less than 500 kJ/kg.

For promising high-temperature (stoichiometric) aviation GTEs in the design
mode (maximum power mode), a. = 1.0, Ny = 0.99, the heating capacity will be
approximately 2682 kJ/kg. Thus, the multimodality of aviation GTE significantly
determines the efficiency of fuel use in an engine. As noted earlier, each mode of
operation of aviation GTE also corresponds to its own optimal parameters of the
thermodynamic cycle, which are characterized by the effective operation of the
engine in this mode. Therefore, it is important to ensure optimal and efficient use of
fuel in all modes of GTE operation to obtain these parameters, taking into account
that the geometry of the engine is optimally designed for efficient operation only at
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the maximum power mode. Fuel properties play one of the key functions in the
formation of the technical appearance of an aviation GTE and its design.

Flight technical and operational characteristics of an aircraft to the greatest
extent depend on such fuel properties as density (p), and heat of combustion (H,).
Influence of the type of fuel on the working process and the main parameters of the
GTE, thrust (R) and specific fuel consumption (Cg), is (mainly) due to the calorific
value of the fuel and the thermophysical properties of combustion products with
air. Maximum possible theoretical turbine inlet temperature (T5) (in the first
approximation) for aviation kerosene can be determined by the relation (from the
basic course in the aviation engine technology):

Hyn,

TS ——=T% +——>.
Gmax C + achOCp

(4)

From the Eq. (4) it follows that T,,,, generally depends on T, excess air ratio
in the combustion chamber(a,) and the relation H,/L, . By increasing a.. the
temperature T, . decreases.

As follows from Figure 7, the maximum gas temperature (T,,,.) is achieved at
ac = 1.0, thus, at the stoichiometric value. The range of maximum value of T is
very narrow and by increasing .., T, Will decrease rapidly. This leads to a
decrease in the possibilities of full use of the energy potential of the fuel, and in
some cases it can lead to the impossibility of the combustion process.

Figure 8 shows a typical characteristic of the combustion chamber from which it
follows that in the entire range of variation of the excess air coefficient in the
combustion chamber (a..) there is a single value af, at which the combustion
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Figure 7.
Calculated dependence of the temperature of fuel oil combustion products on the excess air ratio: —— at

T:=600K;---T. =300K.
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Figure 8.
Typical characteristic of the combustion chamber is represented in the following way: The dependence of the fuel
combustion efficiency ( Ny ) from the excess air ratio in the combustion chamber (a.). The calculated excess air

. . . . * *
ratio for a given combustion chamber is af, = 3,5, ——————— T, = = = = Témin-

efficiency (7,) has a maximum value. This is true for all combustion chambers of a
conventional GTE.

Thus, it follows from the above analysis that the maximum energy characteris-
tics of jet fuel can be obtained in a very narrow range of operation of traditional
(non-regulated) combustion chambers. And the optimal operating mode of the
compressor station at which the maximum heat release occurs corresponds only to a
single value of the excess air coefficient (af,) in the combustion chamber and it
corresponds to the calculated (maximum) value of the engine operating mode.

To evaluate the operation of the compressor station with control elements in the

multi-mode GTE system, we introduce the coefficient of fuel heat output (qt) (5):

Qi

q; :Q:’ (5)

where:

Q,; - fuel heating capacity at the i-th mode of GTE operation;

Q,, - heating capacity of fuel at the design (maximum) mode of operation of the
GTE.

The coefficient of fuel heat output shows the use of the thermal capabilities of
the fuel depending on the operating mode of the GTE. Each mode of GTE operation
corresponds to its own excess air ratio in the combustion chamber (a¢c;). For high-
temperature (stoichiometric) combustors with elements for regulating the geomet-
ric dimensions and composition of the mixture in the combustion zone, the coeffi-
cient of heat output shows their technical perfection, i.e. obtaining the maximum
possible heating capacity of the fuel in throttle (non-design) modes of the GTE.

The above analysis shows that, aviation kerosene still has a sufficient reserve for the
implementation of high thermodynamic characteristics for promising GTEs for the near
future. However, in order to realize the great thermodynamic capabilities of fuel in a
multi-mode GTE, a new approach to the development of promising GTEs is required.

7. The principles of adaptation of a promising multi-mode GTE

The essence of the approach for realizing the large thermodynamic capabilities
of the GTE should be based on the fact that each operating mode of the engine
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should be optimal (calculated). This means that the gas path of the GTE and the
engine automatics must correspond to obtaining the maximum engine characteris-
tics in these modes. In other words, the gas path of the GTE and the automatic
engine control system must adjust (adapt) to each operating mode of the engine in
order to increase the work of the thermodynamic cycle in these modes, i.e. increase
in total efficiency of GTE.

Adaptation refers to the ability of technical devices or systems to adapt to
changing environmental conditions or to their internal changes, which leads to an
increase in the efficiency of their functioning. For promising aircraft gas turbine
engines, this is expressed in the application of regulation of the elements of its flow
path, depending on the mode of its operation, as well as the use of an adaptive
control system for its operation. The means of adaptation are the adjustable ele-
ments of the GTE flow path (part 5) and the engine control system. Continuous
increasing requirements for the flight performance of maneuverable aircraft neces-
sitate continuous improvement of the characteristics of the aviation GTE. As
already noted, the improvement of the characteristics of the aviation GTE goes
along two” soft “directions.

The first is the complication of the schematic diagrams of aviation GTEs, with
the simultaneous implementation of regulation of the elements of its flow path, in
accordance with the operating mode of the engine, that is, the use of its adaptation.

The second is to increase the parameters of the GTE working process, the
turbine inlet temperature (T ) and the degree of compressor delivery
pressure( ().

Moreover, in these areas of development of aviation GTE, the adaptation process
is widely used in order to obtain high performance in all modes of GTE operation.

If the adaptation of promising aircraft GTEs is carried out mainly by adjusting
the elements of the flow path of the engine, as is customary, according to rigidly
specified programs, depending on the operating mode, then it is clear that auto-
matic control according to a given rigid program does not implement extensive
adaptation and automation capabilities. In other words, there is a shortage of
potential capabilities of the characteristics of the GTE, from this it follows that the
evolution of the means of adaptation of the GTE comes into conflict with the
control methods.

The operational ranges of changes in the characteristics of promising multi-
mode aircraft are so wide that the control of the GTE without adaptation means
becomes more and more difficult.

The rigidity of the program for regulating the elements of the GTE reduces the
achievable effect of automation of maintaining the constraints. With tough regula-
tion programs, the engine does not pick up its potential capabilities, i.e. its potential
for gas-dynamic stability in the area of possible operation is not fully used.

The contradictions between the completeness of using the capabilities of the
GTE and its limitations can be resolved only on the basis of the use of adaptive
multi-parameter control systems with the simultaneous development of regulation
of the elements of the GTE flow path in accordance with the mode of its operation,
i.e. engine adaptation.

8. The application of adaptive approach in complicating the concept
of aviation GTEs

Figure 9 shows a hypothetical adaptive GTE with control elements for its flow

part, where: 1-rotary guide vanes of the fan; 2- air bypass into the second circuit;
3-rotary guide vanes of the compressor; 4-adjustable radial clearances in the last
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Figure 9.

Hypothetical adaptive GTE: Source [8, 9] provides information about the Adaptive Versatile Engine
Technology (ADVENT) program, which later switched to the Adaptive Engine Technology Development
(AETD) program, which provides for the creation of a new type of aviation GTE for aircraft of the 5th and 6th
generation.

1z

stages of the compressor; 5-fuel supply to the adaptive combustion chamber; 6-
adjustable third circuit; 7- adjustment of the compressor turbine (rotary blades of
the nozzle apparatus and adjustable radial clearance of the impeller); 8-rotary
blades of the nozzle apparatus of the fan turbine; 9-adjustable radial clearances of
the fan turbine; 10- adjustable mixing chamber; 11-fuel supply to the afterburner;
12-adjustable nozzle.

The overall goal of the programs is to create a promising GTE, which consumes
25% less fuel, creates 10-20% more traction than existing GTEs.

Such a significant improvement in the parameters is achieved due to the com-
plexity of the concept of a GTE and the use of various adaptation mechanisms.

The bypass turbofan engine provides for the availability of an adjustable third
circuit (Figure 9, item 6), which is included in the operation only in the cruise
(economic) flight mode, while significantly increasing the overall bypass ratio (m).

At high and maximum power modes, the circuit switches to low bypass levels,
which allow increasing the traction characteristics of the engine in these modes.

Analyzing changes in specific thrust (Rg) and specific fuel consumption (Cg)
depending on the bypass ratio, we calculate (from the basic aviation engine
technology theory) (6):

3600%Q;

Cr = ,
R (1+m) *ny+Hy *Rs

(6)

where:

m — bypass ratio;

Q; — the amount of heat supplied to the primary circuit (core engine circuit);
My = fuel combustion efficiency;

H,, — thermal conductivity of fuel;

Rs — engine specific thrust.

2% LCl )
Rg =4/ V-V,
§ 14+m + @)
where:

L¢s— inner loop operation;

V — flight speed;

M - bypass ratio.

Egs. (6) and (7) show that an increase in the bypass ratio (m) in the cruise
aircraft flight modes leads to a decrease in specific fuel consumption (Cr), while a
decrease in the bypass ratio at the maximum power modes leads to an increase in
specific thrust (Rg).
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This example also shows that the use of an adaptive approach to increasing the
complexity of the schematics of an aircraft GTE provides a significant boost to
improving the performance of promising engines.

9. Increasing the parameters of the GTE workflow using the adaptation
approach of high-temperature main combustion chamber

The above mentioned graph also shows that, to ensure the possibility of a stable
and efficient operation of high-temperature stoichiometric combustion chamber
(CC) and T*g = 2000-2200 K in a multi-mode GTE, it is necessary to use elements
of the control of the combustion chamber (from the previous information analysis).

In [6] various methods of regulating the main CC of a multimode GTE are
described. Although these methods of regulating the main CC were mainly aimed at
obtaining better characteristics for the emission of pollutants, they can also be used
to improve the characteristics of the high-temperature main CC.

Adjustment in the main CC is aimed at maintaining the specified composition of
the fuel-air mixture in the combustion zone. Maintaining the required composition
of the mixture in the CC can be facilitated by the supply of fuel, distributing it to
the combustion zones. Several combustion zones are created that operate on the
corresponding GTE operation modes. Figure 10 shows the sample CC by the [6, 7]
with two zones of combustion chamber areas. The main drawback of such burning
is the inefficient use of the volume of the CC. In some modes of operation, the GTE
of the zone type uses only half of its working volume.

Another way to maintain a given composition of the mixture in the CC is the
redistribution of air entering the CC, depending on the mode of operation of the
GTE. Air is distributed by using, for example, an adjustable front device. Figure 11
shows CC with an adjustable head.

By means of changing the flow area of the holes in the flame tube, it is possible to
vary the air supply to the combustion zone in various combinations to maintain a
given acc [7].

Currently, the adjustability of the elements of the CC is sufficiently broadly
developed.

Various adjustable nozzles, swirlers with adjustable blade installation angle and a
change in the cross-sectional area, heads with preliminary organization of the air
mixture fuel and control of its supply, adjustment of the CC volume with redistri-
bution of air throughout the flame tube, etc., may be applied [10].

Based on the above, it is possible to schematically present a hypothetical high-
temperature CC for a multi-mode perspective GTE. Figure 12 shows a hypothetical

<

Figure 10.
Double zone CC [6, 7].

182



Performance Assessment of the Thermodynamic Cycle in a Multi-Mode Gas Turbine Engine
DOI: http://dx.doi.org/10.5772 /intechopen.97458

Figure 11.
The possible CC scheme with an adjustable head.

Figure 12.
Diagram of a hypothetical adaptive type combustion chamber (ATCC).

high-temperature CC with workflow control element or adaptive type CC (ATCC).
A combustion chamber in which elements of adjustable geometric dimensions are
used in accordance with the operation mode of the GTE, as a rule, the volume of CC
and, accordingly, redistribution of air supply to the combustion and mixing zone, is
called an adaptive type CC (ATCC).

An obstacle for use of effective control of multi-mode CC of the GTE is the
design complexity of the controlled CC, high-temperature GTE operation modes
and limitations in the level of development of modern materials science and
technology.

The application of adjustability in a high-temperature ATCC is aimed at
maintaining a given acc, at which the combustion chamber operates quite efficiently,
with a high fuel combustion efficiency (n,) and a high coefficient of fuel heat output
(9,) (4) which also leads to the expansion of its range of stable operation.

Table 2 shows the adjustable parameters, control actions and the achievable
control goals for a hypothetical ATCC multi-mode GTE. The implementation of the
ATCC control is an adaptive control system.
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No Adjustable Designation Control action The purpose of
parameter regulating GTE modes
1. Airsupplytothe Fju The area of the orifices of ~ Coordination of the spray angle of
fuel injector the air flow through the the geometry of the CC
nozzle
2. Spinning the air @5 Swirl blade installation Coordination of the sizes of the
in the head angle zone of processing currents of the

geometry of the CC

3. Air flow through Fs The area of the orifices of ~ Maintaining a given acc in the
the head the flow sections of the air  primary combustion zone
supply through the swirler

4.  Changing the Ve The volume of the flame ~ Coordination of the volume of the
geometric tube CC (change in length- flame tube CC and its dimensions
dimensions of the L and height - H) to the mode of operation of the
CcC GTE

5. Supply of Fsa The area of the orifices of ~ The distribution of the secondary
secondary air the flow areas of the air supply throughout the volume
flow along the secondary air supply to the of the CC to maintain a given acc
length of the CC flame tube

6. Fuel supply tothe Gg Adjustable fuel supply Specified fuel supply, depending
CcC through the nozzle on the mode of operation of the

GTE
Table 2.

The adjustable parameters, the control actions and the achieved adjustment objectives for the hypothetical
ATCC of multimode GTE.

An adaptive control system for a high-temperature CC of a multi-mode GTE can
be implemented in two directions:

First - an adaptive choice of options, as the simplest [11].

Second - a self-adjusting adaptive system, as a more complex [12].

Adjustment by the method of adaptive choice of options is a choice of control
actions (variant of the CC) under conditions of a priori uncertainty.

In this direction, the ATCC has several fixed positions of all control actions
distributed over the GTE operation modes. Where for each range of GTE operation
mode there is “its own” version of the CC, which in these conditions realizes the
best performance. Each variant of the CC corresponds to a fixed position of the
control action. In this way (8):

acci = £(Guyi; Frais @5 Fsi; Veis Fsai). (8)

Graphically the characterization of the relative fuel combustion efficiency 7, =
Mg/Nymax (Where n,— current fuel combustion efficiency, 7, .~ maximum fuel

combustion efficiency) depending on the acc for ATCC with an adaptive choice of
options can be represented in the following form in Figure 137, = f (acc).

The generalized characteristic of the ATCC is the curve of the peaks of the
options. Thus, given the formula (7) we get (9):

ng =f Z“gcl' : 9

i=1

When using the self-regulated adaptive system ATCC, the rule for determining
the control actions changes in the course of GTE operation. In this case, the adaptive
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Figure 13.

Graphical characteristic of the ATCC with an adaptive choice of options.

control algorithm will be a combination of adjustment and adaptation algorithms.
The adaptive control system will be a dynamic system consisting of an ATCC and a
device implementing an adaptive control algorithm, with the control algorithm to
be determined over the entire range of operation of a multimode GTE. In this case,
the ATCC characteristic will appear as follows, see Figure 14.

In this way:

N, = f(acc(®@)), (10)

where:
u— vector of control actions.

|
>
>

P

F 3
v

»
.

e

Figure 14.

The chavacteristic of the ATCC with a self-adjusted adaptive system of regulation, where o — The range of
calculated modes of the excess air ratio in the combustion chamber for this method of controlling the
organization of the combustion process.
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It is necessary to clarify the definition of CC of the adaptive type (ATCC). Based
on the above, the ATCC of a multi-mode GTE is a CC with a large number of
control actions on the organization of the working process (developed control) and
an adaptive control system.

Figures 13 and 14 show that, the use of ATCC in a high-temperature multi-
mode GTE will significantly reduce its specific fuel consumption Cg in all operating
modes. Since an increase in the fuel combustion efficiency (ng) and the coefficient
of thermal performance of fuel (g,) lead to a decrease of Cg (6). At the same time,
the task of expanding the range of stable work is being solved.

10. Conclusions

To meet the requirements for promising aviation GTEs, it is necessary to
increase the parameters of the thermodynamic cycle of the engine, while simulta-
neously applying complications of the GTE concept and its elements. This will make
it possible to apply the principles of adaptation of the engine in non-design modes
of operation, and to obtain the best characteristics of the GTE in these modes.

The use of adaptation principles in the development of future-generation avia-
tion GTEs makes it possible to quite effectively resolve the contradictions of the
possible obtaining of the best (optimal) characteristics under certain (calculated)
conditions of GTE functioning and the impossibility of their implementation when
these conditions change (non-design modes) in the range of permissible (or neces-
sary) engine operating modes.

The use of an adaptive approach in the development of promising aviation GTEs
will allow to take into account many uncertainties of the challenges of the future,
which at the time of the start of work are not known or only assumed. This is due to
the fact that the creation of an engine is characterized by a significant time interval
within which various influencing factors can appear or change, and the adaptive
approach takes into account the uncertainty and limited information of many
influencing factors.

List of the acronyms

G nozzle flow rate

O specific heat of heat supply at constant pressure

Cr specific fuel consumption

Fia the area of the orifices of the air flow through the nozzle

Fin the area of the mid-section of the engine

Fs the area of the orifices of the flow sections of the air supply through the
swirler

Fsa the area of the orifices of the flow areas of the secondary air supply to the
flame tube

Ga air flow through the engine

Ga1 air flow through the gas generator

Gp air flow through the second engine circuit

Gac air flow rate entering the combustion chamber

Ggng engine mass

Gr fuel flow rate entering the combustion chamber

Gy adjustable fuel supply through the nozzle

H, lower calorific value of fuel

L, theoretically required amount of air for complete combustion of 1 kg of
fuel
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work of the thermodynamic cycle of the engine, which results in an
increase in the kinetic energy of the exhaust gases, for a real cycle has the
following form

inner loop operation

bypass ratio

coefficient taking into account the difference in the physical properties
of air and gas

engine entrance pressure

pressure behind the compressor

the actual amount of heat energy received during fuel combustion

the amount of thermal energy introduced into the engine with fuel per
1 kg of working body

fuel heating capacity

fuel heating capacity at the i-th mode of GTE operation

heating capacity of fuel at the design (maximum) mode of operation of
the GTE

the amount of heat supplied to the primary circuit (core engine circuit)
the coefficient of fuel heat output

engine thrust

frontal thrust

specific engine thrust

engine thrust at takeoff

air temperature behind the compressor (at the inlet to the combustion
chamber)

gas temperature in front of the turbine

the maximum possible theoretical turbine inlet temperature

ambient air temperature

vector of control actions

flight speed

the volume of the flame tube CC

the specific gravity of the engine

air ratio of the combustion chamber

the calculated excess air ratio for a given combustion chamber

the calculated excess air ratio for the current position of the control
elements of the adaptive type combustion chamber

working body heating degree

the efficiency of the expansion processes

the efficiency of the compression

the fuel combustion efficiency

internal coefficient efficiency of the GTE thermodynamic cycle

the maximum fuel combustion efficiency

propulsive efficiency

the overall efficiency of the direct reaction GTE

the relative fuel combustion efficiency

compressor pressure rise

cumulative pressure rise in the engine

density

swirl blade installation angle
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Chapter 9

Graphical Analysis of Gasification
Processes

Shehzaad Kauchali

Abstract

Gasification processes incorporate many reactions that are fairly complex
to analyse making their design difficult. In this chapter it is shown that general
gasification systems are limited by consideration of mass and energy balances only.
Here, a ternary Carbon-Hydrogen-Oxygen diagram is developed to represent gas-
ification processes. The diagram incorporates basic chemistry and thermodynamics
to define a region in which gasification occurs. The techniques are further validated
from data obtained from pilot or laboratory experiments available in literature.
In this chapter we develop graphical representation for sawdust gasification and
underground coal gasification (UCG), a clean coal technology. The methods
described allow for further analysis without considerations to thermodynamic
equilibrium, reactor kinetics, reactor design and operation. This analysis is thus an
indispensable tool for flowsheet development using gasification and an excellent
tool for practitioners to rapidly understand gasification processes.

Keywords: gasification, biomass, sawdust, CHO-diagram, coal, UCG

1. Introduction

Biomass gasification processes produce a versatile fuel-gas using a thermo-
chemical conversion of the biomass in a reducing environment in the presence of air,
oxygen or steam. The resulting gas is cleaned and is generally suitable for heating,
power generation or liquid fuel production. The important drivers towards biomass
utilisation include renewable and sustainable energy sources, the Kyoto protocol
addressing the need to lower carbon dioxide emissions and the CO,-neutrality of
biomass emissions. However, it is argued that biomass conversion systems be as
efficient as existing fossil fuel technologies [1]. It is stated that gasification is one of
the least efficient processes in the biomass-to-energy value chain and a study on the
gasifier alone can lead to substantial improvements [2].

Large amounts of literary work, including theoretical and experimental devel-
opments, on biomass gasification have been published [3-11].

The use of bond-equivalent percentages to study conversion of coal to other
materials on a ternary Carbon-Hydrogen-Oxygen (CHO) diagram has been
advocate by [12]. [13] have used a CHO diagram to determine the feasible operat-
ing region of a moving bed gasification reactor. In an important follow on work,
by [14], it was shown that any coal gasification process can be constrained to a
region, by stoichiometry, and further to a line or plane by energy considerations.
Thus complex coal gasification reaction schemes can be interpreted readily before
the consideration of thermodynamic equilibrium, kinetics, reactor design and
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operation. This work forms the basis of the sawdust gasification analysis in this
paper. Recently [15] use a graphical targeting approach, on the CHO diagram, to
design a biomass gasification process for methanol production. This chapter seeks
to provide design options for biomass gasification, on the CHO diagram, in order
to evaluate theoretical limitations of the complex reacting systems. Moreover, these
options are envisaged to assist in the design of new pilot-scale experiments or com-
mercial operation of biomass and underground coal gasification systems.

There is a lack of coherent approaches to designing gasification processes. This is
partly due to the fact that most approaches rely heavily on reactor types, where the
information is proprietary and partly due to non-existence of fundamental explana-
tions based on simple chemistry and thermodynamics. It is thus useful to develop a
method that enables the understanding of gasification from basic principles. Lastly,
and more importantly, it would be useful to empower a designer to suggest experi-
mental validity, for given solid-feedstock, based on preliminary designs derived
from the methods discussed in this chapter. This will invariably lead to honing into
final designs quicker, with less experimental effort and cost.

The chapter is ordered according to the following: first the bond-equivalent
CHO diagram is introduced, followed by the determination of the important
gasification reactions and stoichiometric region for sawdust and underground
coal gasification, followed by the determination of autothermal operation and the
representation of experimental data on the CHO diagram.

2. Bond-equivalent CHO diagram

The bond-equivalent percentages, as introduced by [12], implement the bonding
capability of each element in the CHO system. Bond-equivalent percentages spread
data points uniformly in the CHO diagram, making analysis visually appealing, and
this technique is used for the remainder of the discussions in this work.

2.1Introduction to CHO diagram

The bond-equivalent CHO diagram is shown in Figure 1, below, where the
apexes represent pure C, H and O as well as pure C, H, and O,. The other important
permanent species that need to be represented are CO,, CO, H,, CH, and H,0
[5]. For example, to obtain the bond equivalent fraction for a species C,H,O,, the
contribution by carbon is 4(x), hydrogen is 1(y) and oxygen is 2(z), which is nor-
malised for each species. Thus CH, is represent by C = 4/(4 + 4) and H = 4/(4 + 4)
and places the point midway between C and H. Similarly CO, and H,O are midway
between C-O and H-O respectively. CO is a third between C-O.

2.2 Representing chemical species and reactions

Chemical species, as individual or in a mixture (such as feed to a process), can
thus be represented as single points on the CHO diagram. For example, a synthesis
gas of composition 33.3% CO and 67.7% H, (CO:2H,) may be represented as a single
COH, species and is plotted in Figure 1. Dry sawdust represented by CH; 350¢ 617
[16] is also shown.

A further property of the diagram is that reactions may be represented as
intersections of two lines: one representing the reactants and, the other, products.
For example, the line joining CH,4 to O, intersecting with the line joining CO and H,
represents partial oxidation of methane to form H, and CO, in the ratio 2:1.
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Figure 1.
Representation of chemical species on the bond equivalent CHO diagram.

3. Stoichiometric region of operation for sawdust

The analysis performed here utilises dry sawdust with chemical formula
CHj; 3500 617 with HHV of 476 KJ/mol [16] and a calculated AH of formation
of —107.77 KJ/mol. The nitrogen, sulphur and other elements (including ash)
are considered inerts within the CHO diagram and are excluded from analysis.
The theoretical development here seeks to determine the region in the CHO
triangle where the gasification of sawdust is feasible and attractive energy-wise.
Furthermore, the theoretical result will be compared with those from pilot scale
experiments in a later section.

3.1 Stoichiometric region of operation for sawdust

It is acknowledged that gasification reactions are complex comprising of numer-
ous reactions occurring on solid surface or in gas phase. The gasification system
considered here comprises of sawdust, steam and oxygen (or air with nitrogen as
inert). In contrast, [14] considers a similar system with fixed carbon, steam and
oxygen to represent a coal gasification system. Furthermore, a simplified set of
reactions are provided that limit the product species from the list of permanent
gases (CO, CO,, H,0, CH, & H,) that occur in appreciable amounts between
650 K-1500 K [5].

For the sawdust system, the following reactions at 650 K will thus be considered:

Combustion

1, : CH, 50,4, +0.19150, — CO+ 0.675H, (-2.6k]J/mol)
1, : CH, ,,0,4,, +0.69150, — CO, + 0.675H, (-286.3 kJ/mol)
t, : CH, 5,0, 4,, +0.66250, — CO, +0.675H,0 (—452.0 kJ/mol)
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r, :CH, ,.0,,, +0.5290, - CO+0.675H,0 (~168.3kJ /mol)
1, : CH, ;s0, ¢, +0.3540, —0.6625CO, +0.3375CH, (~181.8kJ/mol)

, : CH, 350,61, +0.022750, —0.6625CO +0.3375CH, (6.2kJ/mol)

Gasification
t, : CH, 1504 1y +0.383H,0 <> CO+ 1.058H, (91.41J/mol)
t,:CH, .0, +1.383H,0 <> CO, + 2.058H, (53.1J /mol)

r, :CH, 450, ¢, +0.3538H,0 <> 0.4856CO0, +0.5144CH, (—40.2Kk]/mol)
1o : CH, 350,67 +0.0303H,0 <> 0.6473C0+0.3527CH, (14.0kJ/mol)
1, : CH, ;0,4 +0.383CO, <>1.383CO +0.675H, (106.0k] /mol )
r,, : CH, 350,,, +1.058CO, «>2.058CO +0.675H,0  (131.9kJ/mol)
1,3 : CH, 350,¢,, +0.0455C0, <> 0.708CO+0.3375CH,  (19.1k]/mol)

1, :CH,,.0,,, +1.942H, <> 0.617H,0+CH, (—128.0k]J/mol)
1,5 : CH, 3,0, ,, +0.708H, <> 0.3085C0, +0.6915CH,  (~72.2k]J/mol)

I :CH, 1.0, 41, +0.091H, <>0.617CO+0.383CH, (7.31J/mol)

Gas combustion
1, :H, +0.50, —» H,0 (—245.3Kk]J/mol)
1, : CO+0.50, — CO, (—283.7 kJ /mol )
Gas reactions
1, : H,0+CO <> H, +CO, (—38.4XJ /mol )

1, : CO+3H, <> CH, + H,0 (~283.7 kJ /mol)

The reactions (r1-716) are not chosen arbitrarily. The reactions are chosen on
the basis that sawdust will react with a number of gases, some from feed (oxygen,
steam) while others from primary products such as hydrogen or carbon dioxide.
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3.2 Graphical representation of sawdust reactions

The reactions (r;1-746) are plotted on the CHO diagram in Figure 2. The dotted
line represents combustion reactions and the dashed lines are gasification reactions.
It is noted that there are no reactions with CH4 and biomass or CO and biomass as
these lines (CH,-sawdust & CO-sawdust) do not intersect with any other lines since
they are on the extreme edges. There are other reaction schemes plausible that have
not been included as they shall not form part of the important subset shown later.

3.2.1 The non-negative basis reactions

From the reactions given above, some reactions are dependent on each other.
Furthermore, the gasification system, and hence the analysis, requires only those
reactions to form the basis reactions which are able to: 1) obtain other reactions by
positive linear combinations, and 2) do not produce the original feed reactants, in
particular O,, H,O and C. The reader is directed to [14] for further clarity. The eight
important basis reactions that satisfy the two conditions are given in Table 1.

A method for determining which reactions are part of the basis set can be
described as follows: Firstly, connect all product species, excluding the ones that
appear in the feed (steam and oxygen). Note, water-methane, water-carbon
dioxide and water-carbon monoxide are thus also omitted. Secondly, connect the
feed (sawdust) to the feed oxidants (steam and oxygen). The intersections that are
formed (within the diagram - excluding edges) are the basis reactions where the
connected points form the reactants and products respectively. Also note hydrogen
is not forming part of the reactants in the basis reactions as it is not specified as a
feed and thus is excluded.

Any sawdust gasification overall reaction can be obtained by positive linear combina-
tions of the eight basis reactions in Table 1. This is translated graphically by implying
that an interior point in the space (formed by the basis reactions) can be obtained
by connecting any boundary points.
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Figure 2.
Graphical representation of sawdust reactions.
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Table 1 summarises the important reactions between sawdust, oxygen and steam.
Notice, the reactions also represent the line, which in turn, determine the reactants
or products. This is shown in Figure 3. For example, a line representing the reactants
(sawdust and oxygen) is obtained by connecting the sawdust point with the pure
oxygen point. However, the products obtained from this reactant line (sawdust-
oxygen) are dependent on which product line is intersected. The product line is
one which contains two of the permanent gases listed previously. For illustration
purposes, consider the two product lines obtained from H,-CO and H,-CO, - these
are strictly products as none of them feature in the feed given. Finally, to obtain the
reactions, say 73, the intersection of the lines joining sawdust-oxygen and CO-H,
are considered. In Figure 3, this intersection point is presented by point A. It also
represents the bond equivalent point plotted for either the feed or product. The
relevant stoichiometric values are then used to balance the reaction and are listed in
Table 1. The process was thus repeated for all possible intersection points and a set
of balanced reactions were obtained (r1-71). Moreover, the heat of reactions were
determined based on the balanced reactions. The values have been provided in brack-
ets after every reaction. Whilst, the reactions are not meant to represent reaction
sequence or mechanism they do provide for a macro representation of the possible
outputs from a sawdust gasification system. This is useful when predictions of syngas
composition is critical for design.

1, :CH, ;s0y 61, +0.19150, — CO + 0.675H, (-2.6k] / mol)
1, :CH, ;0. ¢1, +0.69150, — CO, + 0.675H, (—286.3kJ / mol )
1, :CH, ;s0, ¢, +1.383H,0 <> CO, + 2.058H, (53.1kJ / mol)
1, :CH, ,s0, ¢, +0.383H,0 <> CO + 1.058H, (91.4k] / mol)

1, :CH, ;;0,4,, +0.3540, —0.6625CO, +0.3375CH, ~ (-181.8k]/ mol)

1, :CH, 350, 51, +0.022750, — 0.6625C0 +0.3375CH,  (6.2kJ / mol)

1, :CH, ;,0,,, +0.3538H,0 <> 0.4856CO, +0.5144CH, (-40.2kJ /mol)

5 : CH, 3,0, ;7 +0.0303H,0 > 0.6473C0O +0.3527CH, (14.0kJ / mol)

Table 1.
Non-negative basis reactions for sawdust.

[
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Figure 3.
Stoichiometric vegion for sawdust without methane formation.
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The heat of reactions listed with the various reactions are important as they pro-
vide the necessary energy for gasification processes to occur. It is noted that some
heat of reactions are endothermic (positive) and some exothermic (negative). Of
particular interest are the heat of reactions for r4, 79 and ry9. 79 depicts the exother-
mic nature of steam reaction producing syngas rich in CO, and CH, - this has not
been reported elsewhere and is of commercial interest requiring low temperature
(<400C) and perhaps even the use of catalysts. 7s and 79 both demonstrate the low-
est amount of oxygen and steam required to gasify sawdust, to produces syngas rich
in CO and CH,, at high temperatures and non-catalytically.

The sawdust-oxygen intersection with the product lines were depicted in Figure 2.
These are represented, in order from the sawdust point, by 7, 4, 75, 74, 7, and 73. Of
these points, it is noted that 7; and 74 do NOT form part of the basis reactions as one
of the products (water) is already accounted for in the feed. This leaves only reactions
that form either one of the products: CO, CO,, H, and CH,. The same analysis applied
to sawdust-water intersections with the product lines requires that those reactions that
produce only the products CO, CO,, H, and CH, are included.

For most gasification systems, the compositions of the syngas desired is dependent
on the end use for the gas. For example for liquid chemicals production syngas rich
in H, and CO, with minimal CHy, is required. The system can be designed for low
methane production. When methane is not formed, then only the first four reactions
(Table 1 and region ABCD in Figure 3) will provide the possible products obtainable
from the gasification system using sawdust, oxygen and steam. This fundamentally
implies that any sensible gasification (conversion of sawdust to gas with significant
calorific value/energy content) will occur inside the stoichiometric region ABCD.
Operating outside of this region will result in material not converted in the gasification
process and leave the gasifier unreacted — which is not a preferred mode of operation.

3.2.2 Stoichiometric regions without methane reactions

When methane reactions are excluded from the reactor product, such as required
for liquid fuel or chemicals production, the basis reactions as from Table 1, form a
region (ABCD) as shown in Figure 3, above. It is noted that these reactions, which
form part of the extreme boundary, span all sensible gasification products within the
region. Any interior point inside region ABCD can be obtained by linear combina-
tions of reactions 74, 75, 77 and rg where the final products will be a combination of
H,, CO and CO, only. Moreover, the edges of the region comprise of oxygen (air)
gasification processes, on the lower side (AB), and steam gasification (CD) on the
top side of ABCD. Furthermore, these reactions are chosen on the initial premise
that no product should contain any reactant, hence any reaction that forms steam
(or oxygen) is automatically rejected. Also, operation of a gasification system to
the left of AD implies that the feed contains more sawdust than steam and oxygen,
which inherently implies that unreacted sawdust should be expected at the exit of
the reactor. Similarly, operating to the right of BC implies that the feed contains
more steam/oxygen which will leave the gasifier unreacted, implying non-optimal
usage of steam/oxygen. It is in this context that it is implied that sensible gasification
occurs within the region ABCD. The case where methane is formed is omitted from
further interpretation and will form part of a future publication.

4. Autothermal operation

When gasifiers run under adiabatic conditions, without heat loss or added heat,
the system balances the exothermic reactions with the endothermic reactions. In
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E:CH, ;s0,¢,, +0.1860, +0.0107H,0 — CO + 0.686H, (0kJ /mol)
F:CH, ,;0, ¢, +0.1080, +1.17H,0 — CO, +1.84H, (0kJ / mol)
Table 2.

Thermally balanced basis reactions without methane formation.

Figure 3, the two exothermic reactions ; and r, can be used to balance the endo-
thermic reactions r; & rg. Line EF forms the thermally balanced line and the prod-
uct temperature equals the inlet temperature. The thermally balanced equations for
reactions E and F are given in Table 2 for the case where no methane forms.

When methane is not produced, any thermally balanced process can be obtained
by the linear combination of the two thermally balanced basis reactions. In Figure 3,
below line EF products emerge hotter, while above the line they are colder.
Furthermore, point E is preferred under low H,0/0O, ratios while F would be pre-
ferred for high H,0/O, ratios. According to [14] practical gasification processes occur
below the thermally balanced line and on the hot side. The reason is a combination
of compensation for heat losses as well as methanation in real gasification systems.
Operating in the colder section is an indication of external heat sources used to drive
the endothermic reactions. Section 6 looks at some experimental points for sawdust
gasification in relation to the thermally balanced line EF.

5. Carbon boundary and contours of higher heating value

The work of [17] studied the effect of temperature and pressure on carbon
formation in gasification systems. It was identified that it is common for carbon
to partially gasify and, due to kinetic limitations, solid carbon does not achieve
equilibrium. Furthermore, the carbon boundary, under thermodynamic limits, may
be represented on the CHO diagram as isotherms at constant pressure. Two such
isotherms have been depicted in Figure 4 at 1000 K [7] and 733 K [5]. Operating a

Hoguwo Hydrogen

Carbon Carbon Carbon
Monoxide Dioxide

Figure 4.
Carbon boundaries at 733 K and 1000 K with HHV contours.
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gasification process within the carbon boundary indicates that there is a propensity
for unreacted carbon to occur in the product stream.

This results in low carbon conversions with some carbon remaining in the ash.
Moreover, it is desirable to operate in a carbon-free region. In Figure 4, it is evident
that operating a process with feed within the stoichiometric region ABCD, at low tem-
peratures (733 K), will invariably lead to carbon deposition. It is therefore important
to determine the average maximum temperature achievable in the gasification system
in order to assess the location of the carbon boundary. Figure 4 also shows a carbon
boundary for a system that operates at 1000 K. The presence of the high temperature
carbon boundary further reduces the stoichiometric region in which it is desirable to
operate a gasification system. For exothermic gasification, with 100% carbon conver-
sion, it is favourable to operate in the region defined by KBFL (Figure 4). Figure 4
also shows the calorific value (HHV) contours (3-7 MJ/m?) for the idealised stoichio-
metric region when only air (Nitrogen 79%) is used. These contours are useful when
deciding on the targeted calorific value of the product syngas as well as air and steam
requirements.

6. Representation of experimental points for sawdust gasification
Tables 3-5 summarise some experimental data available for analysis on the

CHO-diagram. It is notable to see that the fuels used have similar C,H and O
content. In this analysis the chemical representation of [16] was used to determine

Reference Comments Gasifier type Sawdust chemical formula
(dry, ash-free)

C H o
Basu [16] Basis for Heat of Reaction 1 1.35 0.617
calculations
Lietal. [7] Syngas data from Figure 15. Circulating 1 155 0.597
4 extreme points taken from Fluidised Bed
set of 15 experimental runs.
Average sawdust composition
reported from 7 wood species
Zainal et al. [10] Calculated from modelled data Fixed Bed 1 144 0.66
in Table 5 (Dry gas) including Downdraft
steam in product stream
Lietal. [18] Calculated from Figure 2a Circulating 1 146 0.75
(S/B = 0.8) including steam in Fluidised Bed
product stream
Qinetal. [19] Calculated from Figure 15 Entrained 1 1.53 0.66
(1400C) including steam in Flow
product stream
Fletcher etal. [20] CFD modelling of gasifier Entrained 1 1.68 0.6
Flow
Meng etal. [21] Calculated from Figure 2 Bubbling 1 1.39 0.79
(S/B = 0.8 & 2.9) including Fluidised Bed

steam in product stream.
Representation of 8
experimental points

Table 3.
Sawdust characterisation and gasifier type used from literature.
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Reference Mol composition (syngas) Syngas composition (mol %)
C H o H, co CO, CH, H;0 CH,
Basu [16] — — — — _ _
Lietal. [7] 18.5 39.0 26 — — — — — —
24.6 29.8 45.6
21.0 39.6 39.5
24.8 364 38.8
Zainal etal. [10] 319 30.5 18.2 0.2 19.2 —
Lietal. [18] 131 233 14.8 8.0 40.8 —
Qinetal. [19] 243 266 111 — 38.0 —
Fletcher et al. [20] 24.0 13.0 14.0 5.0 11.0 —
Meng et al. [21] 139 23.8 7.8 44 47.5 26
9.9 9.3 54 1.9 72.7 0.8
Table 4.

Syngas data from various experimental runs.

Reference Bond equivalent composition (syngas)
C H (0}
Basu [16] — — _
Lietal. [7] 0.38 0.22 0.40
048 0.22 0.29
0.41 0.19 0.39
047 0.18 0.35
Zainal et al. [10] 042 0.22 0.36
Lietal. [18] 0.36 0.27 0.37
Qinetal. [19] 0.39 0.24 0.37
Fletcher et al. [20] 0.39 0.28 0.33
Meng et al. [21] 0.34 0.31 0.35
0.16 041 043
Table 5.

Bond equivalent composition for syngas from various experiments.

the heat of reaction for sawdust and used subsequently for all the other reactions
in the respective calculations. It is also noted, that the experimental results have
been performed in various types of gasifiers ranging from fixed bed, circulating,
entrained flow reactors and even catalytic systems.

Sawdust gasification tests in a pilot-scale air blown circulating fluidized bed
gasifier have been performed by [7]. 15 runs were performed with over 6 spe-
cies of sawdust (with varying moisture content) at atmospheric pressure and
temperature ranging from 700-815°C. With air as gasification medium, syngas
contaminated with nitrogen was produced with dry gas heating values ranging
from 2.43-4.82 MJ/m3 (STP) and 3.59-6.13 MJ/m3 (STP) if tar and light hydrocar-
bons are produced. A CHO diagram was used to analyse the experiments relative
to the carbon boundaries with the conclusion that there are kinetic limitations
restricting the full conversion of carbon. Figure 5 depicts the collection of extreme
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Representation of experimental points for sawdust gasification.

experimental points from [4] as indicated by the shaded region. It is of interest
to observe that the points lie within the stoichiometric boundary, and on the hot
side. Moreover, there are experimental points that lie on the carbon boundary. It
is noted that the sawdust used in the experiment have a slightly higher hydrogen
content than the one used for the analysis so some deviations are expected.

Zainal et al. [10] develop an equilibrium model to predict the gasification
process in an adiabatic downdraft gasifier. The result is plotted in Figure 5 for an
adiabatic downdraft gasification of sawdust. The downdraft gasifier lies once again
in the stoichiometric region and on the hot side of the thermally balance line. Also,
it is found that a downdraft gasifier can be modelled using an equilibrium model
provided the gasification temperature is known.

The effects of metal salt catalyst on gasification of sawdust in a fluidized bed
gasifier was studied by [18]. For sawdust it was noted that using NaCl and K,CO; as
salt catalyst increased yields of CO and CH,. Excess steam was used in the gasifica-
tion system and the reported data in Table 4 was determined by analysing the dry
syngas data, the feed mass balance and the WGS reaction.

Qin et al. [19] performed a laboratory scale entrained flow gasifier at tem-
peratures of 1400C using feedstock comprising wood, straw and dried lignin.

The experiments were conducted using excess steam but report the syngas ona
dried basis. The values for the syngas immediately after the entrained flow gasifier
reported in Table 4 have thus been recalculated based on the known feed mass
balance, the gasification temperature and the syngas output composition (dried). It
is noted some WGS reaction had to be included to obtain the final compositions.

A Computational Fluid Dynamics (CFD) model developed by [20] predicted
the output performance of an entrained flow gasifier using biomass (sawdust and
cotton trash). The output of the syngas is suitable for gas-to-liquid process such as
methanol or Fischer-Tropsch liquids.

A novel pilot scale bubbling fluidized gasifier was built by [21] to study the
effects of gasification oxidants. 8 such points have been included and represented
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by a single straight line in Figure 5. It is noted that excess steam has been used and
hence the points lie out of the stoichiometric region (grey shaded region). The
product syngas is then further dehydrated in an additional step to obtain the dry gas
reported by [21].

The CHO diagram development and the analysis performed in this work have
thus been validated by experimental data. In summary, sensible biomass gasifica-
tion systems will operate in a well-defined mass balance region (grey shaded region
ABCD in Figure 5). This region is further divided by the presence of the energy
balance and the carbon boundary (derived from maximum temperature achievable
for gasification). With the additional information of the HHV contours, a desirable
operating point (for high HHV syngas) can be determined at the intersection of the
thermally balanced line and the carbon boundary (maximum gasification tempera-
ture). The experimental points from literature also confirm the operational regions
for sawdust gasification. Hence, preliminary designs or experimental programs can
greatly benefit as a targeted approach is used prior to expensive trials.

7. Equilibrium and thermodynamics

While the basis reactions in Table 1 provide the necessary process schemes
required for gasification, they do not explicitly say how the specific stoichiometry
is to be obtained. The restricting factor here is thermodynamic equilibrium limita-
tions and, in the case of [7], kinetic limitations. In general, some aspects of gasifica-
tion processes may be modelled as equilibrium systems. However, thermodynamics
restricts the theoretically achievable CO:H2 ratios as required by the ideal stoichio-
metric region. For example, if reaction F is desired at say 1000 K, the equilibrium
compositions are H,0: 0.19, C0:0.19, CO,:0.16, H,:0.44 and negligible CH,. In this
case we are seeking a ratio (CO:H,) of infinity instead of the one limited by ther-
modynamics at 2.3. In order to achieve the composition from the idealised stoichio-
metric region steam injection (for H2 deficient gas) or CO, (for CO deficient gas)
addition is required to adjust the ratios of the species in the Water-Gas-Shift (WGS)
reaction.

7.1 Circumventing thermodynamic limitations using WGS reaction

It is possible to use steam injection to obtain the thermally balanced reaction
(F) (Table 2). This is in accordance with the Water-Gas-Shift reaction:
CO + H20 «» CO2 + H2. Steam is added to increase H2 content from a CO rich
equilibrium steam. Conversely, CO, may be added to increase CO content from a
H, rich stream although it is not commonly practiced. In this particular case, at
1000 K, the steam per mol of sawdust is >55. This means that a large quantity of
steam needs to be raised and condensed after the gasifier. Although this ratio (55)
is an extreme case, it is commonly found that ratios of up to 3-7 are used in prac-
tice. It is also noted here that the steam assists in obtaining the stoichiometry of the
basis reactions and is recycled after the gasifier in a recycle loop comprising of
steam generation, condensation, treatment and make-up water stream.

8. Application to underground coal gasification (UCG)
UCG, a clean coal technology, is widely understood as a disruptive mining

method that is efficient and environmentally benign. This method extracts deep
and stranded coal by performing complex gasification reactions in-situ within the
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coal seam. The products of UCG are exactly the same as a surface gasifier without
the ash component which is designed to be left underground. Whilst the literature
on UCG technology is vast, in this chapter the analysis is limited to the syngas prod-
ucts and region of gasification as demonstrated by CHO-diagram. As an example,
consider two UCG projects in Australia performed on Macalister Coal Seam at
Bloodwood Creek and Chinchilla.

8.1 Analysis of UCG at Bloodwood Creek and Chinchilla

Macalister Coal Seam, CH 9300 103, has a heat of formation of —112.27 kJ/mol.
With this information it can be shown (developed elsewhere), that 8 non-negative
basis reactions are possible if the coal is gasified with oxygen and steam where
methane production is allowed in the product stream. Furthermore, only 4 inde-
pendent reactions lead to the thermally balanced operation where the heat of reac-
tions are zero. These reactions are represent in Table 6 and the thermally balanced
region (shaded in grey) in Figure 6.

8.2 Representation of UCG processes at Bloodwood Creek and Chinchilla

Figure 6 represents the gasification tendencies for the Macalister Coal Seam,
oxygen and steam. The shaded region indicates where the thermally balanced
region is for the coal, representing a net zero input/output of energy into the gas-
ifier — a preferred scenario for any ideal gasification process. The Chinchilla syngas
output are represented by the triangles and the cross represents Bloodwood Creek

No. Reaction

G CH0‘89300‘108 + 0447602 g 09964CO + 00036 COZ + 04489 Hz

CHg 9500108 + 1.167 H,O + 0.3623 O, » CO, + 1.6159 H,

I CH0‘89300‘108 + 05251 Hzo + 01962 Oz g 0487 CH4+ 0513 COZ
] CHy 89800108 + 0.3494 O, — 0.2244 CH4+ 0.0317 CO,+ 0.7438 CO
Table 6.

Thermally balanced reactions for Macalister coal.

I
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Figure 6.
Representation of gasification region for Macalister underground coal gasification.
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respectively. Two different UCG techniques have been used: Linked Vertical Wells
(LVW) and Controlled Retractable Injection Point (CRIP) [22].

The syngas compositions may be found in the works of [22]. It is noted that the
output from the UCG field trials lie within the theoretically predicted shaded ther-
mally balanced region. The choice of where to operate the UCG process depends on
the final use of the syngas. In these trials, a syngas feed for liquid-fuel production
was desired — hence a higher hydrogen to carbon monoxide ratio was required
which is achievable around the line HI. For power generation, a syngas with a higher
calorific value gas would be required and would thus operate closer to line JI which
is richer in methane, carbon monoxide and hydrogen.

9. Conclusions

While gasification systems are complex, the important reactions are represented
by basis reactions that span the stoichiometric region of operation on a CHO dia-
gram. The operation of autothermal sawdust gasification systems, without methane
formation, is further represented by a line within the stoichiometric region. It is
verified, from pilot plant data for gasification of sawdust that the operation occurs
within the stoichiometric region and on the hot-side of the thermally balanced
line. The analysis in this chapter thus enables the determination of outputs from
sawdust gasification which can further be used to design downstream processes. It
is shown that a desirable point to operate an air—steam gasification system for power
generation (syngas with highest HHV) lies at the point of intersection between the
thermally balanced line and the carbon boundary. This intersection represents the
point where the maximum HHYV is obtained for the gasification system.

The application of the CHO-diagram has been extended to underground coal
gasification processes where thermally balanced regions for a given coal was
developed. Field trial data where then plotted and found to be in the theoretically
predicted thermally balanced region.

The method developed in this chapter provide a high-level analysis to prac-
titioners who are doing basic design in gasification processes — it enables some
predictions of syngas possible based on the carbon source and possible oxidants.
The output is independent of major parameters such as gasifier type, kinetics or
reaction parameters. Lastly, the method provides predictions of syngas composi-
tions possible from a gasification system, enabling design tasks to be completed
with reasonable accuracy.
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