0

A Y
FKTHS

VETENSKAP
&9 OCH KONST o

oL

Characterization and utilization of agro-
forestry residues as energy source in Brazil

MSc. thesis

Muhammad Abdul Hayee

Department of Chemical Engineering and Technology
Division of Chemical Technology
KTH Royal Institute of Technology
Stockholm Sweden

March 2012



Characterization and utilization of agro-
forestry residues as energy source in Brazil

MSc. thesis
Muhammad Abdul Hayee

Supervisor

Rolando Zanzi Vigouroux
Department of Chemical Engineering and Technology
Division of Chemical Technology
KTH Royal Institute of Technology
Stockholm, Sweden

Examiner

Krister Sjostrom
Department of Chemical Engineering and Technology
Division of Chemical Technology
KTH Royal Institute of Technology
Stockholm, Sweden

March 2012



Abstract:

Brazil is very much rich in agriculture and forestry. The agro industry occupies an area of 28840726 ha.
The more important crops are sugarcane (7080920 ha), rice (289030 ha), wheat (1853220 ha), coconut
(283205 ha), cassava (1894460 ha), corn (13767400 ha) and grass (140000 ha). These crops generated
597 million tons of residues. Forest plantations in Brazil supplied 102.9 million m® of industrial
roundwood, of which nearly half is for renewable fuelwood and charcoal. Part of this plantation output
is destined for the pulp and paper industry:

The renewable sources are fulfilling 46.4% of the total Brazilian energy demands.
Energy forestation in Brazil includes mainly Eucalyptus and Bracatingas.

In this study three biomasses abundant in the Brazil are studied: i.e. Eucalyptus, Garapeira/Peroba
(wood dust) and Sewage Sludge.

The wood samples (Eucalyptus and Peroba/Garapeira) have higher heating value than the sewage
sludge because the wood samples have higher amounts of carbon and hydrogen than the sewage
sludge. The sewage sludge has higher ash content and lower amount of volatiles and fixed carbon than
the wood samples resulting in a lower heating value.

The pyrolysis of eucalyptus, garapeira/peroba and sewage sludge has been studied in a thermobalance
over a wide range of degradation temperatures. Between 225 °C - 375 °C (for eucalyptus) and 225 °C -
425 °C (for garapeira), the thermal decomposition of the biomass leads to significant weight loss.

The weight loss for Eucalyptus between 265°C and 350°C is 0.48 % / °C and taking into account a heating
rate of 10°C/min, the weight loss is 4.8 % /min. Garapeira has a similar behaviour than eucalyptus. The
weight loss for garapeira between 265°C and 365°C is 0.4 % / °C and taking into account a heating rate
of 10°C/min, the weight loss is 4 % /min.

The behaviour of the sewage sludge to the increase of temperature from 25°C to 700 °C in an inert
atmosphere do not show such different zones as the behaviour of the woody biomass. Between 150 °C
and 235°C the weight loss of the sewage sludge was 0.07 %/°C (0.7 %/min). The highest weight loss
takes place between 300 °C and 390 °C (0.15 %/°C or 1.5 %/min). In the third zone, between 500 °C and
600°C, the weight loss was 0.03 %/°C (0.3 %/min).

The pyrolysis is assumed to be a first order decomposition. The activation energy (E) and the pre
exponential factor (A) are calculated for the studied samples.

The proximate analysis shows differences between the woody biomass and the sewage sludge. The
sewage sludge has higher ash content and lower fixed carbon and volatiles. Eucalyptus has lower carbon
fixed and higher volatiles than peroba-garapeira.
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1 Introduction:

1.1 Renewable Energy:

Renewable energy is energy derived from the natural resources (naturally occurring) that are
inexhaustible e.g. solar radiation, wind power, geothermal, hydropower, biomass etc. [1].

These natural energy resources can be converted to mechanical energy, heat also electricity using
different technologies. Most common processes are hydropower generation, combustion, gasification,
and pyrolysis of biomass as well as waste combustion. Other commonly known techniques are wind
turbines and photovoltaic cells for solar radiations. These two technologies are highly appropriated for
areas with abundant wind or/and solar radiations.

1.2 Background:

In 1970’s the energy crisis led to greater interest in renewable energy [2]. Figure 1 shows the crude oil
prices from 1946 to 2010 [3].

Renewable fuels have lower energy density and lower calorific value than fossil fuels. On the other hand
unlike fossil fuels, renewable fuels do not have a negative impact on the environment. Burning of fossil
fuels emit greenhouse gases contributing to the global warming.
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Figure 1: Monthly crude oil prices from 1946 — 2010



2 Biomass:

Biomass refers to vegetable and animal derived material. It is carbon based and it is composed also of
hydrogen, oxygen and nitrogen. There are five basic types from which one can categorize the Biomass

depending on its origin:

e Virgin wood from forestry, wood processing

e Energy crops crop especially for energy applications

e Agricultural residues from harvesting or processing

e Food waste processing techniques of food or drinks and consumer waste

e Industrial waste & co products different process plants manufacturing waste. [4]

2.1 All about Brazilian potential towards biomass:

Brazil is very much rich in agriculture & forestry. In Brazil the agro industry occupies an area of 28840726
ha. The more important crops are sugarcane (7080920 ha), rice (289030 ha), wheat (1853220 ha),
coconut (283205 ha), cassava (1894460 ha), corn (13767400 ha) and grass (140000 ha). These crops

generated 597 million tons of residues [5].
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Figure 2: Brazilian crop Production 2008

Figure 2 shows the Brazilian crop production during 2008 [6]. Table 1 compares the Brazilian crop
production with crop production in the world [6].




Brazil and rest of the world crop production in 2009

Table 1: Brazil & the World’s crop production 2009.

Crops World production Production in % Brazilian

(1000 ton) Brazil (1000 ton) production
Sugar cane 1590 702 549 707 34.6
Soya 220533 57 857 26.2
Citrus 117 382 20981 17.9
Cassava 214 515 26 541 124
Corn 791795 52112 6.6
Coconut 61 504 2831 4.6
Rice 659 591 11061 1.7
Wheat 605 995 4114 0.7

The residues from the agro industry can be used for production of fuel, chemicals and energy. Moreover
the use of renewable energy source has positive environmental impacts. Regarding GHG emissions, 644
million metric tons of CO2 has been avoided from 1975 till 2005, because of the use of ethanol as fuel.

Other agricultural byproducts like wheat straw, corn straw, rice straw and rice hulls, variety of forestry
residues, grasses and residues from the processing of cassava, citrus and coconut etc are at high level of
interest for the Brazilian Government in using it as local feedstock for production of energy and different
types of Chemicals and Bio fuel.

The federal state of Rio Grande do Sul (RS) is the major state in Brazil that is contributing main share in
the Brazilian rice production. The rice husks amounts about 22 percent of the total rice crops. 2 millions
of rice husks are produced only in South Brazil. The farmers normally burn 15 percent of husks for drying
the rice and nearly 35 percent goes to chickens’ bedding [7]. Federal state of Minas Gerais (MG) from
South east of Brazil leading the coffee production and exportation as well, in 2007 produced 1.3 million
tons of coffee. During processing, the coffee yields 20 percent of husks. Like rice farmers the coffee
farmers dealing at small scale use a part of these residues for direct application on soil to avoid from
erosion. [7]

Brazil is pioneer in using biomass based fuel in the world and it’s just because of the abundant natural
resources of the biomass and lot of agricultural area. It is noted that the potential energy that can be
produced from biomass in Brazil is 50 TWH and it is equivalent to 17% of the total power consumption in
the country [8].

From a survey in 2006 it was noticed that only forests covered 40 million km” area of the world (FAO,
2006). In accordance with this survey 50% of this ratio was covering Europe & South America. In South



America the forests are covering 8.66 million km? amongst which 61% are located in Brazil. Brazil is the
2" highest forestry area in the world after Russia. Natural forest area in Brazil is covered almost with
56% of the total area. 0.7% of the natural forest area is covered by planted forests and the rest of the
natural forest area is covered by urban area, cattle farming and agricultural land etc.

Forest plantations in Brazil supplied 102.9 million m® of industrial roundwood, of which nearly half is for
renewable fuelwood and charcoal. Part of this plantation output is destined for the pulp and paper
industry.

Brazil can be divided into six Biomes i.e. Amazon, Caatinga, Cerrado, Pantanal, Atlantic & Pampa (table
2) [10]. Biome can be defined as biotic community characterized by distinctive plants & animal species
that are maintained by local climatic conditions [9].

Table 2: Approximate Area of Brazilian Biomes.

Brazilian Continental Biomes Approximate Area (km?) Area / Total Brazil
Amazon Biome 4196 943 49.3%
Cerrado Biome 2036448 23.9%

Atlantic Forest Biome 1110182 13.0%
Caatinga Biome 844 453 9.9%
Pampa Biome 176 496 2.1%
Pantanal Biome 150 355 1.8%
Total Area Brazil 8514 877 100%

Amazon biome is the largest biome. It is covering 49% of the Brazil area and is known as the biggest
tropical forest. Amazon contains land and flooded forests with 1.5 million vegetable species, 950 kinds
of birds, three thousand different species of fish and different kinds of insects, amphibians & mammals.

Cerrado biome is mainly constituted by short trees up to 20 m with wide spread of bushes and
subshrubs. It contains nearly 10000 different species of plants.

Atlantic forest biome contains nearly twenty thousand different species of vascular plants. The south of
Bahia, currently the biggest worldwide known for ligneous plants, contains nearly 454 species in only
one hectare area of land.

Caatinga biome is known as the main ecosystem in the northeast of Brazil. It is mainly covered by the
dry vegetation species xerophytic in nature resulting from heated and thorny land along with medium
sized plants up to 3-7 meters in height. [10].



Brazilian Energetic Crops/Plant:

This type of plantation deals with the aim of production of biomass at larger area in smaller span of time
which is mainly utilized in power generation. Brazil is fulfilling the environmental requirements in this
way to produce clean energy matrix when compared to the rest of the world. Renewable energy sources
now account for just over 47% of the Brazilian energy matrix, compared to 7% for OECD (Organisation
for Economic Co-operation and Development) countries [11].

In Brazilian energy market sugar cane is mainly used for the sugar production, ethanol fuel and for
electricity/power generation. It has been estimated that 25 Mtep (million tons equivalent of petro oil)
wasted today can be converted to useful energy merely from some cultural changes. Brazilian
government wants to increase its biodiesel production by increasing biofuel production.

2.1.1 Brazilian Energy Forestation:

Energy forestation refers to the plantation that is an aimed plantation for energy production. In Brazil it
is mainly comprised of Eucalyptus and Bracatingas. Energy forestation reduces the emission while
substituting energetic matrix from fossil fuel to biomass. Now days in energy market, the use of wood
from these forest plantations for energy/power generation is playing an important role. In accordance
with Brazilian National Energy Balance 2007 in energy market wood as a renewable source is taking 13%
of the Brazilian energy production. If we take a view of the production of firewood in 2005, then it
would be noticed that 45.1 million m® was produced in Brazil, 24.8% of which was only from the state of
Bahia. Whereas in the production of planted forests the total Brazilian production was 36.1 million m? in
which State of Rio Grande do Sul was the major producer i.e. 37.1% of the total (IBGE, 2007). In Brazil
the available technologies allows the production of Eucalyptus based plantations as 45 m*/hectare in
which States of Bahia, Sdo Paulo and Minas Gerais are taken as major producers.

Brazilian annual capacity of producing sustainable forestation is 390 million m® amongst which 73% is
Eucalyptus based.

2.1.2 Brazilian Forestall Species:
The main Brazilian forestall species are as follows;

Acécia Negra: It has basic origin from Australia, 3™ most planted species. It is mostly planted in the
state of Rio Grande do Sul. This species covered nearly 156 thousand hectares. It is used in the firewood
production.

Araucaria or Pinheiro do Parana: This species is mainly found in the State of Parana. Its wood is not
good for firewood but its knots have energetic behavior towards energy production also in the coking
coal. This wood has very much high value of calorific power i.e. 8000 kcal/kg.

Angico - branco and cascudo: It has tropical American origin. It is specially used for recovery of terrain.
This type of wood produces efficient firewood and coal as well.

Bracatinga: It originates from the cold Brazilian regions especially in the South of Brazil. It produces both
firewood and coal with high calorific powers of which fire wood has 4.6 to 4.8 Kcal/kg and coal has 7.2 to
7.5 Kcal/kg.

Eucalyptus: the Eucalyptus based plants are very much intensely employed in the Brazilian society
amongst which firewood at the top. These plants are normally found in the South and South east region.



Taxi Branco: it has origin from Amazon forest, and covers almost 15 thousand hectares of the north
region of Brazil. It is contributing in the production of wood used for energy productions [10].

2.1.3 Sugarcane:

This crop has basic origin from Southeast of Asia. Its growth is compatible with tropical weathers. In
early times it was merely introduced to the Northeast of Brazil. Then looking at its efficient growth it
was brought to the Southeast region i.e. S3o Paulo. Although sugarcane is being cultivated in all the
Brazilian states but Sdo Paulo contributes 60% of the total production [10]. Sugarcane was mainly used
for the production of sugar. Today it is used also for the production of ethanol as a fuel in the transport
sector. Brazil is the biggest ethanol producer in the world. Table3 and Table4 show the production of
Sugar cane and Alcohol respectively [10].

Table 3: Brazilian Production of Sugar Cane 2002-2008.

Region Harvest (ton)
02/03 03/04 04/05 05/06 06/07 07/08
North/North 50243 383 59990 025 57 392 755 48 345 359 54 405 520 74 375900
East

Center/ 265878367 297120858 324054347 334136643 373912899 475529500
South

Total Brazil 316121750 357110883 381447102 382482002 428318419 549905400

Table 4: Brazilian Alcohol Production: 2002-2008.

Region Harvest (m°)
02/03 03/04 04/05 05/06 06/07 07/08
North/North 1471 141 1723416 1825786 1508 085 1770726 1572 892
East

Center/ 11 014 285 12 916 507 13382123 14 298 845 16 160 925 20105570
South

Total Brazil 12 485 426 14 639923 15 207 909 15 806 930 17931 651 21678 462

The use of sugar cane for production of alcohol increased since 1975. In 1973 the oil crises lead the price
of oil from USS$ 2.84 to US$12.27 per barrel. This incident greatly affected the energy market in Brazil in
order to overcome the energy import from other countries. Thus the Brazilian Government promoted
the bio ethanol as a fuel. The National Alcohol Program -Pré-Alcool- (Portuguese: 'Programa Nacional do
Alcool' was established in 1975 in order to promote the use of sugar cane based ethanol in the Brazilian
transport sector. This was the major turn of the Brazilian Government towards renewable fuel [12].



In 2002 Brazilian Government initiated an energy programme i.e. Program of Incentives for Alternative
Electricity Resources (PROINFA). Its main motive was to provide incentives for the use of renewable
sources. The programme aims to increase renewables’ share of annual energy consumption to 10% [13].

2.1.4 Oleaginous crops:

These crops contains fruits which are naturally abundant in oil and can be further processed in the
production of vegetable oil. It also can be used in the production of Biodiesel. Brazil is very much rich in
these crops’ production. Brazilian Government in 2004 launched a program with name Brazilian Program
of Technical Development for Biodiesel — PROBIODIESEL, in which they intiated the use of vegetable oil
for biodiesel fabrication which proved later a major and efficient part of the Brazilian energy matrix. In
Brazil today the main material used for the oil production is soybean. However the soybean production
at large scale may lead us to some svere environmental impacts. Avoiding these environmental impacts
researches in these areas are being carried out and Brazilian Government wants to utilize other
oleaginous crops in the production of oil like palm tree in Pard also in Amazon , castor oil plants in Piaui,
Ceard, Bahia and Rio Grande do Norte. The oil from palm tree is known as dendé oil. Table5 shows the
production of soybean and castor oil [10]. Figure 3 shows the planted area of palm tree in Brazil [10].

Table 5: Production of soy bean and castor-oil in Brazil, in millions tons, 1998-2008.

Year 1999/00 2000/01 2001/02 2002/03 2003/04 2004/05 2005/06 2006/07 2007/08
Soybean 32.34 38.43 41.92 52.02 49.79 51.45 53.43 58.19 59.58

Castor  0.107 0.080 0.072 0.086 0.107 0.210 0.104 0.087 0.130
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Figure 3: Brazilian Planted Area in thousand hectares.




2.1.5 Vegetable coal:

This type of coal is produced by using firewood as raw material in the carbonization/pyrolysis process.
Vegetable coal has vast use in the Brazilian communities e.g. household; industry etc. Figure 4 shows the
production of vegetable coal in Brazil. The major part of the vegetable coal in Brazil is produced in Minas
Gerais (figure 5)

Evolucao da Producao de Carvao Vegetal no Brasil
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Figure 4: Production of vegetable coal in Brazil year wise.
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2.2 Brazil's National Energy Balance:

According the Empresa de Pesquisa Energética (EPE) (Energy Research Company of Brazil) the renewable
sources are fulfilling 46.4% of the total Brazilian energy demands. As compared to Brazil, the renewable
energy accounts for 5.2 % of power in OECD countries and in the U.S renewable energy accounts 7% of
the total energy demand [14]. In 2007 ethanol and pulp contributed about 16% of Brazil’s total energy
output. Brazil is producing sugar cane ethanol with a production cost of around $1 per gallon. In Brazil
every eighth car out of ten have the dual technology i.e. can run either on ethanol or gasoline. In last
decade Brazil has replaced 26% of its Gasoline with sugar cane based ethanol. Brazil is the largest
exporter of Ethanol in the world. Figure 6 describes Brazilian National Energy Balance;
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Figure 6: Brazilian National Energy Balance.

3 Biomass:

Biomass is plant matter. The biomass is carbon based. It contains carbon, hydrogen, oxygen, nitrogen
and some traces of other elements such as alkali, alkaline earth metals and somewhat heavy metals.

The basic structure of all wood and woody biomass consists of cellulose (38-50%), hemi cellulose (23-
32%), lignin (15-25%) and extractives (figure 7)



Figure 7: Wood Constituents

3.1.1 Cellulose:

The name cellulose was named by a French Chemist Anselme Payen; he was also physicist &
mathematician in 1838. According to him almost every plant cell walls are mainly composed of cellulose.
It is mainly composed of D-glunnncose linked B-1, 4-glycosidic bonds while the degree of polymerization
is nearly 10,000. Its chemical formula is (CsH1,05) n. it is mainly composed of glucose monomers. It has a
crystal structure Figure 8 shows the structure of the cellulose [15].

OH OH OH
OH OH OH
H o o] H o] HO: o o]
HO 4 vo 0. 4 o o 0 OH
CH OH OH
oH OH n OH
Figure 8: Cellulose Structure

3.1.2 Hemi cellulose:

Unlike cellulose it is amorphous. It is present in 30-40% of the wood’s dry weight. It has very low degree
of polymerization i.e. around 50-300. Hemi cellulose in softwood is mainly galactoglucomannans (15-
20%) and arabinoglucuronoxylan (5-10%). In hardwood, glucuronoxylan (15-30%) is the predominant
hemicellulose. Figure 9 describes the structure of Hemi cellulose.
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3.1.3 Lignin:

It is 5-6% of the wood’s dry weight. It is a complex class, of high molecular weight polymer. Lignin

consists of several
hemicelluloses it is also amorphous.
wood.

bonded hydroxyl- and methoxy-substituted phenylpropane units.

Likewise
Figure 10 describes the structure of lignin in both hard & soft

_.C__. ...C._
| |
_C._.. _C_
| |
! 1
& C
N\ SN
C// & C/ C
| | | ||
C\ /C\ /C\\ /C\
R
cf OCH, CH,0 (l: OCH,
0— 0 —
SOFTWOODS HARDWOQOODS

Figure 10: Lignin structure.
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3.1.4 Extractives:

The extractives are present in very much small quantity. In some cases they impart more roles in the
composition of the wood but normally at low level. Of most known class of extractives are oleoresins.
Varieties of oils like turpentine are extractives. Another class of extractives is polyphenols from which
flavones, tannins, kinos etc are derived. Ash is inorganic residues remaining after ignition at high
temperature. Ash contains silicon, calcium, magnesium, potassium etc.

3.2 Agricultural Residues Samples:

In this study three biomasses abundant in the Brazil are studied: i.e. Eucalyptus, Garapeira / Peroba
(wood dust) and Sewage Sludge.

3.2.1 Eucalyptus:

Eucalyptus has its origin that originated from Eucalyptus was introduced in Brazil in 1910. It has
extensive uses in the paper & pulp industry. In 1967 the Brazilian Federal Government introduced a
program based on tax free plantation of forests. Among the subsidized tress were eucalyptus and pine.
In 1999 the total sales was 17 billion USS. The export of eucalyptus was 3.3 billions USS representing 7%
of the total Brazilian export [16]. Brazil is one of the major exporter and producer of Eucalyptus wood
and pulp. In Brazil the Eucalyptus is used for charcoal production. The charcoal is used in the iron and
steel industries in Brazil. Figure 11 shows eucalyptus residues.

Figure 11: Eucalyptus Residues.

3.2.2 Garapeira:

Its scientific name is Apuleia leiocarpa (Vog.) Macbr. Commonly it is known as garapeira, muirajuba,
muirataud, egg-yolk, barapibo. It is a hardwood with a density of 830 kg/m®. It looks yellowish pink or
light yellow. Its surface is glossy, smooth in touch and has a specific smell and taste. Its wood has a high
strength and it is used extensively in outdoor construction [17]. Figure 12 shows garapeira sawdust.
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Figure 12: Garapeira (Sawdust).

3.2.3 Sewage Sludge:
Sewage sludge is the mixture water and solid waste from industrial/home activities. The sludge can be
converted into energy by gasification. The heavy metals will be fixed in the ash [18]. Figure 13 is showing

the used Sewage Sludge in this study.

Figure 13: Sewage Sludge
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3.3 Biomass conversion technologies:

There are numerous processes to convert the biomass into energy, chemicals, gas: thermal conversion,
chemical conversion and biochemical conversion

3.3.1 Thermal conversion:

In thermal conversion of biomass the dominant mechanism is heat. The main thermal conversion
processes are:

e Combustion
e Gasification
e  Pyrolysis

Other important thermal conversion processes are liquefaction (hydro thermal upgrading, HTU) and
hydroprocessing (hydrogenation)

By liquefaction high moisture content biomass is converted into a product with high energy density. HTU
deals with a 25% slurry in water at conditions of 350EC for 5-20 minutes and pressure ranges up to 120-
180 Bar.

Hydro processing is the hydrogenation of vegetable oils used to remove all unsaturated double bonds.
The oil is fully hydrogenated enhancing the properties (higher viscosity and melting point, resistance to
rancidity.

3.3.2 Chemical conversion:

Chemical conversion involves different types of chemical processes in series, in order to get a liquid fuel
that is used conveniently.

3.3.3 Bio chemical conversion:

Many bio chemical processes are being developed in order to break down the molecules of biomass. Bio
chemical process makes use of natural micro organisms like enzymes of bacteria for breaking down the
biomass. There are different biochemical processes such as;

e Anaerobic digestion
e Fermentation
e Composting

In anaerobic digestion the bacteria break down the biomass in an atmosphere in the absence of air in
order to produce biogas.

In fermentation, the bacteria growth is needed in order to convert the sugar rich crops like sugarcane
beat or starch to the bio fuel like bio ethanol (first generation ethanol). In the production of second
generation ethanol the raw materials are agricultural residues, wood or energy crops. But these
lignocellulosic raw materials have be broken down into simple sugars prior to distillation using either
acid or enzyme hydrolysis.

Composting is the same technique likewise anaerobic digestion but the difference is only that this
technique is applied in the presence of oxygen and is applied to the solid material not to the slurry.
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3.3.4 Combustion:

Combustion is an exothermic chemical reaction in which the fuel and the oxidizer (normally oxygen)
When an organic compound (hydrocarbons) in solid, liquid or gaseous phase reacts with an oxidizing
agent the following reaction is obtained;

Fuel + Oxygen —> Heat+ Water+ Carbon dioxide

Combustion Basics:
Combustion is done mainly in reactors called as combustors.

Types of combustors specifically are steady and un-steady chambers of combustion and the
burners. There are some basic processes of combustion like; stationary combustion or can say at
rest, premixed flame, non-premixed flame, and pollutant generation.

There are subsystems of generic combustors; intake, injectors, igniters, energy flows, exhausts
safety and controls.

Some fundamental study issues like, thermodynamics, chemistry, heat & mass transfer,
instrumentation & process control, fluid dynamics etc.

Some kinetic and mathematical modeling is required in order to validate the theories.

Different parameters influence the combustion:

Type of fuel is the basic or the back bone of the combustion process. The study of the fuel is
concerned the availability, the price, the properties. It is important to determine i.e. physical
(shape, size etc), chemical properties (proximate and ultimate analysis etc).

Choice of oxidizer is of basic commodity comes in this way. As there are available oxidizers in
nature, e.g. oxygen, air (21% oxygen + 79% nitrogen), air with higher percentage of oxygen i.e.
oxygen higher than 21%, some oxides etc.

Third most important thing for the combustion process is the air to fuel ratio. Available methods
to calculate the mixture ratio are on fuel molar fraction in the mixture x; mass fraction of fuel v,
fuel to air ratio f, air to fuel ratio A, ratio of air stoichiometric basis A (A = A/A), the equivalence
ratio (fuel to air ratio at stoichiometric basics) $=1/A. The excess air is calculated as e=A-1.

Figure 14 describes the relation between combustion efficiency and the excess of air in the
combustion process.
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Figure 14: Combustion efficiency Vs excess air.

3.3.5 Agriculture Residues Combustion:

As our main area of interest amongst biomass is agriculture residues, so we will have some study from
this area. Agriculture residues include bagasse, wheat & rice husks, coffee husks, and residues from
forestry like barks, wood chips, saw dust as well. The production of all these residues have been
discussed in earlier sections which are very much, quantitatively and qualitatively promising in Brazilian
territory. The problems concerned with these agricultural residues can be summarized as; high moisture
content, high volatile matter content, ash with low melting point and lower bulk density.

With respect to moisture content studies it has been noticed that bagasse is fired with 40 — 60 wt%. [19]

These high values of moisture content leads the firing process to poor ignition also reduces the
temperature of combustion process as high amount of energy is initially employed to remove the
moisture content [20].

Presence of high moisture content in the biomasses reduces the release time of volatile matter in the
biomass. It has been observed in coal also in the wood chips. [21]

In case of bulk density mostly agricultural residues have low bulk densities, e.g. rice husks comprise 50 —
120 kg/m? which is very much low when we compare it with the coal bulk density i.e. 560 — 600 kg/m?
[22]. This factor of low bulk density greatly effects the processing of agricultural residues like in storage
and firing.

Ash content varies from species to species, like in rice husks it is 18 — 25%. The main problem in the
combustion related to ash content is the low melting point of the ash from that particular biomass. It is
observed in most residues that this is due to the presence of potassium oxide in greater amount, which
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leads towards the corrosion, scaling fouling of the reactor and bed agglomeration in the case of fluidized
bed. [23]

Compared with coal, agricultural residues have normally higher content of volatile matter which leads
towards easy ignition. Nitrogen and Chlorine in the fuel is converted into their oxides during combustion
producing pollutant emissions.

Densification:

This compressing technique is employed in the way to remove the voids present in the particles of
agricultural residues i.e. inter-particle and intra-particle. This technique is adopted in the pattern of first
to bale the residues, and then pelletize or briquetting the residues. The densification process greatly
affects the properties of residues like bulk densities are increased e.g. Baled straws have 70 — 90 kg/m?,
heating values are also increased as 260 — 360 kWh/m? and moisture content is reduced as 15 — 20%.
[24]

Briquetting and pelleting:

The basic purpose of this technique is to increase the bulk density of the concerned residues, which
normally e.g. 250 kg/m? especially where transport or storage is concerned. The industrial briquetting
press unit is a simple and common technique that can be well illustrated by the following Figure 15.

Charcoal briquettes produced from eucalyptus are popularly used in Brazil. Briquettes are made by
compressing charcoal with a binder and other minor additives. Charcoal briquettes are produced from
charcoal fines and starch. The fines result from the production of charcoal from eucalyptus plantations.
Starch is extracted from babagu pulp in the Amazon region [25]

Pellets are cylindrical, 6 to 8 mm in diameter and 10 to 12 mm long. During pelleting the specific density
of biomass is increased to more than 1000 kg/m>. The pelleting process involves the drying of the
biomass to about 10% normally in a rotary drum dryer. After drying, a hammer mill reduces the size of
the biomass particles to 3.2 to 6.4 mm. Then the biomass is compacted in the press mill to form pellets.
Important variables in the process are the physical and chemical properties of the biomass, temperature
and pressure. In some operations, binders or stabilizing agents are used. When wood is used as biomass
the lignin can acts as binder. Wood contains higher amount of lignin than agricultural crop residues [26].
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3.4 Gasification:

Gasification is a partial oxidation process. Less oxygen is used in gasification than in combustion. In
gasification it is used between 25 to 40% of the theoretical oxidant in order to produce heat and gasify
the remaining the unoxidized fuel into synthesis gas i.e. a mixture of carbon mono oxide and hydrogen.
These both gases CO and H, are colorless and odorless and highly flammable as well can then be
converted to liquid fuels, chemicals, electricity etc.

Synthesis gas is utilized to run the IC (internal combustion) engines of any type like (compression or
spark ignition). Syngas can be used for thermal application, as fuel for furnaces, etc. Syngas can be used
for production of transport fuels as methanol and dimethyl ether (DME).

3.4.1 Gasification historical background:

Process of gasification was first used 180 years ago. Initially town gas for lighting was produced by
gasification. Coal and peat was used as raw materials. Then gasification was used in blast furnace to
produce combustible gases. With passage of time it was realized that the resulting gas i.e. producer gas
could be utilized in heating and power generation. In Europe gasification systems was developed using
charcoal and peat as raw material. At that time petroleum/fossil fuel was as fuel. But during World War
Il the shortage of petroleum products turned the scenario and the gasification technology was
reintroduced. In 1945 the producer gas was utilized in heavy duty vehicles (trucks and buses) also in
industrial and agricultural machines. After World War I, the availability of cheap fossil fuel resulted in
the fall of producer gas technology. But the Sweden maintained its research on producer gas and it was
seen that there was some acceleration in this field after 1956 crisis of Suez Canal. After then it was
decided to include gasifiers in the Swedish strategy of emergency planning.

The interest in gasification restarted in the world in 1973 because of the oil crisis.
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3.4.2 Gasification Theory:

Gasification leads to the production of synthesis / producer gas. It deals with partial combustion of solid
fuel i.e. biomass and reaction temperature is about 1000°C. The reactor in which gasification reaction is
carried out is known as gasifier. Design of the gasifier mainly depends on the type of interaction
between air/oxygen with the desired biomass. The introduction of air/oxygen takes place in the gasifier
either from upside of the gasifier or from the downside accordingly. Keeping in view the introduction of
air, fixed bed gasifiers are classified in:

e Down draft
e Updraft
e Cross draft

The choice of the type of gasifier depends on the type of fuel, form as size of the biomass, the moisture
and ash content in the biomass. Different advantages and disadvantages generally viewed in the gasifier
can be studied from the following Table 6;

Table 6: Advantages and disadvantages of various gasifiers

Gasifier Type Advantage Disadvantages

Great sensitivity to tar and moisture and

Small pressure drop
Good thermal efficiency

moisture content of fuel
Relatively long time required for start up

Updraft . .
para Little tendency towards slag of IC engine
formation Poor reaction capability with heavy gas
load
Flexible adaptati f
i)xéugiinafoTof; orgas Design tends to be tall
Downdraft P Not feasible for very small particle size of

Low sensitivity to charcoal dust
and tar content of fuel

fuel

Cross draft

Short design height
Very fast response time to load
Flexible gas production

Very high sensitivity to slag formation
High pressure drop

3.4.3 Gasification process:

Gasification process can be well illustrated by the help of the following Figure 16;
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Gasification

Figure 16: Gasifier

In figure 20 the feeding of the biomass is showed in point 1. The point 2 in the figure the different
reactions like drying, pyrolysis, oxidation, reduction, combustion are taking place. In point 3 the char are
removed from the process. In point 4 synthesis gas/producer gases are coming out.

The gasification process of biomass can be divided into four main steps;
e Drying
e Devolatilization / Pyrolysis
e Combustion

e Reduction
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These four steps occupy respective zones in the gasifier and in each zone thermal and chemical
reactions take place. Each reaction takes place at different specific temperature depending on the needs
of that particular reaction’s nature, e.g. drying zone lies in 200 °C — 400 °C, Pyrolysis zone lies in 400 °C -
600 °C, reduction zone lies in 600 °C - 1000°C and combustion starts from 900 °C - 1300 °C.

Normally solid biomasses contain 30 — 40% of moisture content which has to be removed in order to
prepare the biomass for further processing and it needs some heat applications to dry that particular
biomass sample. When biomass is free from moisture content then it comes in the Pyrolysis zone which
as discussed earlier starts from/above 250 - C and devolatilization starts. Pyrolysis is the application of
heat to biomass in the absence of air/oxygen. It produces tar and gases. The gases contain hydrogen,
carbon dioxide, carbon monoxide and light hydrocarbons. The partially cracked products from Pyrolysis
go to the charcoal bed, and here the main reduction reactions (gasification) take place [28]:

C+CO, = 2CO (-164.9 MJ/kg mole)
C+H,0-> CO+H,(-122.6 MJ/kg mole)
Other reactions in the reduction zone are:
CO+H,0 = CO + H, (+42 MJ/kg moles)
C+2H, = CH. (+ 75 MJ/kg moles)

CO, + H, & CO + H,0 (-42.3 MJ/kg mole)

In combustion zone, the heat is produced. Carbon dioxide is produced from carbon in fuel and water is
produced usually as steam from the hydrogen [28]. Combustions reaction yields very high temperature
and referred as exothermic. The main reactions are:

C + 0, =2 CO, (+ 393 MJ/kg moles)
2H, + 0, = 2H,0 (- 242 MJ/kg mole)
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3.4.4 Updraft Gasifier:

The updraft gasifier is also known as counter current fixed bed gasifier because the air acts as
countercurrent to fuel flow. The air is injected from the bottom while the biomass enters at the top. The
biomass moves down and first is dried by the outgoing hot product gas. The gases leave the gasifier at
low temperature. After drying zone the biomass is pyrolyzed. The pyrolysis gases are carried up by the
upflowing hot product gas. The biomass continues to moves down and it is gasified. It has high thermal
efficiency as the exit gas temperature is low. The gases leave the gasifier with high tar content. Th
amount of methane is also significant. In this type of gasifier it is very important, that the biomass going
to be used must has non-caking behavior. In this way it can form a permeable bed for the upcoming
oxidizer. Updraft technology have some drawbacks i.e. it produces excessive amount of tar in the raw
gas with poor loading capability therefore it is not used for continuous processes like in the use of
vehicles.

Figure 22 represents the updraft design

Drying Zone

Pyrolysis Zone

- 4 M
The Graie
Ash Remove!

Updraft_Gasifier
Figure 18: Updraft Gasifier

3.4.5 Downdraft Gasifier:

The Downdraft gasifier is also called co-current gasifier because both the biomass and the air move
down. Its advantage over updraft is that the gases leave with low tar content. The gases leave also at
higher temperature than in an updraft gasifier.

But main problem with the downdraft design is that it faces with high ash and moisture content. The
downdraft gasifier has a lower overall efficiency then the updraft because the gases leave the gasifier at
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higher temperature. Ignition and taking the plant in working condition takes nearly about 20 — 30
minutes which is greatly reduced as compared to the updraft assembly. Downdraft is prioritized in (IC)
internal combustion engines. The following Figure 23 represents the downdraft design

Biomass

Producer
gas

Downdraft Gasifier

Figure 19: Downdraft Gasifier

3.4.6 Cross draft gasifier:

Cross draft assembly differs from both updraft and downdraft design, in the way that combustion and
reduction zones are separated also the ash bin. This design isolates its usage only to those biomasses
with minimum ash content like wood, charcoal and coke. Cross draft design is good in loading ability just
because of the concentrated partial zones i.e. combustion and reduction and temperature ranges up to
2000 °C. Starting time is greatly minimum than that of other gasifiers i.e. 5 — 10min. This type of gasifier
contains certain advantages. The main disadvantages are high temperature of the exit gases, poor CO2
reduction and high gas velocity.
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Figure 20: Cross draft Gasifier

3.4.7 Fluidized bed Gasifier:

Fluidized bed gasifies are used for large scale application because of their high heat and mass transfer
rates, which result in a high rate of production. They have high flexibility towards feedstock. Like
downdraft design in this assembly the air is blown upward through the bed of biomass, at this state the
bed acts like a boiling fluid and provides high efficiency contact between both of the phases i.e. solid
(biomass) and the gas phase (air). Heat is supplied by the hot sand bed. They are more complicated than
fixed bed gasifiers. In order to be economical attractive they have to be built in large size. Figure 25
represents the fluidized bed design
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3.4.8 Choice of Gasifier:

The choice of gasifier is the main issue arises before running any type of gasification plant. There is a
variety of biomasses available in nature e.g. wood, wood waste including agricultural residues etc. These
biomasses differ from each other widely in their properties like physical, chemical and morphological.
The design and choice of the gasifier is influenced by the type of biomass to be used.

The following properties of the biomass have to taken in consideration in the selection of the gasifier:
Energy content

e Ash content

e Volatile matter
e Reactivity

e Size

e Bulk density

Energy content:

The heating value is the amount of heat produced by the complete combustion of the biomass. The
biomass higher heating value (HHV) is experimentally determined in an adiabatic calorimetric bomb. In
the apparatus the water vapor, if produced, is condensed and heat of condensation is included. It is
assumes that the water is in liquid state at the end of combustion.

The lower heating value (LHV) doesn’t include the heat of condensation of the water produced during
combustion. It is determined by subtracting the heat of vaporization of the water vapor from the higher
heating value. It is assumed that the water is as vapor at the end of combustion.
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Both HHV and LHV can be expressed as received, mf (moisture free) or maf (moisture ash free).

Moisture content:

The moisture content depends on the type of biomass. The moisture content can be calculated on wet
or dry basis (relative to the wet or dry weight)

Moisture Content, M.Cp,, = wet weight — dry weight / dry weight * 100%
Moisture Content, M.Cy.: = wet weight — dry weight / wet weight * 100%

When these values are determined it is very much clear for the process engineers to optimize the
process accordingly. High values of moisture content in the biomass greatly reduce the thermal
efficiency of the gasifier as lot of energy is consumed initially to remove the water from the biomass.
The resulting gas has low heating values. Moisture content under 15 % is desirable.

The updraft gasifier can use biomass with higher moisture content (up to 50%). The produced gas is
normally used for the combustion where low heating values can be taken and the biomass containing
40- 50% moisture is compatible with the process. The downdraft gasifier handles biomass fuels with a
moisture content of less than 20% [29].

Volatile matter:

During the heating process the biomass at 400-500 °C in an oxygen free atmosphere decomposes into
volatile gases and solid char. Biomass has higher volatile matter than coal. Fuel with higher volatile
matter content produces more tar. The volatile matter content in the fuel determines the design of the
gasifier for removal of tar. The volatile matter is determined pyrolyzing the biomass at 950 during 7
minutes. (ASTM D 3175).

Ash Content:

The ash (inorganic and uncombustible material) in the fuel can cause slagging in the gasifier. Slagging is
caused by the agglomeration and the melting of the ashes. The slagging reduces the efficiency of the
process also enhances the labor costs in cleaning of the gasifier. Slagging starts normally with ash
content higher than 12%, but there is also risk of slagging in the case of biomasses having ash content
between 6 and 12%. Ash slagging tendency is dominated by the ash melting temperature which is in
connection with the trace elements presence which creates eutectic mixtures with low melting point.

Down draft and up draft designs can handle the slagging fuels but it needs modification like external
pyrolysis. Cross draft gasifiers works at high temperature so it needs some safe guards for dealing with
the ash content. Fluidized bed gasifiers have better capacity than fixed bed gasifiers to deal with high
ash content materials because a better control of the temperature in this kind of gasifiers.

Reactivity:

This property of the concerned biomass determines the power of reducing the carbon dioxide to carbon
mono oxide. It plays an important role in the designing of the gasifier as reactivity of the fuel determines
the reduction zone’s height. Reactivity also depends upon the type of fuel. It has been observed that
peat, wood and charcoal is more reactive as compared to coal. Researchers showed that geological age
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and the morphological characteristics of the fuel are the key factors that influence the relation between
active places on char surface and the fuel reactivity. The amount of trace elements like sodium,
potassium and zinc present in the fuel influences the reactivity of fuel as these elements act in
gasification as catalyst.

Particle size:

Particle size mainly concerns with the designing of the gasifier as it greatly affects the gasification
process. Like in the case of down draft design as well in the updraft, these both contain some limitations
in dealing with some particular size of the fuel. The use of large size particles of the fuels results in
decrea