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Solid fuels (Part I)

Good morning everyone.

Welcome to part 1 of the lecture 1 under module 2. In this lecture we will discuss about the
concept of solid and the liquid fuels and basic understanding of various properties of the
fuels. In that we will discuss about the solid fuel first. Where, we will discuss about the

heating value of fuel, ultimate analysis and the proximate analysis.

(Refer slide time: 00:54)
Concept of solid and liquid fuels

* The fossil fuel resources (coal, oil & gas) are the primary fuels at present and biomass was the primary fuel before

that and still used in many countries for space heating.

* These fuel resources has lower energy content thus their transportation and direct use is enviro-economically
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infeasible. Thus, the conversion of thes@o high energy contain}gg product@
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* The conversion is accomplished through various energy conversion technologies to produce solid, liquid, and
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gasecus fuels:
e
— having high energzy\contents,
— easily transportable,
—_—
L~ less/non-polluting, and
\__B suitable for use as commercial fuels.
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Concept of solid and the liquid fuels: The fossil fuel resources that is coal, oil and gas is the
primary energy source at present and biomass was the primary fuel before that and still being
used in many countries for space heating purpose. So, if you remember in one of the lecture

in the previous module, | discuss about this concept of biomass, where | mentioned about



biomass is no more counted in the classification of conventional energy sources and now it is

accounted under the non-conventional energy sources.

The issue associated with the source material is that these particular materials have low
energy content. And thus their transportation and direct use is enviro-economically infeasible
and because of that the conversion of these raw forms of energy into high energy containing
product is essential. And this can be accomplished through various energy conversion
technologies or processes to produce gas, liquid and solid as a product. But there are also
certain checks we need to take into consideration. The produced product also should have
high energy content and it should be easily transportable, less-polluting and suitable for use

as commercial fuels.

(Refer slide time: 2:55)

* Various fuel sources and products can be classified in three physical states as follow:

74
Liquid fuels Gaseous fuels
* Coal o * Gasoline * Natural gas (NG)
* Coke /y"l—;ue\ * Diesel * Liquefied Petroleum Gas (LPG)
* Briquettes * Kerosene | ¢ * Furnace gas
* Charcoal — * Fuel oil * Coke oven gas
* Torrefied biomaSs+ 200 * Coal tar * Coal gas
* Biocoke 300C o Tar * Produce gas dJﬂ
* Biochar ) « Ethanol * Biogas @,-peene_/
F\"a':_ged + Butanol Bi0 modena
chgﬁ("w  Biodiesel ek onot
* Vegetable oil
* Bio-oil

4 ﬂ RS Ry A Courtesy:  Biomass gasification, pyrolysis and torrefaction: Practical design and theory, by P Basu, Academic Press, 2013
ication: ergy, by Kanoglu, ngel, and JM Cimbala, McGraw Hill Edu., 2020.

Fundamentals and Applications of Renewable En: M Kanoglu, YA Ce

So, these various fuel sources and their products can be classified in three physical states as
follows that is solid fuel, liquid fuel and gaseous fuel. So, solid fuel includes coal, coke,
briquettes, charcoal, torrefied biomass, biocoke and the biochar. So, in that coal, coke,
briquettes source from the fossil fuels or you can say the fossil source material. Torrefied
biomass, biocoke and biochar are sourced from the bio base materials.



So, biquette in the sense is like it is a block of compressed combustible material. So, it may
be charcoal, biomass or the waste material and the charcoal is produced in presence of
insufficient quantity of air. And the torrefied biomass is produced in absence of air and the
temperature would be between 200 to 300 °C. So, likewise this torrefied biomass further can
be converted into the briquettes as well. The liquid fuels include gasoline, diesel, kerosene,

fuel oil, coal tar, tar, ethanol, butanol, biodiesel, vegetable oil and the bio-oil.

So, in that this gasoline to even ethanol these are source from the again fossil fuel materials.
And biodiesel vegetable oil and the bio oil are basically derived from the biobased materials
are nowadays produced using the biobased materials. And the gaseous fields includes natural
gas, liquefied petroleum gas, furnace gas, coke oven gas and the coal gas again which are
sourced from the fossil materials and producer gas also it is being produced from the fossil
material that is coal and the biogas is produced from the biobased material, and the producer
gas as | mentioned earlier also. Nowadays, it is also being produced using the bio-based
material by which by the process called as gasification where the biomass is gasified to
convert it into a producer gas.

(Refer slide time: 5:43)

Understanding various properties of fueljsy
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* There is a great variation among th/ € properties of different fuel sources and their derived products, because :
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— The fﬁ@are derived from dlfferent varieties of source materlals 5‘1!30, é{?(u/ a j’fV)

— Varioug energy)conversion technologies or processes are involved.
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* Therefore, characterisation of fuels and their feedstock is essential for :
m—y“
— Process design and optimization to develop a reliable energy conversion technology.
-—> Compatlblllty assessment of different types of feedstocks@ with specn'lc equipment or svstems

[ Quahty control to meet specmflec@quallty standards.

- Enwronmensa/lvl_mpact assessment (EIA) to assess the environmental footprint @v determining

olluting and toxic gompounds.
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So, now let us understand the properties of these various fuels. As discussed before these

fuels are produced from the source material as a result there is a great variation among the



properties of these different fuel sources as well as the product derived from this particular
source material. Because these fuels are derived from different varieties of the source
materials like solid, liquid and gas and apart from that various energy conversion
technologies or the processes or the systems are being used to convert these source material
into a usable product. Because of that there is a great variation among the properties of these
different fuels which are produced from the even different source material. Hence,
characterization of the fuels and their feedstock is essential for designing a reliable energy
conversion process or system. As well as it is essential to understand the compatibility

assessment of the different types of feedstock fuels with specific design equipment or system.

Because the design process or the equipment it should be compatible with the different or the
varieties of the feedstock material as well as the source material. And it should not be
compatible with any single specific fuel or as well as any specific raw material, so that it can
be a sustainable in the longer run. Apart from that the characterization is essential to control
the quality of the produced fuel, so that it can meet the specified fuel quality standards. And
the environmental impact assessment is also essential to assess the environmental footprint of
the fuels by determining the polluting and the toxic compound present in the source material.

And for that reason the characterization of the fields and their feedstock is essential.

(Refer slide time: 8:17)

* Some important characteristics of fuels and their feedstock include:

Density (,[/ Thermal conductivity Ultimate / elemental composition
Permeability Héc'zing value - GHNS 0
Diffusivity Specific heat Proximate composition
Viscosity Heat of combustion - Moisture, Volatile Matter, Fixed carbon, Char, Ash
Heat of formation Structural / chemical composition
Ignition Temperature - Cellulose, Hemicellulose, Lignin, Exgactives 0 bﬂSQo/
- Carbo\fiydrates, pro:eins, Iiplds atesin)

- L —
Other parameters and tools are also used to characterize, classify and rank the fuels.
— [ —
E.g. Various fuels are ranked as per their: 7 Atomic ratios (H/C, O/C, N/C, etc.),
-7 Ratio of lignocellulose constituents (Cellulose, hemicellulose, lignin),
T e et e e

- Ternary diagram (showing percentage of C, H, and O).
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Now after understanding the necessity of characterization of the fields and the feedstock, let
us discuss about some important characteristics of fuels and their feedstock which include
physical properties, thermodynamic properties and composition. The physical properties
include density, permeability, diffusivity and the viscosity. And this is a comprehensive list
and not specific to any single given fuel. Similarly, the thermodynamic properties include
thermal conductivity, value, specific heat, heat of combustion, heat of formation, and the
ignition temperature. And again as | mentioned these are not specific to a single field but this
is a comprehensive list of the thermodynamic properties.

And the composition include the ultimate analysis, the proximate analysis, the structural and
chemical composition which includes the cellulose, hemicellulose, lignin and the extractive
content in the material, apart from that the carbohydrate, protein and the lipid content. And
these are specific to a bio-based material. And apart from these properties there are other
tools which are also used to characterize, classify and rank the fuel which includes the atomic
ratio that is H/C, O/C and the N/C ratio, which is also helpful in classifying or characterizing
the fuel. Ratio of lignocellulose constituent that is cellulose, hemicellulose and lignin, this is
also helpful to rank the lignocellulosic biomass. And the ternary diagram showing the
percentage of carbon, hydrogen and oxygen it also useful as one of the tool to characterize or
classify the fuel.

(Refer slide time: 9:55)

@ solid fuels

= Fire, the greatest discovery in history, was produced from biomass fuels for heating caves and cooking food

in ancient times.

* As glyil[@t{gj)n advanced the utlliga;ion of solid fuels (e.g. biomass, coal and petroleum seeps) broadened to

domestic use, smelting of metals, thermal power generation, etc.

* Solid fuels are grouped in three classes:
+— Biomass fuels, -
+ Fossil fuels, and —¥

— Wastes. —¥
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Now, let us discuss about solid fuel in detail. Fire: the greatest discovery in history was
produced from biomass fuel for heating caves and cooking food in ancient times. And with
advancement of civilization the utilization of the solid fuels has broadened to domestic use,
smelting materials as well as to produce the power in the thermal power station. And these

solid fuels are grouped in three classes that are biomass fuel, fossil fuel and waste.

(Refer slide time: 10:38)

Classification

Sources of solid fuels

Derived solid fuel products

Uses of solid fuels

' 4

Peat, coal, oil shale, oil sands, tar
v b

Peat, Cgal, Coke, Briquette,
3 - R e

Burned to supply energy to
—

Fossil fuels

sands, etc. etc. industrial processes.

Wood, wood wastes (i.e. hogged

bark and sawdust), spent pulp, rice L e

- Pellets)Briquettes,  Torrefied

Biomass hulls, cotton gin trash, bagasse,| — Burned in boilers and in kilns.

— — &> — biomass, Biocoke, Biochar, etc. - —

coffee grounds, manure, and a s F

-

myriad of other biomass forms.

Municipal solid waste (MSW) v — — Burned for steam, electricity

— Pellets/Briquettes, @@;g, — =
Wastes including waste from wood, paper, = and for the safe disposal of

food, yard, plastics etc.

derived fuel (RDF), etc.

socie}'y's residues.
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The combustion of solid fuels and wastes, by DA Tillman, Academic Press, 1991

So, now let us discuss about these source of solid fuels, their derived product and their
ultimate use in the industries. The sources of fossil solid fuels include peat, coal, oil shale, oil
sands and tar sand. And the products derived from these solid fuels include the peat, coal,
coke and briquettes. So, here the peat and the coal are nothing but the upgraded form of this
source material which can be upgraded using the suitable upgradation technology with the
removal of the foreign material as well as the pollutant and it can produce a high quality coal.
Apart from that, the briquettes here indicate the briquette produced from the coal dust and
this particular derived product can be burned to supply energy in the industrial processes.
Similarly, the biomass source material include wood, wood waste, spent pulp, rice husk,

cotton trash, bagasse, coffee grounds, manure and other forms of biomass.



And this particular biomass can be converted into pellets and briquettes or it can be converted
into the torrefied biomass, biocoke and also biochar. The pellets and the briquettes as |
mentioned earlier, it is a block of a combustible material, so here it is a biomass-based
material. Similarly, the pellet which is smaller in size can also be obtained from the
combustible based material that is a biomass. The torrefied biomass, as we already discussed
about the torrefied biomass in the previous slide. These particular materials again can be

burned in the boiler and in the kilns.

And the waste material, the sources include the municipal solid waste including the waste
from the wood, paper, food, yard and the plastic. Again, this particular source material can be
converted into pellets and the briquettes as well as the refuse derived fuel. And these derived
fuels can be burned for the steam generation, electricity and for the safe disposal of the

society's residues. This can be converted into a suitable form of the energy.

(Refer slide time: 12:54)

Characterisation of Solid fuels
+ The solid fuels have distinctive physical, chemical, and thermodynamic properties.

N
. Thes@es helps to define the behaviour of any given solid fuel, selection of energy conversion
__/ (e —
technology, and environmental impacts.

— Physical properties mmw Density /Specific gravity, Porosity/Permeability, Particle size.
S hermodynamic properties g Thermal conductivity, Heating value, Specific heat, Heat of combustion

Ultimate analysis mmm Elemental C,H, N, S, O

— Proximate analysis s Moisture, Volatile Matter, FC, Char, Ash

Structural Composition g Extractives, Cellulose, Hemicellulose, Lignin
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As discussed earlier the solid fuels are source from the distinct source material as a result
they have the distinct physical, chemical and the composition characteristics. And it is
essential to characterize these particular solid fuels which eventually helps to define the
behavior of any given solid fuel, as well as it will helps to select a proper energy conversion

technology or system. And also it will help in understanding the environmental impact by the



utilization of these particular source materials for the energy generation. And it includes the
physical properties, thermodynamic properties and the composition as we already discussed
in the previous slide. The physical properties include these many properties. The
thermodynamic properties include majorly thermal conductivity, heating value, specific heat
and heat of combustion. And the composition includes ultimate analysis, proximate analysis

and the structural composition.

(Refer slide time: 13:57)

i
* Characteristics of various soILid fuels, important i fu@are summarised bellow:

Solid Fuels Physical properties Thermodynamic properties Chemical characteristics
- Thermal Conductivity, — Proximate Analysis, -
Specific Gravity, —
Biomass Specific Heat, Ultimate Analysis,
Porosity —
Heating Value “ Structural and Compositional Analysis.j

Proximate Analysis, Ultimate Analysis,
~— -._/

Specific Gravity, Specific Heat (Heat Capacity),
= L~ Reactivity, Chemical Structure (Coal Ranks),
Coal (fossil fule) | Porosity, Heating Value v g
Nz Chemical Component Analysis (Organic
Grindability.~— —
Matter, Inorganic/Mineral Matter, etc.).
Thermal Conductivity, >
Bulk Density, e ;
Wastes Heat Capacity, Ultimate Analysis, Trace Metals Content
£ Porosity
Heating Value
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So, here the characteristics of various solid fuels important in the fuel analysis are
summarized in the tabular form, which will be very easy to understand even. So, for the
biomass based source material the physical properties include the specific gravity and the
porosity. Thermodynamic properties include thermal conductivity, specific heat and the
heating value. And the chemical characteristics include proximate analysis, ultimate analysis

and the structural and the composition analysis of the biomass.

And in case of coal Physical properties include specific gravity, porosity and grindability.
And majorly thermodynamic properties include the specific heat and heating value. Along
with that the chemical characteristics include the approximate analysis, ultimate analysis,
chemical structure, even the reactivity, chemical component present in the coal in the form of

organic matter and the inorganic matter. And the waste includes bulk density and the



porosity, thermal conductivity, heat capacity and the heating value and ultimate analysis

along with the trace metal content. So, we will discuss about these properties one by one.

(Refer slide time: 15:15)

1. Density (Physical property)

Density is an important design parameter for any fuel conversion processes and system.

There can be three characteristics densities: true, apparent, and bulk density.
o L v 1

(a) True density: —
Weight per unit volume occupied by the solid constituent of biom§s>s is the True density.
— =

s 4

total mass of fuel
Prrue = ilig volume(excluding pore volume

(b) Apparent density: - s .
This considers the(internal pores of a particle but not the interstitial volume between particles packed together.
/ﬁr

. 7
As it is easiest to measure and most commonly used for design calculations, and it gives the actgal volume occupied by a
particle in a system.

total mass of fuel

Papparent = apparent volume including solids and integ@l pores

virdra et wear e
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Courtesy: Biomass gasification, pyrolysis and torrefaction: Practical design and theory, by P Basu, Academic Press, 2013,

So, first the density, density is an important design parameter for any fuel conversion process
or system. There can be three characteristic densities that is true density, apparent density and
the bulk density. So, the true density here it is the ratio of total mass of fuel by solid volume
excluding the pore volume of the material. So, while calculating the true density it is
basically considered as the total mass of fuel that is weight per unit volume by solid
constituents of the biomass is the true density. So, in this calculation the pore volume of the

specific source material is excluded.

Whereas, if you see the apparent density, so this consider the internal pores of particle but not
the interstitial volume between the particles which are packed together while estimating the
apparent density. And it is the easiest to measure and most commonly used density for the
design calculation and it gives the actual volume which is occupied by particle in a system.
And it can be calculated using the following equation that is total mass of a fuel by apparent
volume including the solids and the internal pores, but it does not account the interstitial

volume between the particles.



(Refer slide time: 16:53)

(c) Bulk density:

Bulk density of a sample can be estimated based on the overall space occupied by an amount or a group of
particles:

v
total mass of fuel

Poulk = bk volume occupied by fuel

—F

The bulk density can be estimated By ASTM E-873-06 method. (ASTM: American Society for Testing and Materials)

These three types of densities are related as follows:

By papparent :ﬂ}le(l - Ep)//

7 S‘ Anthracite coal 800-929 +—
g Pbulic = Papparent(1 — Eb)/ Bituminous coal 673-913 b’j
Lignite coal 641-865
Where, Wood © 390-640
1-Ep = porosity or voidage Cereal straw { 100-170
Jeb = bulk porosity MSW __ = 500-8000

tical dasign and theory, by P Basy,
mance, by JG Speight, The McGraw
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And the bulk density it is simply a ratio of total mass of field divided by the bulk volume
which is occupied by amount or a group of particles. And this bulk density can be estimated
as per this ASTM standard method as well. Even these three densities are related as per this
following equation that is apparent density equal to true density into 1 minus porosity. And

even the bulk density can be related with the apparent density into 1 minus bulk porosity.

So, for the estimation of this apparent and the bulk density we need to know the porosity and
the bulk porosity of the given sample. And in this particular table, the bulk density of the
various solid fuels is compared. Now, if you see here the anthracite coal, the bituminous coal
and the lignite coal, these samples have relatively a higher bulk density compared to the
wood and the cereals. In fact, the municipal solid waste is having relatively a higher density
than that of the wood and the cereal straw.



(Refer slide time: 18:07)

2. Porosity

- - [ L—
Porosity is an important characteristic of solid fuel$ including biomass, fossil fuels, & MSW.

—
* Porosity: l/b

> -
Porosity, €, is defined as the ratio of pore volume to the total volume of a solid fuel.

pore volume

total volume

* Bulk porosity: AT
Bulk porosity| €, Is defined as the ratio of inter\s/ti{jal volume to the total packed volume of a solid fuel.
— —

interstitial volume

B =

total volume _£7

13 @' INDIAH ISTITUTE OF TECHNOLOGY GUWAHATI X )
Courtesy: Biomass gasification, pyrolysis and torrefaction: Practical design and theary, by P Basu, Academic Press, 2013,

So, the porosity, as we have discussed this concept of the porosity just now, so this porosity it
is an important characteristics of solid fuel including biomass, fossil fuels and MSW. And
this porosity can be estimated by this simple equation where we need to know the pore
volume of a material as well as the total volume of a sample. So, once we know these two
values, so the porosity can be estimated accordingly and it is defined as the ratio of pore

volume to the total volume of a solid fuel.

Similarly, the bulk porosity is defined as the ratio of interstitial volume to the total packed
volume of a solid. So, in the bulk porosity basically the interstitial volume between the
particles is considered with that of the total packed volume of a solid fuel. And once we know
this bulk porosity and the porosity then easily we can estimate the apparent density and the
bulk density of a solid fuel.



(Refer slide time: 19:27)

3. Thermal conductivity (Thermodynamic property)
Thermal conductivity (k) is a measure of a material’s ability to conduct heat.

Thermal conductivity of a mg{ggal can be defined as the rate of heat transfer through a unit thickness of the material

crle

Where, Q is the rate of heat transfer, k is the thermal conductivity of the fuel,

per unit area per unit temperature difference.

A is the surface area of the fuel particle, Ax is the thickness or size of particle,
AT =T, — T, is the temperature difference across the surface of the fuel particle.

A

* High k value: material is a good conductor of heat; Low k value: material is appropriate for thermal energy storage.

* Thermal conductivity 0@ depends or) its composition, moisture content, density, porosity, & temperature.
—
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And the next in the list includes the thermal conductivity. Thermal conductivity is a measure
of materials ability to conduct the heat. And thermal conductivity of the material can be
defined as the rate of heat transfer through unit thickness of the material per unit area per unit
temperature difference.

And once we know these quantities, we can calculate the thermal conductivity of a given
material. High k value it indicates that the material is a good conductor of heat. Similarly,
low k value it indicates that the material is appropriate for thermal energy storage. And the
thermal conductivity of the fuel, it depends on its composition, the moisture content, density,

porosity and temperature.



(Refer slide time: 20:26)

4, Heating value (Calorific value)
—t

Higher Heating Value (HHV), also known as gross calorific value (GCV), is defined as the amount of heat/released’by
thé unit masg or volume of fu (fnitiahl'y/ét 25 °C) once it is combusted and the products have retlrned to a

temperature of 25 °C.

For ontaining moisture:

v" HHV includes thg latent heat of vaporization of water.
—~v

= 7
v If the latent heat of vaporization of water is not recovered, the effective heat available fo@ is less than the

chemical energy stored in the fuel. Therefore, Lower heating value (LHV) is introduced.
. x SWEl Teatllle M il

— 1/3 !/@
@r heating value {LHV), also known as net calorific ygl‘ﬂNC\.Q,_is defined as the amount of heat released by fully

= L
combusting a specified quantity less the heat of vaporization of the w@rp the combustion product.
s -~ A

A Ve 9gH M TN N A
LHV =HHV —hg|——— ere, H ¢ % hydrogen), % moisturg, h, = latent heat of steam
‘1/\%1\" HHV — hg 00 100 Wh H E % hyd ME % i hg=1 h f
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And next in the list of the properties is the heating value. The higher heating value is also
known as a gross calorific value. It is defined as the amount of heat released by unit mass or
the volume of fuel which was initially at 25 °C and once it is combusted and products have
returned to a temperature of 25 °C. In case if the fuel contains moisture, then the higher
heating value includes the latent heat of vaporization of water. And if the latent heat of
vaporization of water is not recovered, then the effective heat which is available for use is

less than the chemical energy which is stored in the fuel.

And therefore, lower heating value is introduced here. The lower heating value is also known
as the net calorific value. It is defined as the amount of heat released by fully combusting a
specified quantity of fuel but less the amount of heat of vaporization of water in the
combustion product. And this LHV can be estimated using the following expression.

LHYV is equal to higher heating value minus Hg that is called as a latent heat of steam into 9
H by 100 minus M by 100 in the bracket. Where H is the hydrogen percent and M is the
moisture percentage. And if these values are known then we can calculate the lower heating
value of a sample. And as | mentioned earlier the higher heating value of a given fuel can be

estimated using the calorimeter that is also widely known as a bomb calorimeter.



(Refer slide time: 22:34)

Heating value needs to be defined on the basis of differe@ an@ of fuel:
o1

If@fg of fuel contains: /[ Q kJ of heat,

@kg of moisture, and

@kg of ash,
N
the ¢an be presented in different bases as follows:

. . _ g‘/ﬂ N
On as received (ar) basis: l{l-l_\/ér 7@%)/
. Q
Ondry b db): HHVy, = = « kd/k
n dry basis (db) HHVyy = i ke

. Q
Ond dash f daf) basis: HHV s = kJ/k
r\l/ryan as Lree( af) basis S dat Mr /kg
\_
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Even the heating value, this also needs to be defined on the basis of different moisture and the
ash content of a fuel. If M; kg of fuel contains Q kilo joule of heat, M,, kilogram of moisture
and Mgsh kilogram of ash then higher heating value can be presented in a three different basis
as follows. That is on as received basis the amount of heat which is released on combusting

Mg kilogram fuel.

So, by that way we can calculate the high reading value. Similarly, on dry basis the high
reading value can be estimated as Q divided by M minus moisture contained in the fuel. That
means mass of the fuel minus the moisture contained in the fuel it will gives the net mass of
the fuel which is taking part in the combustion process. So, that is on the dry basis where we
have not accounted the moisture and on dry and ash free basis. So, here it is basically mass of
the fuel minus moisture minus ash. So, by that way we can calculate the high rating value on

dry-and-ash-free basis.



(Refer slide time: 24:05)

These values of HHV can be correlated as following:

i JQ @ _ N

HHV,y
1-M-Ash

Here@:@ on wet@Ash) can be determined if its value is glven on dry bay (db):

K“ e

eating va} can be determined using two methods: calorimeters and ultimate analysis.

Dqung ifg{;nula is used to calculate HHV fro ultlmate\analy@when t@ less th@
Lk ’

HHV (kJ/kg) =337 C+ 1442 (H-0/8) +93 S

HHVdaf

or  HHV, = HHVgys (1 — M — Ash)
(ST Sl 2
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Even these high heating values can be correlated as follows that is once we know the high
rating value on dry basis that is Q by M¢ minus My, so you just simply take out this mass of
the fuel common that is 1 minus mass of moisture divided by the mass of fuel which can be
represented as M here onward. So, once we know the high reading value, because this Q by
Mt is nothing but the higher heating value on the as received basis. So, you can just replace
this Q by M as higher heating value on as received basis and the remaining expression will
remain as it is. So, it is the ratio of these two terms where higher heating value on as received
basis can be also calculated as higher heating value on dry basis into 1 minus M.

And higher heating value on dry and ash free basis, it is simply the ratio of again these terms.
And similarly the high reading value on the as received basis can be also calculated where we
can simply multiply these two terms to get the high reading value on the as received basis and
the ash content on weighed basis. It can be also determined if the value of this ash content on
the dry basis is known. So, the ash is equal to 1 minus M into ash on dry basis. So, once we

know these two terms we can calculate the ash content.

Similarly, the heating value can be determined using two methods, as | mentioned the
calorimeter that is called as a bomb calorimeter and also using the ultimate analysis. So,

while calculating the heating value using the ultimate analysis this Dulong's formula can be



used to calculate the high heating value of the any given fuel once the ultimate analysis of the
given fuel is known. But there is a condition that the oxygen content in the fuel or in the
feedstock should be less than the 10 percent. Then using this expression we can calculate the
higher heating value.

(Refer slide time: 26:21)

Heating value is one of the most important properties of fuels.

Compared to most fossil fuels, t?@ of biomass ‘ especially on a voI_u/nk';e basis, because its density is
and itisa h|gh oxygen containing fuel
Fuel type Bulk density (kg/m?) Heating Value (MJ/kg)

Wood 390-640 14-21 %
Cereal straw } 100-170 } 16-17
Peat 100-300 7-9.3
Lignite coal 641-865 14-19
Subbituminous coal - 19-27
Bituminous coal 673-913 27-32
Anthracite coal 800-929 32-34
MSW 500-8000 10-29

Courtesy: Biomass gasification, ool \,- nd torrefaction: Practical design and theory, by P Basu, Academic Press, 2013
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As | mentioned earlier as well the higher heating value is one of the important characteristics
of fuel as well as the feed material. Compared to most fossil fuels, the heating value of
biomass based material is low, especially on volume basis because its density is very low and

it is a high oxygen containing fuel.

So, if you see this table here it represents the heating value and the bulk density of the source
material, so in that the bulk density of the wood and the cereal straw, if you can see, the range
of the bulk density it is relatively low compared to that of the coal sample. Even the heating
value is low compared to that of the coal sample because the biomass contains relatively high
amount of oxygen in its composition whereas the oxygen content in the coal sample is

relatively low.
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5. Specific heat (Heat capacity)
‘L/V

* Specific heat is the amount of energy required to raise a fuel from ambient conditions to reaction temperature.

K7
ot is of the heat capacity of a substance.
L [_/‘7

« Specific heat is an important property of fuels used for thermodynamic calculations.

+ Specific heat of fuel depends on temperature, moisture, and to some extent on the type of fuel.

* The specific heat of fuel increases with temperature (see Figure).

+ The wood species and its mass density do not have much effect on the

Specific heat (kj/kg °C)
]

specific heat. L
P 1 - \fff — Wood
+ The char produced from the wood has much lower specific heat. 08 — Wood bark—
~— k
SN Wood char
— 06
04
20 120 220 320 420

Temperature (°C)
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So, the next in the list is the specific heat. And the specific heat is the amount of energy
required to raise the fuel from ambient condition to reaction temperature. And it is indication
of the heat capacity of a substance. And the specific heat is important property of a fuel
which is used for the thermodynamic calculations.

Now if you see the specific heat versus temperature plot here, it shows that the specific heat
of the fuel it increases with the temperature. And for the wood species for example wood and
the wood bark and its mass density if you see, it do not have much effect on the specific heat.
However, when this wood is converted into a wood char, then it has much lower specific heat

compared to that of its original wood and the wood bark material.
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6. Heat of combustion (reaction) =
— L~ . o .
The heat reaction (Hg) is) the amount of heat released or absorbed in a chemical reaction| with no change in
temperatu

The heat of com sti(Mch,,,,J is the heat released by a substance when jt undergoes complete combustioh in the
presence gf oxygen)at sta temperature and pressurg conditions.
,

Theoretically, this calculated from
products and tdard conditions.
. o
Heat of Combustion (AH__ )

Example: Combustion of Fuel

-9 @-@ @

Hydrocarbon Oxygen Water Carbon
(Fuel) dioxide

@ A H:’(products) —gHT(reactants)

Where, AH, : Enthalpy (heat) of formation

e difference between the heats of formation (AH,°) of the

p e ST Tear T
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And most important property of the solid fuel is the heat of combustion, or we can say the
heat of reaction. Because the heat of reaction is the amount of heat released or absorbed.
Because it depends on the endothermic and exothermic nature of the reaction with no change
in temperature. Similarly, the heat of combustion is the heat released by substance when it
undergoes the complete combustion in the presence of oxygen at standard temperature and
the pressure condition. And theoretically we can calculate the heat of combustion of a given
reaction by using the difference between the heat of formation of the product and reactant
under the specific condition. For example, the combustion of the hydrocarbon in presence of

oxygen produces water and CO, as a product.

So, once we know the heat of formation of these compounds, then we can easily calculate the
heat of combustion. For example, the heat of combustion as | discussed earlier, it is the
difference between the summation of the heat of formation of products that is water and the
CO; minus the heat of formation of the reactant that is hydrocarbon and the oxygen. And

once we know these values, we can easily calculate the heat of combustion.
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AH_ o can be calculated from the heat of formation (Hy).

g O )
For example: {{CH,1 +20, - 2H,0 @
= — o s,

AHoyp = ;% ~801.7 ki/mol|
— o~ T

—v‘gégn = exothermic)
xVe Hgng

Heat of formation some important compounds. (Source: Basu, 2013)

“ﬁﬁnﬂﬂ“

Heat of formation
at 25 °C (kl/mole) -241.5 -393.5 -110.6 -7 -1211.8
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So, now let us discuss one small example here to calculate the heat of combustion of this
specific reaction where the methane is combusted in presence of oxygen to produce water and
CO; as a product, as the heat of formation of this compound is given here in this table. So, the
heat of combustion as we discussed earlier, it is the summation of the heat of formation of

product compounds that is water and CO, minus the heat of formation of the reactant.

So, here as 2 moles of waters are produced, so 2 into heat of formation of the water plus this
is 1 mole of CO,, heat of formation of CO,. Once we take the summation of this and minus
the summation of heat of formation of methane and heat of formation of the oxygen. So,
these values are given here, once we replace these values in this equation we will get the final
answer in the form of -801.7 kJ per mole. And the negative sign here indicates the exothermic
process right, as already we know the combustion is the exothermic process as it releases
significant amount of heat. And that is also depicted here in this form of the heat of
combustion of the reaction. In case if the sign is positive, then it is called as an endothermic

process.
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7. Ultimate Analysis (Elemental analysis) (Composition)

/Ult' mate analysis involves the quantitative estimation of carbon, hydrogen, nitrogen, sulfur, and oxygen within the

Typical ultimate analysis presented is:

\@—Q (C+H+N+S+O+A£ 1100%

A ry-and-ash)free basis (daf): w

=" == - |
Typically, @i@f the fuel is determined at dry-and-ash free basis (daf).

W \/{7 b 4/{7
Dry basis meaﬂ;@:@ in the ultimate analysis does not include th@b{@from the moisture.

AT
EIM(M be performed using Elemental analyser as per the ASTM D3176-09 protocol.

X
\__T ULTIMATE ANALYSIS | EON (o’ [(W[ N (9 Ash
PROXIMATE ANALYss | _FC} Volatile Matter -~ | Ash{ Moisture 7
71\"’)73 dry & ash free (daf) basis ~ *).
/\‘/“ dry basis
h /ﬂ as received (as such) basis
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So, the next point in the properties is the ultimate analysis. Ultimate analysis, it involves the
quantitative estimation of carbon, hydrogen, nitrogen, sulphur and oxygen within the fuel or
the feed material. So, typically the ultimate analysis is presented in the following way that is
on dry basis and dry and ash free basis. When it is on the dry basis then it includes carbon,

hydrogen, nitrogen, sulphur, oxygen and the ash, which accounts to be 100 percent.

And when it is dry and ash free basis then the ash is neglected and it only presented in the
form of carbon, hydrogen, nitrogen, sulfur and oxygen, which accounts to be around close to
100 percent. And typically this ultimate analysis of the fuel is determined at dry and ash-free
basis. So, normally when we try to estimate the ultimate analysis of any source material we
try to estimate the ultimate analysis on dry and ash free basis. Dry basis means the hydrogen
and oxygen in the ultimate analysis does not include the hydrogen and oxygen from the

moisture.

And this ultimate analysis or also known as the elemental analysis can be performed using
the elemental analyzer and that is as per the ASTM standard protocol. This ultimate analysis
as | mentioned earlier also, it includes the carbon, oxygen, hydrogen, nitrogen and sulfur. In
case if we are considering on the dry basis then we have to include the ash as well. But as |

mentioned earlier also the ultimate analysis are normally determined on dry and ash free



basis.

So, it includes only these elements. Similarly, the proximate analysis it includes the fixed
carbon, volatile matter, ash and the moisture content in the specific raw material as well as
the produce product. If its need to be estimated on dry and ash free basis, then it includes only
the fixed carbon and the volatile matter. If it needs to be estimated on the dry basis, then it
includes the ash. And as on the received basis then it includes again the moisture. So,
likewise the proximate analysis can be presented based on the following three conditions.

(Refer slide time: 35:03)

Table: Ultimate analysis of different fuels (daf basis)(coutesy: Viswanathan, 2017; Speight et al., 2008)

[ e ) [ 5

Wood 14-21 1.7 0.67 v
Cereal straw 16-17 48 5 0.4 0.1 47 13 L~ 073 “—
Peat 7-22 60 6 0.4 33 1.2 0.41
Lignite coal 14-19 70 5 1 1.4 ) 24 0.9 0.26
Bituminous coal 27-32 85 5 0.9 1 9 0.7 } 0.08
Anthracite coal 32-34 93 3 0.9 0.7 3 0.4 0.02
MSW 10-29 48 6 1.2 0.3 33 1.5 0.52
RDF 17-23 52 7/ 0.6 0.3 40 1.6 0.58

* Sin the fuel contributes to SO, emission. i
* To reduce SO, emissions one can use limestone (slurry) flue gas desulfurizatior/ (FGD):
—~ 7
@(CaCOa +2H;0) +7%0; > (Cas0,2H;0) @

g
Here, reduction of 1 mole of SO, produce 1 mole of CO,.
Therefore, S must be removed from the fuel'be € combustion (deep-desulphurisation).

fi and Practical desi g and theory, by P Basu, Academic Press, 2013.
Sy thetic fuels h dbo k v pu 5, proc d performar bwcso-:gm. The McGraw-Hill Companies, 2008.
Energy Sources, by B Viswanathan, Elses zm7

Courtesy:
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So, the ultimate analysis of different fields is tabulated here in the tabular form along with its
H/C ratio and the O/C ratio. And if you see here the H/C and the O/C ratio of biobased
material is relatively high compared to that of coal material. However, the sulfur content in
the biomaterial is less than that of the coal material. And hence the sulfur in the fuel needs to
be removed before being used in the combustion process because the sulfur in the fuel it

contributes to SO, emission.

Therefore, to reduce the emission of the sulphur dioxide we can scrub this sulphur dioxide
gas using a flue gas desulphurization unit. Where the limestone is used as slurry in the
scrubber, where this sulphur dioxide gas is scrubbed with this limestone slurry and produces



calcium sulphate dihydrate that is also known as the gypsum along with the CO,. So, if you
see this particular reaction, so for reducing 1 mole of sulphur dioxide, it produces around 1
mole of carbon dioxide. And therefore, the sulphur must be removed from the fuel before
using the feedstock in the combustion process.

(Refer slide time: 36:38)

Atomic H/C and O/C ratios are calculated from the ultimate analysis for the ranking of fuels.

L—E7
. Atom@n ratios are calculated in the form of molar fractions of the respective elements.

%WH) g
H/C ratio = MW,

%we Y}
——t= (WE

()

) MW,

0/C ratlo; (%Wc)
~ — MWC

Where, %W is percent weight of given element,

—

=

MW is molecular weight of given element,

Subscript C, H, O represents carbon, hydrogen, and oxygen, respectively.
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Apart from the ultimate analysis, the atomic ratio that is H/C ratio and the O/C ratio can also
be calculated to rank the fuels. The atomic H/C and the O/C ratios are calculated in the form
of molar fractions of the respective element. That is if you see here, this H/C ratio, it is the
ratio of molar fraction of hydrogen to the molar fraction of the carbon. That is percentage
weight of hydrogen divided by its molecular weight and here it is percentage weight of

carbon divided by its molecular weight. And similarly the O/C ratio can be calculated.
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) = 7 \/U
/Higher thé C tontent)(or lower the H/C & O/C ratio), higher will bg
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* E.g. Plant biomass like leaves has very I@ because of its high H/C and O/C ratios.
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Classification of solid fuels
by H/C and O/C ratio
(Source: Basu, 2013)

So, as we discussed earlier the higher the content of carbon that means the H/C ratio will be
lower, also the O/C ratio will be lower, higher will be the heating value. And that is what we
have seen in the previous slide where we have seen in the table that the H/C ratio and the O/C
ratio of coal is relatively low than that of the biomass. And that is the reason the feedstock or
the source material which has higher carbon content ultimately its heating value is relatively

higher.

So, the high O in the source material consumes the part of the H; in the fuel as well as in the
source material to produce H,O. And thus high H/C ratio content does not claim that the high
gas yield or high heating value. For example, if you see here the biomass like leaves has very
low heating value, because it has very high H/C and the O/C ratio which can be seen here
from this graphical representation as well.

If you can see here this biomass which is shown in the green color, it has relatively higher
H/C ratio and higher O/C ratio, ultimately it has a lower heating Now, if you compare this
biomass with the coal that is the anthracite, so it has relatively very lower H/C as well as the
O/C ratio, but the higher heating. So, these ways even this H/C ratio as well as the O/C ratio

that is also called as the atomic ratios are useful to classify the fuel as well as to rank the fuel.



(Refer slide time: 39:35)

o i
Ternary Diagram is a graphical representation of elemental C, H, O concentratiorf of the fuel.
s

~ The three vertices of the triangle represent pure C, O, and H — i.e., 100% concentration.
— The axes opposite to any vertex represents zero concentration of component at that vertex.

~ Points within the triangle represent ternary mixtures of these three substances.

* E.g. The horizontal axis opposite to the H corner shows binary mixtures of Cand O (i.e. H = 0%).
= 16V -

Gasification process
for converting soild fuel to
gaseous fuel:

H: hydrogen process
H,O S:steam process
O: oxygen process

P: slow pyrolysis process
F: fast pyrolysis process

1
Gaseous | Combustion
i fuel | products
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Even the ternary diagram is also useful in ranking the fuel. Because ternary diagram here it is
a graphical representation of elemental like carbon, hydrogen and oxygen concentration of
the fuel. So, these three vertices, if you see here, these three vertices of the triangle element, it
represents the carbon, oxygen and the hydrogen and it is nothing but the 100% concentration
of carbon, hydrogen and the oxygen, and the axis opposite to the vertex represents the zero

concentration of the component at that vertex.

So, for example, if you see here this particular axis which is opposite to the vertex that is O,
so here the concentration of O is 0%. And points within this particular triangle it represents
the ternary mixture of these three substances. So, for example, here the horizontal axis which

is opposite to the edge corner shows the binary mixture of carbon and oxygen and 0% of H.
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+ Ternary diagram is an useful tool for the classification of fuel:

E.g. Coal is located toward the C-vertex and closer to H-C axis, suggesting that it is much richer in carbon.

* |tis also useful to illustrate the fuel conversion processes: Gasification process

for converting soild fuel to
gaseous fuel:

H: hydrogen process
H,0 S:steam process

O: oxygen process
P: slow pyrolysis process
: fast pyrolysis process

For example:

Fast pyrolysis moves the products toward hydrogen and away d CoHy/f
Lqutd "z

from oxygen, which implies higher liquid product. f

Slow pyrolysis moves the product toward carbon through the
]

1
1
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formation of solid char.

So, likewise this ternary diagram it is a useful tool for the classification of the fuel. So, for
example, if you see here the coal which is located towards the C vertex and it is closer to the
H-C axis, suggesting that it is a much richer in carbon. And also it is very well known that the

high grade coal is much richer in the carbon content.

Similarly, this ternary diagram is also useful to illustrate the fuel conversion processes. For
example, if you try to see the fast pyrolysis process first. So, in case of fast pyrolysis process
that is F here, the product moves towards the hydrogen and away from oxygen which implies
that the process will produce higher liquid product. And in case of slow paralysis process
suppose for example P here, which indicates the slow paralysis process it moves the product
towards the carbon through solid char right through formation of the solid char which
indicates the formation of a specific product. Likewise this ternary diagram is also useful tool

for the classification of a fuel.
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— Among these combustible constituents are carbon C, hydrogen H, and sulfur S.

——— .
+— Thus, t@ values of given fuel can be approximated from tmns i, dry basis) of C,ﬂand S

present in the given fuel. o

/f@:@ x HHV, @x HHVy, @x HHV

7 LHV = x¢ X LHVG + Xy X LHVy + x5 X LHVs

[

Fuel (Phase) HHV, kl/kg LHV, ki/kg
|__—~=Carbon (s) 32,800 [ 32,800
L/j’Hydrogen (g) 141,800 120,000
—_ N
Sulfur (s) 9,160 9,160
(7 . E J

T T T
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Apart from that the ultimate analysis as we discussed earlier, it is also useful for calculating
the heating value of a source material as well as the produced fuel. The ultimate analysis of
the solid fuel on the dry basis as we discussed earlier, which includes carbon, hydrogen,
nitrogen, sulfur and the oxygen along with the ash and it accounts to 100 percent. And among
these constituents only carbon, hydrogen and sulfur are only the combustible constituents.
And thus the heating value of a given fuel, it can be approximated from the mass fraction of
these constituents that is carbon, hydrogen and sulfur but that is on the dry basis, as we have
assumed it is on the dry basis.

So, once we know the mass fraction of these constituents then we can easily calculate the
higher heating value of the given fuel. Once we know the mass fraction of carbon, mass
fraction of hydrogen and mass fraction of sulphur and their higher heating values then we can
easily calculate the high heating value of the given fuel. On the similar basis we can calculate
the low heating value of a given fuel, but for that we need to know the high heating value of

carbon, hydrogen and sulphur which are given here in the tabular form.

And once these values are known along with their mass fraction we can easily calculate these
values. And if you recollect we discuss the same concept in one of the lecture in the module

1, there we have estimated the higher heating value of a given composition of a fuel. So, once



the composition of the fuel is known then we can easily calculate the higher heating value as
well as the lower heating value of a given fuel. So, this in total completes the ultimate

analysis of a source material as well as the fuel.
So, with this we will end our lecture here. And in the next lecture we will discuss about the
remaining properties that is the approximate analysis and the structural composition of a

source materials as well as the fuel.

Thank you.



