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In the quest for search of suitable coal depositspbwer generation, the qualities of
four Nigerian coal samples from Kurumu (Gombe Statearin-maiganga (Bauchi
State), Gindi-akwati (Plateau State) and Ogboydtuayi( State) deposits were analysed
to assess their suitability for power generatiohe Tcoal samples were subjected to
proximate analysis, ultimate analysis, calorifidueadetermination, thermogravimetric
analysis, ash fusion temperature analysis, ash asitqn analysis and auto-ignition
temperature determination. Tests were carried autNigerian Geological Survey
Agency, Kaduna and Beijing University of Technold®UT), China. From the results
of these analyses, Kurumu coal deposit was fourtzeta sub-bituminous, low ash and
low sulphur coal. Garin-maiganga coal deposit wagnél to be a sub-bituminous,
medium ash and low sulphur coal. Gindi-akwati abgbosit was found to be a lignitic,
high ash and low sulphur coal while Ogboyoba cagadit was found to be a sub-
bituminous, low ash and low sulphur coal. Kurumayi@maiganga and Ogboyoba coal
deposits with calorific values of 25.71MJ/kg, 23VBl7kg and 24.78MJ/kg respectively,
can be used for power generation using the intedrgasifier combustion cycle clean
coal technology. However, Gindi-akwati coal deposiith a calorific value of
11.56MJ/kg can be used for power generation usneglating fluidised bed combustion
technology due to its tolerance of a wide varigtgaals. The self-ignition temperature
and ease of combustion of the coal samples in dsicrg order of their volatile ratio is
Gindi-akwati (0.58), Garin-maiganga (0.49), Ogbay@0.48) and Kurumu (0.47).
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CHAPTER ONE
INTRODUCTION

1.1 Background of the study

Adequate power supply is an unavoidable prereguisd any nation’s

development. Electricity plays a very importanterah the socio-economic and
technological development of every nation. The teilgity demand in Nigeria far

outstrips the supply and the little supply is gpile in nature. The country is
faced with acute electricity problems which is héndg its development
notwithstanding availability of vast energy resasen the country. It is widely
accepted that there is a strong correlation betvgeeiroeconomic development

and the availability of electricity in a given cdon The energy woes today had
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continued unabated over the years since 60 peafeNligeria’s electricity —
generating capacity broke down due to decades glieceby the government.
The remainder serves only 40% of her citizens

(Essienet al, 2013; Sambeet al, 2010) at different degrees of black-outs,
rolling black-outs and brown-outs. Another sidehese woes is the fact that for
more than three decades, Nigeria went for gased fiower stations, in the days
when there was still abundant cheap gas. With teeemt skyrocket price of gas,
it has become expensive to run those plants wherpared to coal — fired and
nuclear plants ( Oodo and Zou, 2009).

In Nigeria presently, 93% of electric power generats provided by gas, the
remainder is from hydro sources. There are oveBB/6of installed capacity of
generating plant made of government owned and edgnt power plant across
Nigeria. Despite the large number of installed pogeneration capacity, Nigeria
could still not meet the electricity demand of ptspulace which is estimated at
10GW because of old age of the power plants arlddaoew generation plants
addition. Actual electricity generation is only Wween 2.5 — 3.6GW (Ujam and
Diyoke, 2013).

Even if new power plants addition were to be matie, overdependence of
Nigeria’s electrical system on gas which cannot rgoiee longer term
sustainability should be a major concern. The feaquagitation for resource
control from areas with fossil fuel reserves antegsant vandalization of power
plant gas supply infrastructure are threats tocthrinuous sustainability of the
Nigeria’s power system of today.

Moreover, there is an urgent need for a good ensrgyin the nation’s energy
generation infrastructure due to the combined beneaferivable from it.
Globally, the energy industry is driving towardstinable low carbon emitting,
renewable energy sources.

However, renewable as at now are still in theiamfstage of commercialization

and cannot help to meet Nigeria’'s base load etggtriiemand deficit. It is also
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worthy of mention that even in the most envisiomgd of the 21st century
otherwise called the smart grid, traditional laggatral power plants still form
the ‘nucleus’ of this concept both in Europe andehica

( Essieret al, 2013).

Coal is an important energy resource across thé&wporincipally for electricity
generation. It is the world’s most abundant andelyiddistributed fossil fuel,
with global proven reserves totaling nearly 1itil tonnes (Ujam and Diyoke,
2013).

Coal which is spread across Nigerian states witkestimated reserve of 2.734
billion tones

(Samboet al, 2010; Ujam and Diyoke, 2013) holds the keyNigeria’s
present and even future energy security. On theagee 40% of the world’'s
electricity is generated from coal with a rathegh@r percentage as you move
from one country to another. For instance, eleityrigeneration in South Africa
derivable from coal fuels is placed at about 9304s i92% in Poland, 79% in
china, 69% in India, 49% in the USA (Olayaneleal, 2012) etc as shown in
Table 1.1, but most unfortunately it is 0% in NigerMost developed and
developing countries that has coal deposits mest &nergy demands through
coal based generation. Nigeria can bridge its gndegnand and supply deficit

by leveraging on its abundant coal deposit res@urce

Nigeria cannot continue to be in the dark whendhsrapproximately 3 billion
tonnes of coal deposits spread across 22 locaitioNggeria (Kibiya, 2012) that
has not been harnessed. The growing energy nedtie aleveloping world are
likely to ensure that coal remains a key compowéithe power generation mix
in the foreseeable future, regardless of the cénahtinge policy.

Table 1.1Top 12 Countries that use Coal for Electricity Gatien

S/No. Country Per centages (%)
1 South Africa 93
2 Poland 92
3 China 79
4 Australia 77
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5 Kazakhstan 70
6 India 69
7 Israel 63
8 Czech republic 60
9 Morocco 55
10 Greece 52
11 USA 49
12 Germany 46

Source: Olayande et al., 2012

Developing economies have a particularly strongedepncy on coal for power
production, and the rate of growth in coal’s cdnmition to electricity supply in

these countries will be greatest, as shown in Thlde

Y ear 2004 2015 2030

Total TWh % share TWh % share TWh % share
Source Generation 5, 754 100 10,749 100 17,001 100
Coal 2753 47.8 5659 52.6 8979 52.8
Oil 580 10.1 670 6.2 616 3.6
Gas 983 17.1 1955 18.2 3389 19.9
Nuclear 142 25 322 3.0 523 3.1
Hydro 1239 21.5 1928 17.9 2827 16.6

Renewables 56 1.0 215 2.0 668 3.9
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(excluding hydro)

Table 1.2: Developing Countries Electricity Genematfrom Major Fuels, IEA
Reference Scenario
Source: International Energy Agency, 2007

1.2 Benefits of coal as a sour ce of power generation to the nation
The exploitation of coal for electricity generatiamd the production of coal

briquettes for domestic and industrial heating Wiling a number of benefits

including;
i) Increased and more reliable electricity supply
i) Lower cost electrical energy

iii) Expanded industrialization of the economy

iv) Increased employment and human resource development
V) Increased capacity utilization of existing induesri
Vi) Increased national income through taxes and

vi)  Reduced deforestation and prevention of desertoanhment in the
northern parts of the Country
Despite these benefits, the use of coal for eldttrgeneration also have some
short comings most of which are centered on enmenmtal pollution. However
the development of clean coal technology has censidy reduced these green

house emission effects.

1.3 Statement of resear ch problem

Since the discovery of petroleum in Nigeria, the uf coal for electricity

generation, cooking, heating up houses in the pettbd to create warmth, e.t.c,
has been neglected in spite of its abundance inctumtry. This results to
constant failure in power supplies, political artbomical instability due to

insufficiency and increase in price of petroleurndarct. Therefore, against the
backdrop of abundant proven reserves of coal, aealyf coal properties for
their suitability in power generation can signifitlg contribute to Nigeria's

energy mix. The generation of electricity in Nigehas suffered a major setback
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due to unavailability of data on Nigerian coal favestors. To readily attract
prospective investors, it is pertinent to readilgk® available the properties of

Nigerian coals that are critical for electricityngeation.

1.4 Aim and Objectives
The aim of this research is to determine the ptageof coal from four deposits
in Nigeria which include Kurumu (Gombe State), @amaiganga (Bauchi
State), Gindi-akwati (Plateau State) and OgboyoBagi State) thereby
enriching the repository of existing data on preéipsrof Nigerian coals in power
generation.
The specific objectives of the research are:
i) To carry out proximate and ultimate analyses ofctbed samples
i) To determine the calorific values of the coal saspl
iii) To carry out thermogravimetric analysis of the cahples
iv) To determine the ash fusion temperature, autiidgntemperatures of
coal samples and carry out ash analysis of thesamaples
v) To characterize the coal samples and To companeudts with existing
standards and make recommendations on the use afotd from each

deposit for power generation

1.5 Significance of the Resear ch

With the world’s industrial giants such as the @ditStates of America, China,
Germany etc, heavily depending on coal for eleityrigeneration, Nigeria
cannot exclude herself from benefitting from thesaurce which she has in
abundance. This research therefore has helpedtéwndee the suitability of
some of the Nigerian coals for use in coal-fireav@oplants not only in Nigeria,
but as an export product to other coal-consumingnt@es around the world.
This will assist potential investors in Nigerianwer sector to make a decision
on the profitability of using each deposit as arsedor power generation.
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1.6 Scope of research

This research covers analyses of coal samples foun deposits in Nigeria
which include Kurumu (Gombe State), Garin-maiga(@auchi State), Gindi-
akwati (Plateau State) and Ogboyoba (Kogi Statejalyses carried out were
proximate analysis, ultimate analysis, determimatiof calorific value,
thermogravimetric analysis, ash composition analyash fusion temperature
and auto-ignition temperature to assess their lgliiya for electric power
generation. From the analyses carried out, the saaples were characterized

and the appropriate clean coal technology was rewmded.

CHAPTER TWO
LITERATURE REVIEW

2.1 Availability of coal in Nigeria

Coal occurs in several areas in Nigeria and raffiges bituminous to lignite.
The coal deposits of the Anambra Basin, locatesbutheastern Nigeria, appear
to contain the largest and most economically viatdal resources (Ministry of
Mines and Steel Development, 2010). This basin oae area of approximately
1.5 million hectares and is constrained by the NRjeer on the west, the Benue

River on the north and the Enugu escarpment on e@ist. The coal is
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predominantly in one seam that outcrops along #iséeen side of the basin at the

base of the Enugu escarpment and dips gently towerdcentre of the basin.

Available data shows that coal of various gradesuccin about 22 coal fields

spread in over 13 States of the Nigerian Federafibe existing/potential coal

mines in Nigeria are shown in Table 2.1 below:

SIN Mines L ocation State Type of Coal *Estimated *Proven Mining method
Reserves Reserves
1 Okpara Mint Enugt Suk- 10C 24 Undergroun
Bituminous
2 Onyeama Enugu Sub- 150 40 Underground
Bituminous
Ihioma Imo Lignite 40 N.A Open-cast
Ogboyobi Kogi Sut- 427 107 Opencas
Bituminous Underground
5 OgawashiAzagba/ Delta Lignite 250 63 Opencast/
Obomkpa Underground
6 Ezimc Enugt Sut- 15€ 56 Opencas
Bituminous Underground
7 Inyi Enugu Sub- 50 20 Opencast/
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Bituminous Undergroun

8 Lafia/Obi Nasaraw Bituminous 15€ 21,42 Opencas
(Cokable) Underground

9 Oba/Nnewi Anambra Lignite 30 N.A Underground

10 Afikpo/Okigwe Ebonyi/lmo Sub- 50 N.A Underground
Bituminous

11 Amansiodt Enugt Bituminous 100C N.A Undergroun

(Cokable)

12 Okaba (Odagb Kogi Sut- 25C 3 Opencas
Bituminous Underground

13 Owukpa Benue Sub- 75 75 Open
Bituminous

14 Ogugu/Awgu Enugu Sub- N.A N.A Underground
Bituminous

15 Afuji Edc Sut- N.A N.A Undergroun
Bituminous

16 Ute Ondo Sub- N.A N.A Underground
Bituminous

17 Doho Gombe Sub- N.A N.A Underground
Bituminous

18 Kurumu Gombe Suk- N.A N.A Undergroun
Bituminous

19 Lamja Adamawa Sub- N.A N.A Underground
Bituminous

20 Garin maiganga Bauchi Sub- N.A N.A Underground
Bituminous

21 GindiAkwati Plateau Sub- N.A N.A Underground
Bituminous

22 Jamata Ko Kware Suk- N.A N.A Undergroun
Bituminous

Table 2.1: Existing/Potential Coal Mines/Sites iigétia
Source: Kibiya, 2012 * Expregsn Million Tonnes

The proven reserves so far in the country are 6#bmtons while the inferred
reserves are about 2.75 billion tones, consistipgraimately of 49% sub-
bituminous, 39% bituminous and 12% lignitic coals.

Up to the early 1960s, coal production was sigaificand dominated the
commercial energy supply in some countries. It alas the predominant source

of energy for rail transportation and electricigngration.
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Coal presently does not contribute to Nigeria'stieity generation. Of the new
generation stations under construction, only the Rdjer Power Plant with a
planned capacity of 20 MW is coal-fired (Sandial, 2010).

2.2 Previous Resear ch on Nigerian Coals

Kibiya (2012) collected and analysed five coal sk®pfrom Lafia-Obi

(Nasarawa State), Okaba (Kogi State), Lamja (Adaan&tate), Okpara and
Onyeama (Enugu State) to determine their propeatiesclassify them by rank
using proximate analysis. Auto-ignition temperasireeactivity and activation
energies of the various coal samples were alsorrdeted. Results obtained
showed that Lafia-Obi coal could be ranked the égghas bituminous (low
volatile) coal. Okpara and Onyeama coals both w# bituminous coals,
while Okaba coal was found to be sub-bituminousBl.cLamja coal was found
to be lignite A coal. Findings also revealed a at®fence of coal density,
reactivity and activation energies on coal type gadticle size. The study
concluded that Lafia-Obi, Okpara and Onyeama cowy be used for power
generation. Lamja and Okaba coals were not recordetefor power generation

because of their low calorific values.

Laudan (2008) analyzed coal samples from Enugue St@kpara West Area,
Okpara West Bank and Onyeama) and Gombe State (BodoGamawa) to
determine their physical properties and to clas$igm by rank using proximate
analysis. An electric furnace fitted with a 3KW tieg element capable of
generating heat to a temperature of ®@®as constructed and used to determine
the auto-ignition temperatures, reactivity and\vation energies of the various

coal samples.

Findings revealed that the reactivity and activatamergies of the various coal
samples depend on the coal type, source and pasiz#. While for some coals,
the reactivity and activation energies increasehwdecrease in particle size
(Okpara West Bank coal), in others, reactivity auativation energies decrease
with decrease in particle size (Onyeama, Okparat\WWesa and Doho coals).

However, in all cases, reactivity increases witlréase in temperature.
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Jauro and Chukwu (2011) investigated three Nigeraais (Onyeama, Lafia-Obi
and Gairin-maiganga) to determine their suitabilitydeveloping formed coke
for use as blast furnace coke. Parameters thatwsectinclude the shatter index,
expressed as percentage stability and friabilitg emecum index. The highest
cumulative percentage stability and the lowest dative percentage friability
was observed in Lafia-Obi with values of 67.54% &#146%, followed by
Onyeama with 66.92% and 33.08% and then Garin-mgaavith 55.04% and
44.96% respectively. Medium and low temperatundaaisation of Onyeama
and Lafia-Obi coal samples gave an improved andsfaatory percentage
stability and friability for semi-cokes.

Suleiman (1992) analysed the moisture content aoidtie matter of some
Nigerian coals. The results obtained showed that ttiree sample locations
(Enugu, Lafia and Okaba) collected have low moestoontents, and only the
Lafia coal has low volatile matter, thus satisfyiing metallurgical requirement

for the production of coke.

Isah (1991) carried out proximate and ultimate ysialon Enugu, Lafia and
Okaba coals to determine the percentage of ashtaaldsulphur. The Eschka

method was used to determine the total sulphuepte$he analysis showed that

Lafia coals have high ash and sulphur contentsenilugu coals have low ash
and sulphur contents. The Okaba coals have a tiitldigher ash and sulphur
contents than the Enugu coals but much lower vakte=n compared to Lafia

coals.

2.3 Classification of coal

There are four main classifications of coal, agsirom progressive variation in
their carbon content.

i. Peat: contains about 60% carbon.

ii. Lignite coal: contains about 65% carbon.

iii. Sub bituminous coal: contains about 70% carbon
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iv. Bituminous coal: contains about 85% carbon.

v. Anthracite coal: contains about 94% carbon.

The American Standard for Testing and MaterialsTMSD388) classification
system distinguishes among four coal classes, admth is sub-divided into
several groups as shown below:
Table2.2: ASTM Coal Classification by Rank

Class/Group Fixed Carbon® Volatile Matter” Heating Value”
(%) (%) (Btu/lb)
Anthracitic
Meta-anthracite > 98 <2 -
Anthracite 938 2-8 -
Semi-anthracite 882 8-14 -
Bituminous
Low-volatile 7836 14 - 22 -
Medium-volatile 6987 22-31 -
High-volatile A 96 >31 > 14,000
High-volatile B - - 13,000-14,000
High-volatile C - - 10,500-13,000

Sub-bituminous
Sub-bituminous A
Sub-bituminous B
Sub-bituminous C

Lignitic
Lignite A
Lignite B

10,5000-11,560
9,500-10,500
8,300-9,500

6,300-8,300
< 6,300

Calculated on dry, mineral-matter-free coal. Cotiea from ash to mineral matter is
made by means of the Parr formula: mineral mattelr.68[percent ash + 055[percent
sulfur]]. Ash and sulfur are on a dry basis.

Calculated on mineral-matter-free coal with bed shaie content.

“Coals with heating values between 10,500 and 1B&0D are classified as high
volatile C bituminous if they posses caking prajsror as sub-bituminous A if they do

not.

Source: Miller, 2005.

Classification of coal samples according to the asth sulphur contents is show in the

table below:

Table 2.3: Ash and Sulphur classification of coals

Classification

Composition range (%)

Ash content

High ash
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Medium ash 8.0-15.0

Low ash <8.0
Sulphur content
High sulphur >3.0
Medium sulphur 1.0-3.0
Low sulphur <1.0

Source: Tavoulareas et al., 1995

2.4 Clean Coal Technology

The clean coal based generation technologies iactudulating fluidized bed
combustion (CFBC), pressurized fluidized bed cortibns(PFBC), integrated
gasification combined cycle (IGCC) and top cyckewauld be considered in this
work must be critically analyzed to know which oreee most suitable in the
Nigerian scenario. For Nigeria to meet both donseamd industrial energy
demand with minimal environmental consequencegnct®al power generation

should be integrated in the Nigerian electricitk ifitssien and Igweonu, 2014).

2.4.1 Circulating Fluidized Bed Combustion (CFBC)

This offers a viable alternative to conventionallvpuzed fuel — flue gas
desulphurization (PF - FGD). It is particularly tsdle for plants rating below
200MW. As the name implies, coal is burnt with iira circulating fluidized
bed. Crushed coal and limestone are fed into thelifled bed, where the
limestone exposed to the heat of coal combustiotergoes calcinations to
produce lime. The flue bed consists mainly of cbalestone reaction products
and ash. Circulating fluidized bed operates atinadly low temperatures, which
favors low NOx formation while SQis captured by the lime. Due to the
relatively low temperatures at which the bed opmeractirculating fluidized bed
unit with rating higher than 500MW is yet to be stracted.
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Figure 2.1: Circulating Fluidized Bed Combustorgigs and Igweonu, 2014)

2.4.2 Pressurized Fluidized Bed Combustion (PFBC)

Here, coal is burnt at elevated pressure in a derdybling bed. It is just a
modified CBFC. As in CBFC, the fluidized bed contisorbent — limestone
which when exposed to heat undergoes calcinationsraduce lime for S©
retention. Flue gas at a high temperature cominigpbthe combustor is passed

through a gas turbine to produce electricity.
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2.4.3 Integrated Gasification Combined Cycle (IGCC)

The IGCC technologies offer utility a flexible dgsioption and can be adopted
to meet current and future needs. The gasificatibooal has been a popular
technology in the production of chemicals from ¢eghthesize gas (syngas) and
as fuel in power plants. Synthesize gas from thsifiga can be cleaned of
particulate and sulphur and either used as fueklectricity production in gas
turbine or further processed to create methanepahdihto a pipeline to replace
natural gas.

Alternatively, syngas also can be sent to a chdnpicaessing unit to produce

fertilizer, clean transportation fuels, and hydnoge final product.
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Figure 2.3: Basic Feature of IGCC (Essien and Igwe@014)

Finely ground coal is mixed with oxygen or air astdam in a gasifier. The
oxygen is provided by air separation unit, andpghgial oxidation of coal raises
the temperature to assure complete carbon conwevgib steam to form a gas
mixture that is largely hydrogen and carbon monexidich is the syngas. The
gas is cleaned and burned in a combustor of game&ito produce electricity.
Hot exhaust from the gas turbine raises steamwasde heat boiler which is sent
to a steam turbine in the combine — cycle poweclblor additional electricity
production.
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2.4.4 Top Cycles

The top cycle as shown in figure 2.4 has a prezsdriluidized bed gasifier and

a CFBC compartment for burning of residual char.
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Figure 2.4: Basic Features of Top Cycle (Essienlgngonu, 2014)

The gasifier is pressurized and is designed toateeat a high temperature of
about 956C — 1008C. Here, about 80% of the mass of the coal is avesento

gas of low calorific value and about 90% of thepbulr content in the coal is

retained using limestone.

The low calorific value gas is fired in a high eféint turbine, and exhaust gas is

used in a waste heat boiler integrated into thensteystem. The residual gasifier

char is fed to the CFBC unit to raise steam foelzeat steam cycle. Reheating,

single or double, increases the cycle efficiencydiging the mean temperature

of heat addition to the cycle.

29



Clean coal based generation has been a major sofirpewer in SO many
countries with coal deposits like Nigeria. The emoit growth of countries like
the USA, China, South Africa, Australia, India, @&mny, to mention just a few
has correlation with their level of generation whis boosted by clean coal

based generation (Essien and Igweonu, 2014).

Nigeria with estimated coal reserve of 2.734 tillitones spread across 22
locations cannot continue to solely depend onrail laydro sources for its power
needs in the midst of continuous widening of the deetween Nigeria's
electricity demand and supply.

Nigeria must key into one or more of these cleaal generation technology
options if it is to come out of the dark that itshiaeen for over a century. To
reinforce its economic and social development amdpete economically with
the developed countries of the world, the integratof clean coal power
generation in the Nigerian electricity mix is impgve. This will not only
guarantee the steady power supply that has eluded aver a century, but will
also ensure security of energy supply and stabifitgnergy price which are
recipes for economic development.

Both the CFBC and IGCC are recommended technology diectricity
generation with Nigerian coals. Gindi-akwati coapdsit was characterized as a
low grade coal with relatively low calorific valu€he CFBC technology can be
utilized by the Gindi-akwati coal deposit due te tielatively low temperature at
which the bed operates and suitable for plantagdielow 200MW.

Kurumu, Garin-maiganga and Ogboyoba coal depositthe other hand were
found to have high calorific values and hence IG€¢hnology is recommended
for these coal deposits. This is because IGCC ofiexibility in design and in
addition to generating electricity, syngas whichn che used in fertilizer

production could also be processed.

30



2.5 Terms and Significance of Various Parametersin Proximate Analysis

2.5.1 Fixed carbon

Fixed carbon is the solid fuel left in the furnaadéer volatile matter is distilled
off. It consists mostly of carbon but also contasmme hydrogen, oxygen,
sulphur and nitrogen not driven off with the gadeéged carbon gives a rough

heating value of coal.

2.5.2 Volatile Matter
Volatile matters are the methane, hydrocarbonsidggh and carbon monoxide,
and incombustible gases like carbon dioxide andgén found in coal. Thus the
volatile matter is an index of the gaseous fue¢sent. Typical range of volatile
matter is 20 to 35%.
Volatile Matter,
i) Proportionately increases flame length, and helpsasier ignition of
coal.
i) Sets minimum limit on the furnace height and vadum
iii) Influences secondary air requirement and didiinbuaspects.
iv) Influences secondary oil support
2.5.3 Ash Content
Ash is an impurity that will not burn. Typical ramds 5 to 40%
Ash,
i) Reduces handling and burning capacity.
i) Increases handling costs.
iii) Affects combustion efficiency anditer efficiency
iv) Causes clinkering and slagging.
2.5.4 Moisture Content
Moisture in coal replaces combustible matter; drdases the heat content per kg

of coal. Typical range is 0.5 to 10%

Moisture,
i) Increases heat loss, due to evaporation anersaating of vapour
i) Helps, to a limit, in binding fines.

ii) Aids radiation heat transfer.
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2.6 Ultimate Analysis

The ultimate analysis indicates the various elealestiemical constituents such
as Carbon, Hydrogen, Oxygen, Sulphur, etc. It isfulsin determining the
quantity of air required for combustion and thewoné and composition of the
combustion gases. This information is required tloe calculation of flame
temperature and the flue duct design etc. The aténanalysis of coal involves
determination of the weight percent carbon as wslISulphur, nitrogen and
oxygen (usually estimated by difference). Tracemelets such as chlorine,
mercury and other elements that occur in coal &snoncluded as part of this
analysis.

Carbon determination includes carbon present anargarbon occurring in the
coal substance and any carbon present as minerabrzde. The hydrogen
determination includes hydrogen present in the mioganaterials as well as
hydrogen in all of the water associated with thal.co

In the absence of evidence to the contrary,fahe nitrogen is assumed to occur
within the organic matrix of the coal. On the athand, Sulphur occurs in three
forms in coal: as organic Sulphur compounds; agyartic sulphides that are, for
most part, primarily the iron sulphides pyrites am@rcasite (Fe$ and as
inorganic sulphates (e.g. b0, CaSQ).

2.7 Calorific Value

Calorific value is a measure of the energy thativeerg quantity of coal will
produce when burned, expressed in Joule/Kilograrkg)J Calorific value
determines quantity of coal per unit of output aodl mass flow. It also affects
the capacity of the furnace, pulverizer, burneegding systems, fans, pollution

control equipment and coal and ash handling syst@apenteet al, 2007).
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2.8 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is an analyticahnique used to determine
materials stability and its fraction of volatile mponent by monitoring the
weight change that occurs as the material is heated

In most cases, TGA is performed in an oxidative casfpinere with a linear
temperature ramp. The maximum temperature is selesd that the specimen
weight is stable at the end of the experiment. Timglies that the reaction is
completed by burning off all the moisture and vgatatter leaving only the
ash behind.

In cases where various weight losses are not caehpléiscrete, use of a
derivative thermogravimetric curve is recommendedTG, the rate of weight
loss of the sample is recorded as a function ofpgature. The DTG curve
consists of series of peaks, corresponding to theows steps in the
decomposition of the sample. The area under eaak ipgroportional to weight
loss.

TGA and DTG studies are useful tools for the debeation of combustion
characteristics e.g peak temperature, burnout teahypre and activation energy
of coals and chars as well as other combustiblemadd (Kizgutet al, 2003).
Peak temperature of maximum weight loss rate ($pjsually considered as the
most important feature of DTG profiles. Coals wilbwer peak maxima
temperatures are generally ignited and burnedye@gdrinovet al, 2009).

In addition to weight changes, some instruments aéxord the temperature
difference between the specimen and one or moeremte pans (Differential
Thermal Analysis, DTA) or the heat flow into theespmen pan compared to that
of the reference pan (Differential Scanning Caletiry, DSC). Differential

Scanning Calorimetry is used to measure the heatrobustion.
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2.9 Fusibility of coal ash
The tendency of coal ash to slag under high tenwpes is a serious matter of
concern for companies that utilizes gasifiers apitebs. Melting of the inorganic
material in coal is responsible for the slaggingl atinker formation that is
observed when coal is subjected to high tempemsture
Clinker formation can lead to channel burning, l&sg in pressure drop within a
gasifier, which ultimately results in an unstabésifier (Van Dyket al, 2005).
Slagging occurs when the ash heats up to a poiatevparticles within the ash
start to sinter and fuse. Eventually, a liquid siagroduced (Walét al, 1996).
Removal of slag within a non-slagging gasifier,veal as clinkers, forces the
gasifiers out of production, resulting in a losspobduction time which in turn
results in profit loss.
It is thus critically important to determine thesiing characteristics and potential
of the coal source being used. The temperatureeramdetermine the AFT of a
coal sample lies between 1000 and 1600°C. Duriecht#ating process the four
different temperatures will be measured. These temperatures are:

i) Initial deformation temperature (IDT)

ii) Softening temperature (ST)

iii) Hemispherical temperature (HT)

iv) Flow temperature (FT)
The temperature at which the tip of the pyramidsl@sh sample deforms and
the rounding of the apex takes place is known asléfor mation temperature.
This temperature is also known as the initiatiorihaf ash melting process. The
second temperature, softening temper ature, is reached when the width of the
heated pyramidal coal sample, is equal to its heigh this point the critical
viscosity is reached.
The hemispherical temperature is the next temperature and can be identified
by the shape of the sample deformed up to a pdietavthe height of the sample
is half of its width. The last temperature is tihew temperature and at this

point the ash is supposed to be completely mohenfi@ely fluid.
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2.10 Ash Composition Analysis

The ash remaining after coal has burned, condistdferent mineral species. As
part of the characterization of the coal samplesath must also be analysed in
order to gain insight into the types of mineralegant because these minerals
also affects the ash fusion temperature. The coitipas of the ashes are in
terms of the oxides of Si, Al, Fe, Ti, P, Ca, M@, and S.

2.11 Auto-lgnition temperature and coal storage
Uncertainty in the availability and transportatioh fuel necessitates storage.
Stocking of coal has its own disadvantages likddbup of inventory, space
constraints, deterioration in quality and potentfil@ or explosion hazards. Other
minor losses associated with the storage of cazlude oxidation, wind and
carpet loss. A 1% oxidation of coal has the sarfecefs 1% ash in coal, wind
losses may account for nearly 0.5 — 1.0% of tha toss.
The main goal of good coal storage is to minimigget loss and the loss due to
spontaneous combustion. Formation of a soft cageetprising of coal dust and
soil causes carpet loss. On the other hand, graelmgderature builds up in a coal
heap, on account of oxidation may lead to spontamemmbustion of coal in
storage.
The measures that would help in reducing the cdoges are as follows:

i) Preparing a hard ground for coal to be stdakson.

i) Preparing standard storage bays out of cde@sd brick.
Coal for power generation has to be stored in waricapacities before usage.
Storage conditions affect self-ignition of the ceathout external aid.
The lowest temperature at which this ignition takdsce is the auto-ignition
temperature. The storage condition such as pasdizke and temperature affects
auto-ignition temperature.
There is no definite temperature at which coal tsurgo flame, it depends on the
surrounding conditions. The phenomenon of flamenfrooal is due to the
combustion of volatile matter driven off from theat, the character of such
matter varying under different conditions. Hende temperature at which the

coal flames varies widely and is dependent uporosading conditions.
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The volatile ratio of coal also determines the @wmay of coal to explode.
Volatile ratio is defined as the ratio of volatiteatter divided the summation of
volatile matter and fixed carbon. Coals having titdaatio less than 0.12 do not
present explosion tendencies. However, coals widlatle ratio above 0.12
present explosion hazards.

The glow Point of coal is also Ignition Temperatafeoal. If a sample of coal is
heated carefully so that the rate of heating idoum throughout the sample it
will be found that at a certain very definite temgiare the sample will start
flaming and assume a uniform glow. This is knowhasignition temperature of
the coal. The glow point is the self ignition terrgtere of coal (Arms, 2007).

2.12 Coal quality requirementsfor coal-fired plants

Boiler design is not an exact science, and opeyatmd to establish optimum
coal and operating conditions based on operatiexgkrience. Specification
values derived from both the literature and sureEpower-plant are shown in
table 2.3 (Carpentaat al, 2007). These properties act as a guide or meferéor

coal to be used in generating power.
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Table 2.4: Some typical bituminous coal qualityuiegment for pulverized coal-

fired plant
Parameter Desired values Typical limits
Heating value, MJ/kg . High Min 24-25 (23
Moisture, % a 4-8 Max 12
Volatile matter, % m 20-35 Min 20 (sidefired furnace
15-20 Max 20 (down-fired furnace)
Ash, % mf Low Max 15-20 (max 30)
Sulphur, % daf Low Dependent on local pollution
regulation
Nitrogen, % da Low (0.8-1.1), dependent on loc
pollution regulation
Chlorine Low Max 0.1-0.3 (max 0.5)
HGI High Min 50-55 (min 39)
Ash Analysis, wt % ash
Silicon dioxide (45-75)
Aluminum oxide (15-35)
Titanium oxide (0.4-2.2)
Ferric oxide (1-12)
Calcium oxide (0.1-2.3)
Magnesium oxide (0.2-1.4)
Sodium oxide (0.1-0.9)
Potassium oxic (0.8-2.6)
Sulphite (0.1-1.6)
Phosphorus pentoxi (0.1-1.5)
Ash fusion temperature, °C
Initial Deformation High (>1075)
Softening High (>1150)
Hemispherical High (>1180)
Fluid High (>1225)
Maceral Analysis, %
Vitrinite 55-80
Exinite 5-15
Inertinite 10-25

*Typical limits refer to those normally quoted; H®in brackets indicate outer limits acceptablesame

cases.

Source: Carpenter et al., 2007
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2.13 Power generation from low grade coals

Table 2.4 above specifies the ideal qualities dlsdypically for bituminous
pulverized coal power generation; however, low gradals (of high ash, high
sulphur and high moisture contents) are succegshding used for power
generation. The usual practice is internationadlytd trade high quality coals
while low grade coals are used for power generatéord other uses.
Table 2.5 summarises the characteristics of lovdgraigh ash coals used by
some recently constructed pulverized-coal firedngdalocated in different
geographical locations across the world. This wagsaeted from results of the
case studies of recently constructed coal and igag-power plants carried out
by IEA and published in 2007.

Table 2.5: Characteristics of low grade coals useslome power stations

Power stations

Parameters Niederausseum Genese phase 3 Suratgarh unit5 Majuba
Location Germany Canada India South Africa
Coal type Lignite Sub-bituminous Bituminous blend ituBhinous
Gross calorific value 12.24 17.9 14.7* 21.8

(MJ/kg)

Ash, % 2-12* 19.4 30(45%) 18.6-39.8
Moisture, % 51-58* 20 10* 1.7-4.4
Sulphur, % 0.2 0.2 0.5* 0.7-1.7
Gross power output1012 495 250 Units 1-3: 657
at MCR, MW Units 4-6: 713

Source: International Energy Agency, 2007
Note: All values as received, MCR: Maximum ContusuBating, *Design values/range
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2.14 Research Gap

Most of the researches conducted on Nigerian caal$ocused on metallurgical
applications. The few research work carried out Migerian coals have not
comprehensively characterized all the coal depobased on the contemporary
requirements for power generation. The usual testh as proximate and ultimate
analysis have extensively been carried out.

However, contemporary tests required for comprelkensharacterization of Nigerian
for power generation such as thermogravimetric différential scanning calorimetry,
ash fusion temperature and auto-ignition tempeseatunalysis have rarely been carried

out.
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CHAPTER THREE
MATERIALSAND METHODS

3.1 Coal Samples

Samples, each weighing 3kg, were obtained fronidbecoal deposit mine sites
in Nigeria: Kurumu (Gombe State), Garin-maigangauéhi State), Gindi-
akwati (Plateau State) and Ogboyoba (Kogi Statppsités. These samples were
stored in appropriately labeled air-tight contagnéo retain their as-received
conditions.

Coal samples from each site were used at the laygraof the Nigerian
Geological Survey Agency, Kaduna for proximate gsial ultimate analysis,
determination of gross calorific values, ash fusiemperature, ash composition
and auto-ignition temperatures.

Thermogravimetric analysis was conducted in theorafory of Beijing

university of technology, China.

3.2  General Sample Preparations

The principle of mixing and then dividing, using chanical and manual method
as described in 1ISO 13909-4:2001 was used to genexarepresentative
pulverized sample of each coal, and then prepaaxh sample to the desired
analytical specifications using an array of sampleparation equipment.
Crushing of the samples from a top-size of 150mra switable size distribution
range of 12.5 — 50.0mm was carried out using ahenus

An automatic sieve shaker was used for sievingstmaples to the desired size
distribution required for each test. A hand rifleas then used to split the

samples into sub-samples.

3.3 Proximate Analysis
3.3.1 Moisture Content
The air-oven method was used to analyze for mastwntent. Coal samples
passing a 212um test sieve was stored in the pedgiranalysis room for 30
minutes before the start of the test. Crucibleé \Wits were heated for 1.5 hours

before the start of the test.
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The crucibles and lids were cooled for 10 minuted then put in a desiccator
cabinet for 10 minutes. An electronic balance wasntused to weigh the
crucibles before uniformly spreading 1.000g of dtoded sample and
recording the mass of the crucibles and contetis.cfucibles and contents were
then loaded into the air oven at a temperature06fC for 1.5 hours, and such
that the atmosphere or flow within the oven wasnglea at a rate five times per
hour.

The crucibles with dried samples was removed frbendven, the lids replaced
and allowed to cool for 10 minutes, and then placeitie desiccator cabinet for
another 10 minutes before being weighed. The mmistantent of the coal was
calculated from the loss in mass. This was as ipdéh ASTM D3173.

3.3.2 Volatile matter

Coal samples passing a test sieve with an apeofuPd2um was stored in the
proximate analysis room for at least 30 minuteotgetommencement of the
test. The crucibles and lids (crucibles uncovensdje placed in the volatile
furnace. When the furnace attained a temperatug®9€C, the crucible and lids
were removed and allowed to cool for 60 minuteton temperature. 1.000g of
coal samples were put into each crucible. Eachildaigvas lightly tapped on a
clean hard surface a few times to form an evenrlaye the bottom. The
crucibles were then loaded into the furnace withgerature maintained at S5
and timing with a stopwatch immediately commencascalibrated type-K
thermocouple was used to verify the temperaturgeamd was positioned in the
middle of the samples. After 7 minutes, the criesbvere removed from the
furnace and placed on an asbestos sheet and alkoweabl for 60 minutes to
attain room temperature. Each crucible was therghesl and the difference
calculated to determine volatile matter. This wasacécordance with the method
specified in ISO 562:1998.
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3.3.3 Ash Content

Ash is simply the non-combustible inorganic resieii@ch remains after coal is
completely burned. Coal samples passing a test siith an aperture of 212um
sieve size was stored in the proximate analysismrtmr 30 minutes before the
test commenced. After the crucibles and lids wergdiioned in the furnace and
allowed to cool to room temperature, 1.000g of cmhples were placed into
each crucible. The crucibles were loaded into tiredce equipped with a pre-
programmed temperature controller. The furnace &zaipre was ramped to
500°C over a period of 60 minutes; held at ¥D(for 30 minutes; ramped to
815°C over a period of 60 minutes; and held at °81%or 60minutes. The
temperature was verified with an external type-&rthocouple when the furnace
stabilized at 81%. At the end of this cycle, the crucibles were oged and
placed on an asbestos slab to cool down for 10 tesnuAt the end of 10
minutes, the crucibles were transferred to a dasicccabinet and allowed to
further cool down for 10 minutes. After this peridgbe crucibles were removed
and weighed, with difference calculated to detesm@ish content. This was in
accordance with the 1ISO 1171:1997.

3.3.4 Fixed carbon
This was calculated from the formula:
%Fixed Carbon= 100 — (%Moisture+ %Ash+ %Volatilatter) .......... (3.1)

34  Ultimate Analysis

Coal passing through a sieve having an aperturdl@fim was used for this
analysis. Ultimate analysis was carried out makieg of the TRUSPEC CHN
Elemental determinator. The equipment was suppligd a reference material
with known ultimate analysis result.

This reference material (Prox-Plus) was used terdehe the accuracy of the
CHN Elemental determinator before commencing tlséstel.0g of sample was
loaded into porous crucibles and subjected to catitiu in an oxygen-rich

environment. Typical run duration was about 10 rteésu
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The system converts the coal catalytically to Nj&, CQ and water, which are
separated with a gas chromatographic column arettdet through a sensor. The
results were displayed on the computer monitoreims of percentage carbon,
hydrogen and nitrogen on an air dried basis. Thas Wwased on ISO 12902 —
CHN instrumental method.

Oxygen was calculated by difference on an air-dbiasis as follows:

02 (%) =100 — (C + K+ N, + Ash + Moisture) ................ (3.2)

3.5 Determination of Total Sulphur Content

Total sulphur was determined using infra-red spscwwpy method. Coal samples
passing through a test sieve with an aperture du1 was used for
determination of total sulphur content. The samplese conditioned in a dry
oven at a temperature of P05 for 60 minutes, transferred into a dessicator
cabinet and allowed to cool for 30 minutes. 0.3bthe coal sample was placed
in a combustion system to burn in a stream of pxyegen at a temperature of
1350°C. This oxidises the sulphur content and break ddvensulphur bearing
compounds to form SOAIl other infrared energy was eliminated fromakeimg
the detector by precise wavelength filter. Thusogitson of infrared energy was
attributed to only sulphur. Anhydrous magnesiumcpkarate removes all the
moisture, and the SOlows to the infra-red detection cells where sulptuas
measured by infra-red absorption detectors, 8fkorbs infra-red energy at a
precise wavelength within the infra-red spectrunverage run time was 3
minutes. Results were displayed automatically oa ¢domputer monitor in
percentage sulphur on an air-dried basis. This imasccordance with the
procedure laid down in ASTM D4239.

3.6 Determination of Calorific Value

Coal samples passing a sieve with an aperture Bfirdlwere used for this
analysis. The calorific values of the samples varermined by burning 1.000g
of coal sample in a controlled environment usirg blomb calorimeter. Certified

benzoic acid tablet was used to calibrate the iatder before starting the test.
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1.000g of coal sample in a nickel-chromium crucilas placed in a high
pressure atmospheric environment called a Combustiessel, which is

surrounded by water. The sample was then ignitéeé. Galorimeter jacket was
held at a constant temperature by modulating the sipeed while the heat
generated by the burning sample caused the bombuarket temperature to rise.
The temperature of the water was measured by atr@iec thermometer with a
resolution of 1/10000 of a degree. Any minute Hiat between the jacket and
the surrounding during the test was continuouslyitoced by a microprocessor
and necessary corrections of any heat leak applitomatically. Heat released
was proportional to the gross calorific value of tsample. This was in

accordance with ISO 1928:1995 specification.

3.7 Thermogravimetric and differential scanning calorimetry analyses

The thermal stability of the various phases in fanples was analysed by
TG/DSC under air flow of 50mL/min. Coal samplesgiag through a test sieve
with an aperture of 212um were used for the td@3$te samples were thermally
analysed by placing 25 mg of the specimens in amiala (ALOs) crucible
(100mg capacity), subjected to a linear heatingpraetween 200°C and 1000°C
at a rate of 10°C/min and a cooling rate of 50°@/musing a standard
NETZSCH, STA 449 C JupiteTG/DSC instrument. The test measurements
were made for the mass change (loss) of the sampl@a function of the
temperature and the phase changes by the absoqgutitve emission of energy.
This was in accordance with ASTM E1131 and ISO 8135

3.8 Determination of Ash Fusion Temper ature of Coal Samples
This was based on the thermal deformation of pydashaped coal ash sample.
Coal ash was manually shaped into pyramids and hieaed in the carbolite
furnace with a maximum operating temperature 00160
Four temperatures were obtained during this testiwdwe the;

i) Initial deformation temperature (IDT)

i) Softening temperature (ST)

iii) Hemispherical temperature (HT)

iv) Flow temperature (FT)
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The test was conducted in accordance with the 180 &d ASTM D1857

standards.

3.9 Ash composition analysis

The ash remaining after the coal samples have lkeerbusted consists of
mainly mineral species. As part of the determimatad suitability of the coal
samples for power generation, the ash must alsanbaé/sed in order to gain
insight into the types of minerals present. Thecpdures as set out in standard
ASTM D3682, 2001 was used to obtain the compositibthe ash in terms of
the oxides of Si, Al, Fe, Ti, P, Ca, Mg, Na, K afd The compositions
determined in percentages via the XRF- minipalsfriment.

Coal samples were heated to form ash. The ash heas fised with lithium
tetraborate. The fused ash was place in the XRHKpalid and the percentage

composition of each oxide was displayed on the tooni

3.10 Experimental procedure for determination of auto-ignition
temperatures
Coal samples were crushed and pulverized into smpdrticles and sieved with
the automatic sieve shaker to different gradesigusivo sets of sieves for fine
and coarse sample sizes.

1.0- 1.6mm (fine)

2.0 - 3.5mm (coarse)
Each grade of coal was weighed with an electromighing balance and loaded
into the furnace.
The coal sample was heated and its temperatureovdsually monitored until
smoking and flaming started. The temperature wienftaming was uniform
and the coal sample began to glow was noted. The gloint was used to
establish and analyze the self ignition temperatdirine coal samples. This was
in accordance with ASTM E2021.

45



CHAPTER FOUR
RESULTSAND DISCUSSION
4.1 Introduction
Results of the analyses conducted on the fourasabsits in Nigeria, to determine their
properties using the proximate and ultimate analyge calorific value, ash analysis, ash
fusion temperature and auto-ignition temperatureewearried out in the Nigerian
Geological Survey Agency, Kaduna and the thermogratric analysis conducted in

BUT university laboratory Beijing, China are pretsshin this chapter:

4.2 Proximate Analysis

4.2.1 Result of proximate analysis obtained from fitur coal samples are shown in the
table below:

Table 4.1: Results of proximate analysis of thd samples in percentage

PARAMETERS KURUMU GARIN- GINDI- OGBOYOBA
MAIGANGA AKWATI

Moisture content 3.93 6.24 8.41 10.27

Ash content 7.99 13.43 41.68 6.59

Volatile matter  41.63 39.12 28.69 39.87

Fixed carbon 46.45 41.21 21.22 43.30

4.2.2 Result of volatile ratios obtained from tloaurf coal samples are shown in the table
below:
Table 4.2: Results of volatile ratio of the keamples

COAL SAMPLES VOLATILERATIO

Kurumu 0.47
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Garin-maiganga 0.49

Gindi-akwati 0.58

Ogboyoba 0.48

4.3 Ultimate analysis
Results of ultimate analysis obtained from the fmaal samples are shown in the table below:

Table 4.3: Results of ultimate analysis of the @aahples in percentage

PARAMETERS KURUMU GARIN GINDI OGBOYOBA
MAIGANGA AKWATI

Carbon 72.36 62.96 38.98 64.96

Hydrogen 5.13 3.94 2.66 4.74

Oxygen 9.09 11.91 6.47 11.82

Nitrogen 1.27 1.15 1.53 1.30

Sulphur 0.20 0.37 0.27 0.31

4.4 Calorific values
Results of the calorific values of the coal saraplee shown in the table below:

Table 4.4: Results Calorific values of the fourlcmmples

Grosscalorific value Coal samples

Kurumu Garin Maiganga Gindi Akwati Ogboyoba
MJ/kg 25.71 23.37 11.56 24.78
Btu/lb
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(IMJ/kg=429.923Btu/lb) 11,053.32  10,047.30 4,969.91 10,653.49

4.5 Thermogravimetric and differential scanning calorimetry analyses
4.5.1 Results of thermogravimetric and differensalnning calorimetry analyses of Kurumu

coal deposit as shown graphically in the figureotel
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Figure 4.1: TG-DSC of Kurumu Coal Deposit

4.5.2 Results of thermogravimetric and differensaanning calorimetry analyses of

Garin maiganga coal deposit as shown graphicalligerfigure below:

48



10 100

TG
DSC
ﬁ 90 o~
g 5- &
— L
z
g.r B0 i
g o _l-"'-v-..______ ____/ En
= T
- 70
5 =
=
-5
- 60
-10 ' , ' r ' ' 50
200 400 600 800 1000

Temp(T)

Figure 4.2: TG-DSC of Garin Maiganga Coal Deposit

4.5.3 Results of thermogravimetric and differensabnning calorimetry analyses of
Gindi akwati coal deposit as shown graphicallyhie tigure below:
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Figure 4.3: TG-DSC of Gindi Akwati Coal Deposit

4.5.4 Results of thermogravimetric and differensaanning calorimetry analyses of

Ogboyoba coal deposit as shown graphically in idneré below:
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Figure 4.4: TG-DSC of Ogboyoba Coal Deposit

4.6 Ash Analysis
The results obtained from ash composition analysifie four coal samples using XRF
technique are listed in the table below:

Table 4.5: Ash composition analyses of the foult saeples

Oxide (%) Kurumu Garin-Maiganga Gindi-Akwati Ogboyoba
Silicon dioxide 61.41 66.73 71.84 69.11
Aluminium oxide 28.00 19.40 9.20 17.0
Titanium oxide 1.77 0.90 0.48 1.70
Ferric oxide 5.65 7.48 11.39 5.43
Calcium oxide 1.52 3.41 3.70 1.94
Magnesium oxide 0.40 0.74 0.60 1.15
Sodium oxide 0.10 0.18 0.15 0.33
Sulphite 1.06 1.12 1.41 2.40
Phosphorus pentoxide < 0.001 <0.001 1.10 <0.001
Potassium oxide 0.09 0.03 0.13 0.94

4.7 Ash Fusion Temper ature
The results obtained from ash fusion temperatusdyais of the four coal samples are
shown in the table below:

Table 4.6: Ash fusion temperatures of the four caahples
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Coal samples

Kurumu Garin-maiganga Gindi-akwati Ogboyoba

Parameters
Initial deformation(°C) 1055 1025 805 1045
Softening(°C) 1148 1133 990 1136
Hemispherica(°C) 1176 1156 1000 1164
Fluid (°C) 1198 1185 1050 1191

4.8 Coal Auto-Ignition Temperature

The results obtained from auto-ignition temperatmalysis of the four coal samples are

shown in the table below:

Table 4.7: Auto-ignition temperatures of the foaaksamples

Coal sample
Kurumu Garin-maiganga  Gindi-akwati  Ogboyoba
Sample size (°C) (°C) (°C) (°C)
Fine 340 330 336 330
(2.0mm-1.6mm)
Coarse 360 340 360 370

(2.5mm-3.5mm)

4.9 Discussion of results

4.9.1 Proximate analysis

The moisture content ranges from 3.93% to 10.27&@&l Gample from Kurumu deposit

has the lowest moisture content of 3.93% and Odbmay@s the highest moisture content
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with 10.27%. Coal samples from Garin-maiganga antli&akwati deposits both have
moisture content of 6.24% and 8.41% respectively.

Coal sample from Kurumu deposit has the lowestcasitent while samples from Garin-
maiganga, Gindi-akwati and Ogboyoba all have agttecs of 13.43%, 41.68% and
6.59%respectively.

Volatile matter of Kurumu sample was found to be bighest with a value of 41.63%
while that of Gindi-akwati deposit was the lowestialetermined to be 28.69%. Garin-
maiganga and Ogboyoba both have values of 39.12P8%87% respectively. However,
volatile ratio of the coal samples are 0.47, 0Q189 and 0.58 for Kurumu, Ogboyoba,
Garin-maiganga and Gindi-akwati coal deposits respsay.

The lowest percentage of fixed carbon was detemniade 21.22% from Gindi-akwati
coal sample. The coal samples from Kurumu, Garilgargga and Ogboyoba have
percentage of fixed carbon determined to be 46.48%21% and 43.30% respectively.
Moisture content affects coal handling and storéapal flow properties, behaviour in
frost, dust emissions), and pulveriser capacity.irgnease in moisture increases the flue
gas volume flow rate and influences the excesseguirements with consequent effect
on fans, air pre-heater and pollution control emept. Increased moisture lowers
thermal efficiency of boiler and can influence kerrrdesign (Carpentest al, 2007).
kurumu coal sample with the lowest inherent moestaontent (3.93%) would be the
easiest to handle and store followed Garin-maigd6ga%), gindi-akwati (8.41%) and
then Ogboyoba (10.27%).

Ash content affects coal and ash handling systgmbjerisers (abrasion), furnace,
superheater, reheater, economiser,sootblowingvaite(slagging and fouling propensity,
erosion, corrosion), pollution control equipmentdamburnt carbon in ash (Carpenggr
al., 2007). Ogboyoba coal sample with the lowest astient (6.59%) would cost less in
terms of investment in ash handling equipment anlepiser abrasion followed by
Kurumu (7.99%), Garin-maiganga (13.43%) and Girldati (41.68%) coal samples.
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The volatile matter content and volatile ratio oataffects storage behaviour (oxidation,
danger of spontaneous combustion, loss of heathgey, pulverizer outlet temperature
and required fineness for pulverisation, burnetiregs, furnace, combustion behavior and
efficiency (ignition, flame shape and stability,rbout and carbon content of fly ash)
(Carpenteet al, 2007). Kurumu coal sample with the lowest votatitio (0.47) would
have the least danger of explosion. This is folldwg Ogboyoba (0.48), Garin-maiganga
(0.49) and Gindi-akwati (0.58) coal samples.

The fixed carbon is the solid fuel in the coal aides a rough estimate of the heating
value. The lowest percentage of fixed carbon wasradened to be 21.22% from Gindi-
akwati coal sample, followed by Kurumu, Garin-maiga and Ogboyoba with 46.45%,
41.21% and 43.30% of fixed carbon respectively. ddéenhe heating values of the coal
samples in decreasing order will be Kurumu, OgbayoBarin-maiganga and Gindi-

akwati.

4.9.2 Ultimate analysis

The elemental composition of Carbon, Hydrogen, @xyg\Nitrogen and Sulphur were
shown in figure 4.3. Kurumu has the highest Carbontent of 72.36% followed by
Ogboyoba, Garin-maiganga and Gindi-akwati with 6%9 62.94% and 38.98%
respectively.

Hydrogen content ranges from 2.66%, 3.94%, 4.74% @2d3% for coal samples of
Gindi-akwati, Garin-maiganga, Ogboyoba and Kuruespectively.

The composition of oxygen in the four samples weitgmgnined to be 9.09% for Kurumu
deposit, 11.91% for Garin-maiganga, 6.47% for Gadvati and 11.82% for coal
deposit from Ogboyoba.

The nitrogen content ranges from 1.15% for Garingaraga to 1.53% for Gindi-akwati.
Kurumu and Ogboyoba both have nitrogen compositain 1.27% and 1.30%
respectively.
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All the four coal samples have low sulphur conteith Kurumu deposit having 0.20%,
Garin-maiganga, Gindi-akwati and Ogboyoba havingj/%, 0.27% and 0.31 percent
respectively.

Carbon and hydrogen are the major combustible toests of coal, and both of them
are high in the coal samples. The higher the cadoorent, the higher the calorific value
and the better the quality of the coal for poweragation.

4.9.3 Calorific value

Caloric value gives the heating value of the ceahgle. Calorific value of Kurumu coal
deposit was the highest out of the four coal samfiiat was analysed with a value of
25.71MJ/kg. Gindi-akwati coal sample has a very loalorific value of 11.56MJ/kg.
Garin- maiganga and Ogboyoba coal deposits bothcalsific values of 23.37MJ/kg
and 24.78MJ/kg respectively.

The calorific value gives the heating value or li@at of combustion of a substance. It
has been suggested that the calorific value of pghant coals are in the range of 9.5
MJ/kg to 27 MJ/kg (Zactruba, 2009). Thus, all tlealcsamples would be suitable for
power generation. The kurumu coal sample, with thghest heating value of

25.71MJ/kg, would be the best for heating and payegeration.

4.9.4 Thermogravimetric (TGA) and Differential soarg calorimetry (DSC) analyses

From the thermal profiles of the four coal sampteg, peak temperatures at maximum
weight loss rate obtained during thermogravimednalysis of the four coal samples are
as shown in figures 4.1 to 4.4. This can be reathetpoints where mass depletion is
noticed for the coal samples. Accordingly, the poinhere a decline of profile is noticed

is of interest in all of the temperature profiles.
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It was found that the peak temperatures are aewvisll Gidin-Akwati; 360C, Garin-
maganga; 37, Ogboyoba; 386C and Kurumu; 40. This is in increasing order of
peak temperature profiles, which is also in dedngasrder of ease of combustion. This
correlates with the volatile ratio. From these HhssuGidin-Akwati with a peak
temperature at maximum weight loss of 3BMas the least characteristic of combustion,
followed by garin-maiganga (370), ogboyoba (38C) and kurumu (40). This is in
agreement with the findings of Marin@t al., 2009, that coals with lower peak maxima
temperatures () can generally be ignited and burned easier.

From the differential scanning calorimetry profilesthe four coal samples, it can be
observed that foKurumu coal deposit, a huge exothermic profile wasiced as the
differential thermal curve reaches the end of tkidation state between 92D -1000°C
which is in line with the results obtained for a#fio value of the Kurumu coal.
Garin-maganga coal deposit DSC curve on the othadtshows a small endothermic
peak at 48C, which signifies that samples absorbed waterathdr organic impurities.
Also a huge exothermic profile was noticed as the difféal thermal curve reaches the
end of its oxidation state between 860-100F°C. This is also in line with the results

obtained for the calorific value of the fuel.

Gindi-akwati coal deposit shows an endothermickpatal 70°C, this is of the obvious
reason that samples absorbed water and other orgapurities. At 888C, another
endothermic peak was observed which was due téattighat at this high temperature,
Gindin-akwati coal sample still had some physi-abed water and other organic
impurities. This may have affected some of the props of this coal sample in terms of
its power generation potential.

It was observed that for Ogboyoba coal depositemperature of @C, an exothermic
peak was observed which shows that sample relebsatl at this point. Also, an

endothermic peak was observed2@fC, which is an indication of samples absorbing
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water and organic impurities at this point. It walso be observed that at the points
betweer20C-70(°C, an exothermic profile was observed meaning samgdased heat
at this temperature range.

However, an endothermic peak was also observed T@HC- 88CFC which was also of
the obvious reason that sample absorbed waters linteresting to note that an
exorthermic profile was observed from 88Dand afterwards the profile remained stable.
This explains its potential and thermal stability generating power from this coal
sample.

It is worth noting that the differential calorimgtcurves for all the profiles did not show
significant endothermic and exothermic curves. dusld be as a result of samples not

absolutely green at the time of thermogravimetrnasueement.

4.9.5 Coal ash analysis

The analysis of the ash constituents of the foualsc@amples shows that in all the
samples silica accounts for the highest percentagie ashes while percentage of
phosphorus pentoxide was the lowest with less h@d1% for the entire samples except
for Gindi-akwati which has 1.1% of phosphorus p&itte. The lowest constituent in

Gindi-akwati coal ash was potassium oxide with 913

4.9.6 Ash fusion temperature

The ash fusion temperatures of the entire coal ksmpere above 1080 except for the
coal deposit of Gindi-akwati which had its init@gformation and softening temperatures
to be 808C and 998C respectively. This shows that of all the foursalceamples
analysed, Gindi-akwati coal sample has the lowslstfasion temperature.

This temperature at which the ash melts to forrmg sllad clinker if of great importance
because clinker formation results in pressure dmog leads to unstable gasifier. The

temperature range of AFT is usually between 20060 1608C. The circulating
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fluidized bed combustion technology is thereforeoramended for Gindi-akwati coal
deposit. IGCC clean coal technology is recommenddx utilized by the other samples.

4.9.7 Coal auto-ignition temperature

The temperature of coal samples when it startedigtp for fine coal particle size was
determined to be 380 for both deposits of Garin-maiganga and Ogboyebite Gindi-
akwati and Kurumu both have ignition temperatue338°C and3468C respectively.
Ignition temperatures of coarse coal particle sizs also determined to be 360for
both Kurumu and Gindi-akwati coal samples while iGanaiganga and Ogboyoba both
had 348C and 376C respectively.

This shows that coal self-ignition temperaturesadse affected by particle size. Hence, it

Heating value Coal samples (heating value, Btu/lb)

is desirable for coal to be stored in larger sizes.

4.9.8 Ranking of the analysed coal samples usinBM\B388 classification criteria

With reference to table 2.2 (page 12), the resldtained from the proximate analysis
and calorific values were used in the classificatal the four coal samples. All the
analysed coal samples have fixed carbon less fnahd volatile matter greater than
39% except for the coal sample of Gindi akwati d#pdaHence, the samples from
Kurumu, Gindi-akwati, Garin-maiganga and Ogboyobidl e ranked based on the
heating values.

Table 4.8: Ranking of the four coal samples usnegASTM classification
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Kurumu Garin-maiganga Gindi-akwati Ogboyoba

(11,053.32) (10,047.30) (4969.91) (10,653.49)
Bituminous  high 13,000-14,000
volatile B
Bituminous  high 10,500-13,000
volatile C
Sub-bituminous A 10,500-11,500 Vv v
Sub-bituminous B 9,500-10,500 v
Sub-bituminous B 8,300-9,500
Lignite A 6,300-8.300
Lignite B <6,300 v

4.9.9 Ash and Sulphur classification of the analyseal samples
Classification of the coal samples for ash andhlsulgontents based on the result
obtained from proximate and ultimate analyses @swshin the table below:

Table 4.9: Ash and Sulphur classification of therfcoal samples

Coal samples

Composition Kurumu Garin- Gindi- Ogboyoba
Classification range (%) maiganga  akwati
Ash content
High ash >15.0 v
Medium ash 8.0-15.0 v
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Low ash <8.0 v v

4ulphur content

-High sulphur >3.0
Medium sulphur  1.0-3.0

-Low sulphur <1.0 4 4 4 v
1

0 Suitability of analysed coal samples for poweragation

Table 2.3 shows typical requirements for coal fipkehts. Based on the results obtained
from the four coal samples analysed and comparitiy table 2.4 (page 24), Kurumu,
Garin-maiganga and Ogboyoba coal deposits meets ahdise requirements except for
Gindi-akwati coal deposit which has the lowest gétovalue, high ash content and also
has lowest ash fusion temperatures. Chlorine ctntéardgrove Grindability Index
(HGI) and petrographic analyses were not carrigdsouno comparison was made these.
However, the characteristics of low grade coalsgower generation in some power
plants are shown in table 2.5 (page 25). Hence reittrence to table 2.5, Gindi-akwati
coal deposit could still be used for power generati

The following tables show the comparison betwees &imalysed coal samples and
standard requirements for coal-fired plants

Table 4.10: Comparison of properties of Kurumu cedéth typical bituminous coal quality
requirement for pulverized coal-fired plant (BasedTable 2.3

Parameter Desired values Typical limits Kurumu coal
Heating value, MJ/kg ar High Min 24-25 (23)
Moisture, % ar 4-8 Max 12
Volatile matter, % mf 20-35 Min 20 (side-fired fuarce) 41.63
15-20 Max 20 (down-fired furnace)

Ash, % mf Low Max 15-20 (max 30)
Sulphur, % daf Low Dependent on local polluti

regulation
Nitrogen, % daf Low (0.8-1.1), dependent on lo 1.27

pollution regulation
Chlorine Low Max 0.1-0.3 (max 0.5) Not analysed
HGI High Min 50-55 (min 39) Not analysed

Ash Analysis, wt % ash

Silicon dioxide (45-75)
Aluminum oxide (15-35)
Titanium oxide (0.4-2.2)
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Ferric oxide (1-12)

Calcium oxide (0.1-2.3)
Magnesium oxide (0.2-1.4)
Sodium oxide (0.1-0.9)
Potassium oxide (0.8-2.6)
Sulphite (0.1-1.6)
Phosphorus pentoxide (0.1-1.5)

Ash fusion temper ature (°C)
Initial Deformation High (>1075) 1055
Softening High (>1150) 1148
Hemispherical High (>1180) 1176
Fluid High (>1225) 1198

Maceral Analysis, %

Vitrinite 55-80 Not analysed
Exinite 5-15 Not analysed
Inertinite 10-25 Not analysed
Legend: @ Acceptable () Allowable @ Not accedtab

Table 4.11: Comparison of properties of Garin-magga coal with typical bituminous coal
quality requirement for pulverized coal-fired plgBased on Table 2.4)

Par ameter Desired values Typical limits Garin-maiganga coal
Heating value, MJ/kg ar High Min 24-25 (23)
Moisture, % ar 4-8 Max 12
Volatile matter, % mf 20-35 Min 20 (side-fired fuarce) 39.12
15-20 Max 20 (down-fired furnace)

Ash, % mf Low Max 15-20 (max 30)
Sulphur, % daf Low Dependent on local polluti

regulation
Nitrogen, % daf Low (0.8-1.1), dependent on lo 1.15

pollution regulation
Chlorine Low Max 0.1-0.3 (max 0.5) Not analysed
HGI High Min 50-55 (min 39) Not analysed

Ash Analysis, wt % ash

Silicon dioxide (45-75)

Aluminum oxide (15-35)
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Titanium oxide (0.4-2.2)
Ferric oxide (1-12)
Calcium oxide (0.1-2.3)
Magnesium oxide (0.2-1.4)
Sodium oxide (0.1-0.9)
Potassium oxide (0.8-2.6)
Sulphite (0.1-1.6)
Phosphorus pentoxide (0.1-1.5)

Ash fusion temperature (°C)
Initial Deformation High (>1075) 1025
Softening High (>1150) 1133
Hemispherical High (>1180) 1156
Fluid High (>1225) 1185

Maceral Analysis, %

Vitrinite 55-80 Not analysed
Exinite 5-15 Not analysed
Inertinite 10-25 Not analysed
Legend: B8 Acceptable ) Allowable @ Not acceptable

Table 4.12: Comparison of properties of Gindi-akveail with typical bituminous coal quality
requirement for pulverized coal-fired plant (BasedTable 2.4)

Parameter Desired values Typical limits Gindi-akwati coal
Heating value, MJ/kg ar High Min 24-25 (23)
Moisture, % ar 4-8 Max 12
Volatile matter, % mf 20-35 Min 20 (side-fired fuarce)
15-20 Max 20 (down-fired furnace)

Ash, % mf Low Max 15-20 (max 30) 41.68
Sulphur, % daf Low Dependent on local polluti

regulation
Nitrogen, % daf Low (0.8-1.1), dependent on lo 1.53

pollution regulation
Chlorine Low Max 0.1-0.3 (max 0.5) Not analysed
HGI High Min 50-55 (min 39) Not analysed

Ash Analysis, wt % ash

Silicon dioxide (45-75)
Aluminum oxide (15-35)
Titanium oxide (0.4-2.2)
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Ferric oxide (1-12)
Calcium oxide (0.1-2.3)
Magnesium oxide (0.2-1.4)
Sodium oxide (0.1-0.9)
Potassium oxide (0.8-2.6)
Sulphite (0.1-1.6)
Phosphorus pentoxide (0.1-1.5)
Ash fusion temper ature (°C)

Initial Deformation High (>1075)
Softening High (>1150)
Hemispherical High (>1180) 1000
Fluid High (>1225) 1050

Maceral Analysis, %
Vitrinite 55-80 Not analysed
Exinite 5-15 Not analysed
Inertinite 10-25 Not analysed

Legend: @8 Acceptable

] Allowable @ Not acceptable

Table 4.13: Comparison of Properties of Ogboyobal @ath typical bituminous coal quality
requirement for pulverized coal-fired plant (BasedTable 2.4)

Par ameter Desired values Typical limits Ogboyoba coal
Heating value, MJ/kg ar High Min 24-25 (23)
Moisture, % ar 4-8 Max 12
Volatile matter, % mf 20-35 Min 20 (side-fired fuarce) 39.87
15-20 Max 20 (down-fired furnace)

Ash, % mf Low Max 15-20 (max 30)
Sulphur, % daf Low Dependent on local polluti

regulation
Nitrogen, % daf Low (0.8-1.1), dependent on lo 1.30

pollution regulation
Chlorine Low Max 0.1-0.3 (max 0.5) Not analysed
HGI High Min 50-55 (min 39) Not analysed

Ash Analysis, wt % ash

Silicon dioxide

(45-75)

Aluminum oxide

(15-35)
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Titanium oxide (0.4-2.2)
Ferric oxide (1-12)
Calcium oxide (0.1-2.3)
Magnesium oxide (0.2-1.4)
Sodium oxide (0.1-0.9)
Potassium oxide (0.8-2.6)
Sulphite (0.1-1.6)
Phosphorus pentoxide (0.1-1.5)

Ash fusion temperature (°C)
Initial Deformation High (>1075) 1045
Softening High (>1150) 1136
Hemispherical High (>1180) 1164
Fluid High (>1225) 1191

Maceral Analysis, %

Vitrinite 55-80 Not analysed
Exinite 5-15 Not analysed
Inertinite 10-25 Not analysed
Legend: B8 Acceptable ) Allowable @ Not acceptable

CHAPTER FIVE
SUMMARY, CONCLUSION AND RECOMMENDATIONS

5.1 Summary

Four coal samples from Kurumu (Gombe State), Garaiganga (Bauchi State), Gindi-
akwati (Plateau state) and Ogboyoga (Kogi State¢ lieeen characterised to assess their
suitability for power generation. Specifically, tescarried out on the coal samples
include proximate, ultimate, ash composition aretiogravimetric analyses. Calorific
value, ash fusion temperatures and auto-ignitionpratures were also determined.

Results obtained were compared with requiremenitdighned by pulverised coal power
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plant operators around the world. kurumu coal santyad the highest gross calorific
value of 25.71MJ/kg, followed by ogboyoba, garinigamga and gindi-akwati coal
samples with 24.78MJ/kg, 23.37MJ/kg and 11.56MJ/kgspectively. Results of
proximate analysis shows that kurumu coal had igeest volatile matter content of
41.63% and also had the lowest moisture conter®.@3%. The highest fixed carbon
content of 46.45% was recorded in kurumu coal. Elga carbon was highest in
kurumu coal (72.36%).

Thermogravimetric analysis results show that Gaildisati recorded the lowest peak
temperature (36@) while the differential scanning calorimetry shalmbat all the coal

samples reached the end of their oxidation stat&8G’C.

The lowest ash fusion temperature recorded fromysisaof all the samples was in
Gindi-akwati coal with initial deformation, softewj, hemispherical and fluid
temperatures as 8§ 990°C, 1000C and 1056C respectively.

The auto-ignition temperature of the coal samplesvs that the smaller the particle size

the lower the auto-ignition temperature in all toal samples.

5.2 Conclusion

1. Result of proximate analysis show that Kurumaldwmd the highest volatile matter
content of 41.63%, followed by Ogboyoba, Garin-maga and Gindi-akwati with
39.87%, 39.12% and 28.69% respectively. the mastantent of the coal samples is
3.93%, 6.24%, 8.41% and 10.27% for Kurumu, Garingaraga, Gindi-akwati and
Ogboyoba coal samples respectively. The highestdfizarbon content of 46.45% was
recorded in Kurumu coal, while Gindi-akwati coahgde has the lowest with 21.22%.

However, Gindi-akwati coal sample has the highestmosition of Ash with 41.68%.
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2. The result of ultimate analysis also shows #ilathe coal samples have low sulphur
content. The carbon content ranges from 72.36%Ktoumu coal sample, 62.96% for
Garin-maiganga, 38.98% for Gindi-akwati and 64.96%0gboyoba coal samples.

3. Calorific values correlates with the fixed carbelemental carbon and hydrogen
which are the major combustible elements in coat$ the coals have high carbon and
hydrogen content which accounts for their high khtovalues except for Gindi-akwati
coal deposit which has low carbon content and htawealorific value.

4. The thermogarvimetric analyses also shows thatease of combustion and peak
temperatures of the coal samples in decreasing @déindi-akwati, Garin-maiganga,
Ogboyoba and Kurumu.

5. All the analysed coal samples have acceptaliiefusson temperature except Gindi-
akwati coal sample.

6. The auto-ignition temperatures of the coal sasplecrease with increasing volatile
ratio and particle size.

7. Percentage of silicon dioxide is the highestaihthe coal samples from the ash

analysis.

8. Classification of the coal samples in tewhsank, grade and type show that Kurumu,
Garin-maiganga and Ogboyoba coal samples were foorige sub-bituminous coals
while Gindi-akwati coal was a lignitic coal. Kurumand Ogboyoba coals were high
grade, low suphur and low ash coals. Garin-maigavas also high grade, low suphur
but medium ash coal while Gindi-akwati coal waswa frade, low sulphur and high ash
coal.

9. Comparison of the properties of the analysed sa@ples with standard requirements
for coal plants show that Kurumu, Garin-maigangd @gboyoba are suitable for power
generation having met most of the requirement @@l ¢ired power plants as shown in
table 2.4 (page 24). Gindi-akwati coal deposit ba other hand can also be used for
power generation in some plants as shown in tablépgage 25).

Finally, Kurumu, Garin-maiganga and Ogboyoba ceoals be used for power generation

using the IGCC coal technology while Gindi-akwatat sample can be used for power
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generation using circulating fluidised bed comhbusti(CFBC) technology. CFBC
technology was developed to burn low grade andifficat-to-burn fuels and can

therefore tolerate a wide variety of coals andiplarsizes.

5.3 Recommendations

Clean coal technology is highly needed in Nigeoa power generation as the only
feasible solution to the power supply problems béidg the country. It is therefore
necessary for the government to aggressively exph@ country’s abundance coal
reserves for this purpose.

Hardgrove Grindability Index (HGI), Chlorine conteand petrographic analysis should
be carried out on the analysed coal samples tbdurnrich the data available on the
deposits.

Coal samples to be used for various analyses sleutth as received basis as these also
goes in a long way to affect results as was spadiyi observed in the thermogravimetric
curves.

Lastly, characteristics of different ratio of blenaf these coals are also recommended.
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APPENDIX I: Proximate analysis of Kurumu coal saenpl
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APPENDIX IlI: Proximate analysis of Gir-akwati coal sample
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APPENDIX IV: Proximate analysis of Ogboyoba coahpde
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APPENDIX V: Volatile ratio: of the coal samples
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APPENDIX VII: Ultimate analysis of Gindi-akwati cbsample
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APPENDIX VIII: Ultimate analysis of Garin-maigangaal sample
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APPENDIX IX: Ultimate analysis of Ogboyoba coal saen
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APPENDIX X: Calorific values of the coal samples
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