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ABSTRACT

Trends internationally have shown that about 60% of power in developed coun-
tries of Europe, America and Asia is from coal. Combustion of coal generates huge
quantities of gaseous emissions. The rules governing emissions have become more
stringent and therefore, alternative techniques of coal utilization are required for
clean power generation. Recent research is geared towards higher efficiency coal
gasification plants as well as fuel synthesis from syngas. In this research a bench
scale gasifier was designed, fabricated and its performance analyzed. The main
aim of the research was to gasify sub-bituminous coal under fluidized conditions
to produce a combustible gas whose composition was to be analyzed and optimum
working conditions established. Air flow rate was varied and the reactor temper-
ature and gas composition were measured at each flow rate. Results from this
research showed a 13.73% reduction in CO concentration with increase in airflow
rate from 1.0 to 2.5 m3/min. CO reduction was attributed to fact that more air
enhanced conversion of CO to CO2. As the air flow rate was increased from 1.0
to 2.5 m3/min, the HHV of the syngas was observed to decrease from 5.667 to
4.106MJ/Nm3. This was attributed to the reduction of CO and the increase of
nitrogen composition which do not add to the calorific value of the syngas. The
cold gas efficiency(CGE) and carbon conversion efficiency (CCE) of the gasifier
were obtained as 64.29% and 89.89% respectively. This research can be applied
in power generation by channeling the syngas produced to power gas turbines
and engines. The research gives insightful information that can contribute to
improved design of gasification systems.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Coal is a black rock made of large amounts of carbon and other elements such

as hydrogen, oxygen and nitrogen among others. It is considered to be formed

from organic deposition of minerals. Coal is the world’s most abundant and

widely distributed fossil fuel. The reserves are estimated to be 990 billion tonnes

which are enough for consumption in the next 150 years based on the current

consumption. Over 40% of the world’s energy is obtained from combustion of

coal (Li & Fan, 2008). In order to be able to meet the forecasted electricity

demand by 2020, power plants with 1000MW capacity have to be built every week

throughout the world of which 40% will be from coal(Doerell, 1999). Declining

supplies of crude oil in combination with increased environmental restrictions to

reduce greenhouse gas emissions from coal-fired power plants has led to renewed

interest in gasification as a clean-coal technology(Karimipour, Gerspacher, Gupta,

& Spiteri, 2013). Coal will remain the most important energy source in the world

owing to it’s abundance, availability and also because its cost effective.

1.1.1 Coal Gasification

Coal gasification offers one of the most versatile and clean ways of converting

coal into electricity, hydrogen and other valuable energy products. Gasification

is one of the best methods of producing hydrogen for tomorrow’s automobiles

and fuel cells. It breaks down coal into its basic elemental gases namely: CO2,

CO, H2 and CH4 by exposing it to hot steam and air or oxygen under high

temperatures and pressures. This causes the carbon molecules to break apart and

create chemical reactions that results in a mixture of carbon monoxide, hydrogen

and other gaseous compounds forming what is commonly referred to as syngas.

Different studies on coal gasification in fluidized beds have been undertaken.

Ocampo et al. (Ocampo, Arenas, Chenjne, & Espinel, 2003) for example studied

coal gasification in a pilot fluidised gasifier at atmospheric pressure and air-steam

mixture. They reported gas heating values ranging between 2.8-3.0 MJ/Nm3.

Engelbrecht et al. (Engelbrecht, North, Oboirien, Everson, & Neomagus, 2011)

gasified two high ash coals in a bubbling fluidized bed gasifier at atmospheric

gasifier using oxygen enriched air and steam as the gasifying agent and obtained

a gas of heating value ranging between 5.75-6.12 MJ/Nm3.
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1.2 Coal and the Environment

Despite many nations relying on coal for electricity generation, it is far from being

a perfect fuel. Coal like other fossil fuels is formed out of carbon and when it

burns, the carbon combines with oxygen to form carbon dioxide. Carbon dioxide

is a colourless and a odourless gas. When released into the atmosphere it causes

global warming which is responsible for change of climate globally.

Chang et al. (Chang, Zhuo, Meng, Qin, & Yao, 2016) found that 9 billion tonnes

of CO2 are emitted into the atmosphere from fuel combustion, where by more

than 83% of CO2 comes from the combustion of coal . They also found out

that in 2012, about 79% of SO2, 57% of NOx and 44% of particulate matter

(PM) came from direct combustion of coal and about 93% of SO2, 70% of NOx,

and 67% of PM emissions came from all kinds of coal utilization (including direct

combustion emission and emission from coke stoves and other industrial furnaces).

These gaseous emissions not only cause greenhouse heating which is responsible

for climate change but also have a negative impact on health.

Coal is a dirty fuel to burn but technology advances have greatly reduced its

negative impact on the environment in the last 20 years. Scientists have come up

with methods of capturing the pollutants from burning coal before they escape

to the atmosphere. Today’s technology can filter 99% of total particulate mat-

ter(TPM) and remove more than 95% of the acid rain pollutants in coal as well

as controlling mercury (Henderson & Topper, 2005). A report by International

Energy Agency(IEA) on Energy Technology Perspectives 2017 (International En-

ergy Agency(IEA), 2017) emphasizes that decarbonised power is the backbone of

clean energy transformation . The global energy sector can reach net zero CO2

emissions by 2060 under the 2 oC scenario (2Ds) which focuses on limiting the

average global temperature increase to 2 oC (Lee et al., 2016). Scientists are now

exploring clean coal technologies which limit the release of carbon dioxide into

the atmosphere by burning coal more efficiently. These clean coal technologies

are gasification and CO2 sequestration.

In a coal combustion plant, heat from the burning coal is used to boil water to

steam which is then used to drive a steam turbine generator. In this case, only

a third of the energy value of coal is actually converted into electricity and the

rest is lost as waste heat. In Contrast, a coal gasification power plant gets double

duty from the gases it produces. First, the coal gases are fired in a gas turbine

same way as natural gas to generate electricity. Secondly the hot exhaust of

the gas turbine is then used to generate steam for use in a conventional steam

turbine generator. This dual source of electricity is called combined cycle and

2



is more efficient in converting coal into useful electricity. The fuel efficiency of

a coal gasification power plant in this type of combined cycle can potentially

be boosted to 50% compared to the 33-40% efficiency common at conventional

coal-based boiler plants (Wong & David de Jager and Pieter van Breevoort April,

2016).

1.3 Energy Scenario in Kenya

The Kenya population was projected to 45.8 million in 2016 (Kenya National

Bureau Of Statistics, 2017). The country has experienced an increase in energy

demand, which can be linked to the increase in population and industrialization.

One of the key indicators of economic growth and development in a country is

the level and the intensity of energy use. The high cost of energy is one of the

biggest obstacles to economic activity in the country. This problem has partly

made Kenya lose out on foreign direct investment. Available data shows that

the cost of electricity in Kenya is US$0.150 per kWh which is four times higher

than that of South Africa (US$0.040) and three times more than that of China

(Institute of Economic Affairs (IEA), 2015). South Africa is considered as a main

regional competitor, while China as an international developed country.

In Kenya, traditional biomass and wood have dominated the energy sector pro-

viding the basic energy needs for the rural communities, urban poor and informal

sector as illustrated in Figure 1.1.

Figure 1.1: Primary Energy Supply in Kenya (Abdulganiyu et al., 2017)

A study conducted by Helio International on sub-Saharan Africa showed that

dependence on wood and biomass in Kenya accounted for 68% of the total energy
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consumption (Adaptation & Var, 2009). Over reliance on primary biomass energy

has led to widespread exploitation of forests which are the catchment areas for

Kenyan rivers. This has led to reduction in water levels in rivers and dams, which

are major sources of electricity in Kenya.

Electricity in Kenya is generated from geothermal (47% of the power production),

hydropower (39%), thermal (13%) and wind (0.4%). As at 2015 the installed elec-

tricity capacity was estimated to be 2.4GW, out of which 1.5GW was connected

to grid and 500MW of which came online since mid-2014. Since hydro-power

accounts for a large percentage of this capacity and is reliant on unpredictable

weather conditions, the frequency of power outages is high at 33% (compared to

an average of 1% for Mexico, China and South Africa) (Ministry of Energy Re-

public of Kenya, 2015). In 2013, Rural Electrification Agency(REA) announced

that 90% of country’s public facilities had been electrified suggesting that a large

share of the population had access to the electricity grid. Despite this success,

estimates of the national household electrification rate still remain at about 22%

(Lee et al., 2016).

In pursuit to transform Kenya’s economy, the Government had a road map in

place to raise the generation capacity by at least 5000+MW from 1765MW as at

June 2013 and by 6700MW in 2017. To fulfill this plan several options were being

explored; which include key interest in coal, natural gas and renewable energy

sources. Coal is not yet utilized in Kenya for power generation but in September

2014 the Ministry of Energy and Petroleum awarded AMU Power Company Lim-

ited (a special purpose vehicle by Gulf Energy, Centum Investment and Sichuan

Electric Power Design & Consulting Company) the bid to develop a 1050MW

gross output coal fired power plant in Lamu county(Amu Power Company Lim-

ited, 2016). The plant is expected to use super-critical technology.

Coal is an indigenous energy source of energy and if it is properly utilized it can

help the country achieve its Vision 2030. This research is aimed at bringing the

clean utility of coal as an energy source to the ordinary Kenyan.

1.4 Problem statement

The demand of electricity has been growing at an alarming rate owing to the

rapid growth in population and industrialization. Peak demand increased from

899MW in 2004/05 to 1,468MW in 2013/14. The peak load was expected to

increase to 2,511MW by 2015 and 15,026MW by 2030 in order to help the country

achieve the projected economic growth (Ministry of Energy Republic of Kenya,

2015). This implies that the power generation capacity ought to be expanded

4



in order to meet these requirements. The discovery of coal in Mui basin in

Kitui County is a very big boost to the country in terms of energy generation.

Owing to the increasing population and need to grow the economy especially

in the developing countries like Kenya, energy supply ought to be sustainable,

affordable and reliable. Kenya for example is in the pursuit of achieving Vision

2030, which targets full industrialization by year 2030. To achieve this, energy

has been identified as one of the key enablers to this goal. Currently the power

plants in Kenya cannot meet this demand which makes the energy costs to be

relatively high. This calls for other alternative sources for power generation,

which are cheaper and reliable to supplement the existing supply. Renewable

energy sources like wind, solar, bio-fuels among others are being explored for

power generation but this is not sufficient owing to their low energy density.

With the discovery of coal in Mui basin in Kitui county, clean coal combustion

for power generation has become a major area of research. Coal is one of the

cheapest and oldest energy sources in the world but its combustion produces

huge quantities of harmful emissions unlike other energy sources. The existing

coal power plants are; pulverized coal plants (sub-critical, super-critical and ultra

super-critical) and circulating fluidized bed plants. Both involve direct combus-

tion of coal producing a lot of GHG emissions to the atmosphere. Conventional

coal power plants have low efficiencies in power generation. For these plants, post

combustion capture is utilized for flue gas clean up but the method is very ex-

pensive. In order to keep the environment clean there is need to utilize clean coal

alternative for power generation. Integrated gasification combined cycle (IGCC)

plants have proved to be one of the viable methods of utilizing coal cleanly owing

to their almost zero emission advantage(Q. Liu, Shi, & Jiang, 2009). The IGCC

process is not yet fully developed as compared to other methods of coal utilization

(Campbell, McMullan, & Williams, 2000).There is no much information and data

available on the optimum condition of performance of the coal gasifier, which is

a major component of the IGCC plant. Optimization of the gasifier will improve

the quality of syngas produced which will in turn improve the efficiency and cost

of these units

1.5 Objectives

The main objective of this research was to develop and optimize the performance

of a coal gasifier for production of syngas that can be utilized for power generation.

The above main objective was to be achieved via the following specific objectives:
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1. To design and construct a bench scale coal gasifier.

2. To evaluate performance of the gasifier under the influence of various flow

conditions (temperature and air/coal flow rate).

3. To analyze the syngas obtained from the gasifier.

1.6 Justification

With the increasing population and the need to expand industrialization, energy

demand is on the increase and the country is faced with the challenge of expand-

ing power generation. Options for power generation currently being explored

include; nuclear power, renewable energy sources and coal power plants. The net

energy ratio of coal is as high as 80 compared to nuclear power, wind energy

and photovoltaic cells that have moderate net energy ratios (Jonathan M. Harris,

2017). Renewable energy sources like solar and wind are encouraging but the

energy density (energy per unit volume or energy per unit mass) is low and the

supply is intermittent compared to fossil fuels like coal and petroleum products

(Layton, 2008). For example, by 2014 the generating capacity of renewable energy

in Europe was about 216 GW, 22% of Europe’s capacity but the actual output

was only 3.8% of Europe’s requirement (Lyman, 2016). An analysis on economics

of renewable energy in Tanzania by Baraka et. al (Kichonge, Mkilaha, & John,

2016) revealed higher primary energy supply tied with less investment costs on

business as usual scenerio (from hydros, coal, natural gas, thermal power plants)

compared to renewable energy scenerio. Nuclear systems have high power den-

sity but the cost of installation and maintenance are very high compared to other

energy sources. In addition, following the Fukushima crisis in March 2011 many

nations announced withdrawal from nuclear power. For example, in 2008 Energy

Information Administration in the United states projected almost 17 Gigawatts

of new nuclear power reactors by 2030, but following the Fukushima Daiichi dis-

aster its projections by 2030 scaled back to just 5 GW (Jorant, 2011).The current

exploration by the Ministry of Energy in Kitui County has shown that there are

huge local coal deposits that are suitable for increasing power generation. Nations

like the United States, Poland, South Africa and China have coal as their major

energy source and that explains their level of economy. For Kenya’s economy

to grow, it is the high time the country utilized coal in power generation owing

to its low cost. Clean coal technologies should be emphasized to safeguard the

environment and IGCC plants are more suited as they utilize coal cleanly and

have the capacity of achieving high efficiencies.
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1.7 Outline of Thesis

This thesis has five chapters. The current chapter is introduction to the research

which presents a general overview of the existing problem related to coal use

in power generation. Chapter two presents the literature review where conven-

tional methods of utilizing coal are highlighted. The experimental set up and the

measured parameters to optimize the performance of a bench scale gasifier are

outlined in chapter 3. Results of composition of syngas, gasification temperatures

and fluidization velocity are discussed in Chapter 4. Chapter 5 has conclusions

derived from the performance testing of the gasifier.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Overview

Coal utilization in energy production is facing a lot of opposition owing to the fact

that coal combustion releases a lot of CO2 emissions leading to global warming

effect. Sulfur and nitrogen oxides are other undesirable gases from coal com-

bustion as they bring about acid rain. Researchers have now concentrated their

efforts on clean ways of utilizing coal in power generation and this research looks

at gasification.

This chapter reviews conventional ways of utilizing coal and their shortcomings,

gasification technology and some of the studies that have been undertaken on

coal gasification.

2.2 Gasification Mechanism

Coal gasification is an old technology that dates back to the 19th century and

was used commercially to produce the so called ”Town Gas” for industrial and

residential lighting in Europe and America (Gregory, Furimsky, & Mourits, 2006).

Discovery of electricity and natural gas paused gasification technology(Breault,

2010). The technology resurfaced again during World War II and it was used to

convert coal into transportation fuels via the Fischer-Tropsch process.

Gasification is a thermo-chemical conversion process by which coal or biomass

is partially oxidized to produce a combustible gas or synthetic gas also known

as syngas. Syngas comprises of hydrogen (H2), carbon monoxide (CO), carbon

dioxide (CO2), and methane (CH4) and their proportions are determined by the

gasifying agent such as air, oxygen, steam or mixture (Couto, Rouboa, Silva,

Monteiro, & Bouziane, 2013).

Gasification takes place in sub-stoichiometric conditions with controlled oxygen

supply. Generally 20 to 35% of the theoretical oxygen is required for complete

combustion of coal at temperatures of 700oC and above (Mamoru Kaiho and

Osamu Yamadablished (National Institute of Advanced Industrial Science and

Technology Japan), n.d.). The process occurs in such a manner that as coal is

consumed in the gasifier, heat and new gaseous fuel is produced(Nowak, 2003).

Syngas (producer gas) finds application in gas turbines or engines coupled to a

generator to produce electric power. Syngas is also used in a boiler to produce

heat or as a raw material for synthesis of chemicals, liquid fuels or hydrogen. Gasi-

fication takes place in a reactor called gasifier, which has provisions for feeding

the fuel and gasifying agent.

8



The process of gasification starts by drying coal since it contains moisture which

can only be removed as steam when the fuel is heated to the saturation tempera-

ture of the gasifier operating pressure. What follows is pyrolysis process. During

this process light volatile gases such as hydrogen are evolved in addition to other

gases, tars and phenols. The resulting char obtained from pyrolysis reacts with

the gaseous reactants (oxygen, steam, carbon dioxide and hydrogen) to release

gases (CO, H2, CO2, CH4), tar vapors and a solid residue (char and ash)(Couto

et al., 2013).

Complete gasification is governed by the following series of chemical reactions

(Inc., Princeton Energy Resources International, , , & Consulting, 2003).

C +O2 → CO2 − 394MJ/kmol (2.1)

C +
1

2
O2 → CO − 111MJ/kmol (2.2)

H2 +
1

2
O2 → H2O − 242MJ/kmol (2.3)

C +H2O → CO +H2 (2.4)

C + 2H2O → CO2 + 2H2 (2.5)

C + CO2 → 2CO (2.6)

C + 2H2 → CH4 (2.7)

CO +H2O → H2 + CO2 (2.8)

CO + 3H2 → CH4 +H2O (2.9)

C +H2O →
1

2
CH4 +

1

2
CO2 (2.10)

Most of the oxygen or air injected in the gasifier is consumed in reactions shown

by Equations 2.1 - 2.3 to provide the heat necessary to dry the solid fuel, break

up chemical bonds and raise the reactor temperature to drive gasification reac-

tions from Equation 2.4 to Equation 2.9. Reactions shown by Equations 2.4 and

2.5 are the principal gasification reactions and are endothermic requiring high

temperature and low pressures. Reaction 2.6 is called boudourd reaction which

is endothermic and much slower than the combustion reaction 2.1 at the same

temperature in absence of a catalyst. Reaction 2.7 is called hydro-gasification

and is very slow except at high pressures.

Equation 2.8 represents the water gas shift (WGS) reaction and it is important

when hydrogen production is desired. Production of hydrogen from coal gasi-
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fication became popular during the oil crisis in the late 1970s (Ayodele, Offor,

Akhabue, Akhihiero, & Cheng, 2017). The reaction takes place at low temper-

atures of up to 260oC in presence of a catalyst and is independent of pressure.

Over the years Cu-ZnO has been used as the catalyst for WGS reaction though

it is not attractive as it is very sensitive to temperature excursions, pyrophoric if

exposed to air and requires very careful pre-activation (Fu, Deng, Saltsburg, &

Flytzani-stephanopoulos, 2005). Literature review by Andreeva et al. (Andreeva

et al., 2002) revealed Ceria-supported precious metals(Pd,Pt,Rh,) as effective cat-

alysts for CO oxidation and WGS reaction. In their research, they used Ceria-Au

catalysts for WGS reaction which demonstrated a high and stable activity over a

wide range of temperatures. Ceria-precious metals catalysts are desirable as they

are non-pyrophoric and can be used without activation.

Methanation reaction represented by equation 2.9 proceeds at low temperatures

in absence of a catalyst. Reaction 2.10 is relatively thermal neutral meaning that

gasification can proceed with little heat input but methane formation is slow

relative to reactions 2.4 and 2.5 unless catalyzed by mostly Ni-based catalysts.

The syngas produced from gasification process has different chemical composition,

heating value and hence different end use applications. These differences are

brought about by the type of gasification agent used (air, oxygen and steam),

gasifier operating pressure and temperature, the coal rank and composition, the

heating rate, coal preparation and particle size and lastly the plant configuration.

The plant configuration refers to coal feeding system (dry or slurry), the coal

reactant flow geometry, mineral removal system (dry or slag) and syngas cleanup

system.

2.3 Coal Utilization Techniques

In the past, coal has been utilized in a number of ways to produce power. These

are discussed below.

2.3.1 Pulverized coal power plants

Pulverized coal power plants are among the oldest utilization methods of coal in

power generation. They use rankine cycle principle and consist of a pulverized

coal (PC) fired boiler, a steam turbine, pumps, Flue Gas Desulphurization (FGD)

unit, generator and other auxiliaries as shown in Figure 2.1.

Finely ground coal is fed into the boiler (heat generation unit) where it is mixed

with air entering from forced draft fans and combustion takes place changing its
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chemical energy into heat. This heat is transferred to water running through the

tubes in the boiler walls to produce steam. The steam is then passed through the

super-heater where its pressure and temperature are increased before it’s chan-

neled through a series of steam turbines to generate mechanical energy. The low

energy steam exhausted from the high pressure turbine is passed through the

reheater for further heating before it is introduced to the intermediate and low

pressure turbines respectively. The mechanical energy gained by the turbines is

used to drive the rotor of the generator with a constant speed which is the syn-

chronous speed from the rotor’s mechanical rotation and the coupling magnetic

field from the exciter. Voltage is then induced in the windings of the stator by

Faraday’s law. The steam exiting from Low pressure turbine is passed through

the cooling towers where it is condensed to water and pumped to the deaerator

and then to the boiler to begin the cycle again. The spent fuel ends up in the

ash hopper and the exhaust gases are discharged through the stack.

Figure 2.1: Schematic diagram of a Pulverized Coal Power Plant (Staff &
Project, 2006)

Pulverized coal power plants produce substantial amounts of emissions like sul-

phur dioxide(SO2) and nitrogen oxides (NOX) that are major causes of acidic

rain. Particulate emissions are also common from such power systems that cause

formation of smog.

The plants use post combustion processes for cleanup of the flue gases which

increase the capital cost of the plant. For example, fitting a carbon capture system
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requires additional power. This is compounded by the fact that the concentration

of carbon dioxide in the flue gases is low at about 13% (H. Liu, Ni, Li, & Ma,

2008). In addition, the carbon capture units reduce the efficiency of the plant by

about 9-13% because of their high energy consumption rate.

Calin et al. (Calin-Cristian Cormos & Babes, 2012) estimated and compared

the key techno-economic and environmental performance indicators of PC plants

(both subcritical and supercritical cases) and integrated gasification combined cy-

cle (IGCC) case with and without CCS (carbon capture and storage unit) using

CAPE tools. They found out that introducing CCS unit had an energy penalty

to the PC plants (8-9%) while IGCC energy penalty was about 7%. The cost

implication for fitting CCS in PC plants was much higher than in IGCC case . A

conceptual layout of a PC plant having a CCS units is shown in Figure 2.2.

Figure 2.2: Conceptual layout of PC plant for power generation with CCS
(Calin-Cristian Cormos & Babes, 2012)

2.3.2 Supercritical pulverized coal power plants

Supercritical pulverized coal (SCPC) plants are a modification of pulverized coal

power plants that generate steam at a high temperature and pressure. This makes

them to have higher efficiency than PC plants. Emission of pollutants in SCPC

plants is lower compared to PC plants since less coal is used. They face same

challenges of post-combustion clean up as PC plants.

Bohm et al. (Bohm, Herzog, Parsons, & Sekar, 2007) explored options which

could be taken into consideration during the the initial design and construction

of PC and IGCC plants to reduce capital costs and energy losses associated with
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retrofitting for CO2 capture. Three scenarios were considered namely baseline

supercritical PC, baseline IGCC and an IGCC plant with pre-investment for cap-

ture. They found out that the baseline supercritical PC plants are more preferred

than the baseline IGCC and IGCC with pre-investment plant for a case where

there is no carbon price. With introduction of higher carbon prices, baseline

IGCC and IGCC with pre-investment plants become the most economical.

2.3.3 Circulating fluidized bed(CFB)

In CFB plants, crushed coal and limestone or dolomite (used for SO2 capture)

are fed into a bed of ash and coal particles. Using high velocity preheated air,

the materials are then made highly mobile. To control NOX formation, air is

fed in the combustion chamber in two levels. The combustion chamber is a

shell tube heat exchanger i.e as water travels through tubes on the walls of the

chamber it is heated producing steam. The combustion products travel through

the combustor and on to a cyclone where the solids are separated from the flue

gases and sent back to the combustor for further oxidation. The hot flue gases

are then passed through heat exchangers to produce more steam to drive the

steam turbine coupled to a generator to produce electricity (Professor Prabir

Basu, 2006). The process is illustrated in Figure 2.3.

Nowak et al. (Nowak, 2003) studied CFBs installed in Poland based on boiler

design parameters, design arrangement and specific design features. He found out

that the boiler designs could allow combustion of a variety of fuels ranging from

high sulphur coal, lignite, peat, oil, sludge, petroleum coke among others. The

CFBs installed were able to meet the minimum levels for SO2 and NOX emissions

required but the systems did not have carbon capture units. This means the CFBs

have high level of carbon emission that is responsible for global warming.

2.4 Fluidization Phenomena

Fluidization is the process by which fine bed of solids are transformed into a fluid

like state through contact with a gas or a liquid. Bubbles are usually formed

within the bed which then move upwards towards the combustors disengaging

height. The bubbles carry a portion of the bed material along with them in a

portion called wake and on reaching the maximum disengaging height the bubble

bursts through the surface and the portion of bed material falls downward in the

reactor by gravity. The free falling particles are balanced by the upward force

of the minimum fluidization velocity of bed materials. New bubbles are formed
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Figure 2.3: Diagram of a Circulating Fluidized Bed Combustor (Reclamation,
n.d.)

and the cycle is repeated. This process promotes proper mixing of the fuel and

the oxidizing agent and good heat distribution allowing for uniform temperature

within the reactor(Dayananda & Sreepathi, 2012). Depending on the fluidization

velocity the fluidized beds are classified as packed, bubbling or circulating or

turbulent(Professor Prabir Basu, 2006). A diagram of a fluidized bed gasifier is

illustrated in Figure 2.4.

2.4.1 Mass of solid in the fluidized bed

There is a drag force exerted on the bed particles by the flowing air and at low

velocities the pressure drop relating to this drag follows Ergun equation (Suleiman

et al., 2013). By increasing the velocity a point is reached when the total drag

on the particles will equal the weight of the bed and the particles will begin to

lift and barely fluidize as shown in Equation (2.11)

Ws = ρsAsh(1− ε) (2.11)
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Figure 2.4: Diagram of a Fluidized Bed Gasifier (Phillips, 2006)

where Ws is the mass of solids in the bed, ρs is the density of the solid, As is the

cross−sectional area of solid, h is the height of the bed settled before the particles

start to lift and ε is the void fraction of the bed. The void fraction is expressed

as shown in Equation (2.12)

ε = 1− ms

ρs × vs
(2.12)

where ms is the mass of the particles and vs is the total volume occupied by the

bed of particles.

The observable parameters in a fluidized bed are the pressure drop (∆P ) needed

across the gasifier to cause the fluid to flow the bed of particles , the fluid velocity

(u) and the density of solids (ρs). The Ergun equation relates all these parameters

as shown in Equation (3.6)

The bed expansion as the fluidization velocity is increased is illustrated in Figure

2.5 If the gas velocity is increased such that the drag on an individual particle

surpasses the gravitational force on the particle then the particle is entrained

in the gas and carried away from the bed. This condition is called elutriation.

The velocity at this point is called elutriation velocity. The minimum elutriation

velocity for particles of a given size is the velocity at incipient entrainment and

is assumed to be equal to the terminal velocity (ut).
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Figure 2.5: Conceptual fluidized reactor containing uniform particles with
degree of bed expansion (DBE) as related to fluidization velocity
uf (Suleiman et al., 2013).

2.5 Integrated gasification combined cycle (IGCC)

2.5.1 Background

Integrated gasification combined cycle (IGCC) power plant combines two tech-

nologies in its operations; coal gasification and the combined cycle for electricity

generation. Combined cycle consists of gas turbine/generator, a heat recovery

steam generator (HRSG) and a steam turbine/generator. The process starts by

feeding a carbon containing material to the gasifier along with oxygen and steam

to produce syngas. The syngas produced passes through a series of cleaning pro-

cesses to remove particulate matter and sulfur. Pre-combustion clean up makes

NOX and SO2 controls to be less expensive as compared to post combustion

controls. The clean syngas is then combusted in the gas turbine coupled to the

generator to produce electricity and the heat from the exhaust is recovered in the

HRSG to produce steam. The steam is then expanded through a steam turbine

to power another generator to produce more electricity. The process is more ef-

ficient than other conventional power generating plants because it re-uses waste

heat to produce electricity. This process is illustrated in Figure 2.6.

For IGCC plants fitted with Pre-combustion Capture units, the syngas is passed

through a shift reactor and an absorption tower to remove carbon in form of CO2

as shown in Figure 2.7. The shift reactor reacts CO in the syngas with water to

form H2 and CO2 with the latter going to sequestration.

Emissions are easily controlled in IGCC plants because the syngas produced is at

high temperature and pressure and contains higher concentration of pollutants
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Figure 2.6: Layout of IGCC power generation scheme without carbon capture
(Breault, 2010)

 

Figure 2.7: Layout of IGCC power generation scheme with carbon capture
(Breault, 2010)

than exhaust gas from traditional coal-fired power plants making the cost of re-

moval of pollutants cheaper (Martelli, Kreutz, & Consonni, 2009). For pollutants

such as NOx SO2, particulate matter and Hg, IGCC is inherently lower polluting
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(about 1/10) than traditional coal fired fire plants. The desulfurization rate is

99% while the denitrification rate is 90% and nitrogen oxide emissions are 15-20%

of that of conventional power plants (Henderson & Topper, 2005).

Integrated gasification combined cycle plants are also very flexible as far as feed-

stock is concerned, for example various grades of coal can be accommodated in

addition to wastes, biomass, petroleum coke and other refinery products. The

syngas after cleaning can be used for production of electricity, chemicals, liquid

fuels(methanol, dimethyl ether(DME)). Other products from IGCC plants are

hydrogen, synthetic natural gas, a range of fertilizers and glassy slag that can

be used as a material for cement and road surfaces (Shadle, Breault, & Bennet,

2017).

The IGCC plants have relatively high efficiencies than other coal power plants.

This is mainly due to the decreased energy requirement in removal of CO2 from

the process streams in gasification as compared to PC plants. Moreover, IGCC

plants use less cooling water and are desirable if the plant is to be put up in dry

areas. The IGCC power plants though highly competitive are relatively expensive

and have low availability. Henwei et al. (H. Liu et al., 2008) studied the reasons

why China needed to deploy IGCC technology and the rational driving force to

develop IGCC in China. This was done by reviewing several advances in IGCC

technology in countries like USA, Japan, Germany and Holland. The driving

forces for deploying IGCC power technologies in China like the other countries

had done were found out to be the ability to satisfy electricity demand, almost

zero emission technology and to aid in oil shortage problems.

Lifeng et al. (Zhao, Xiao, Sims, Wang, & Xu, 2008) evaluated the technical,

environmental and economic dimensions of deploying advanced coal fired power

technologies in China. They tried to estimate the capital cost and the overall

cost of electricity (COE) for a variety of advanced coal power technologies based

on technological and economic levels in 2006 in China. The options considered

were nine PC cases, three subcritical (SC) and three USC (ultra supercritical) all

with or without pollution control equipment; one CFB case and two IGCC cases

utilizing multi nozzle coal-slury entrained flow gasifier, and shell gasifier. They

found that the design efficiency for IGCC plants was almost equal to SC case and

little lower than USC case. IGCC case was found to have the best environmental

performance compared to other PC plants. Capital costs and COE were very

high for IGCC case compared to other cases. Compared to other cases IGCC

technology was in testing and demonstration stage that could explain the high

costs. They only used one type coal in there study(shendong coal) probably using
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a variety would have given different results.

2.6 Parameters Influencing Performance of Gasifiers

The success of gasification process is greatly affected by the working parame-

ters which include pressure, temperature, residence time, gasifying agent, par-

ticle size. Depending on the gasifier system configuration, operating conditions

and the gasifying agent, the syngas produced can be of low heating value (3.8-

7.6MJ/m3), medium heating value (10.5-16MJ/m3) or higher heating value gas

(over 21MJ/m3). Below are some of the studies by researchers on how these

parameters affect the syngas output.

2.6.1 Influence of Pressure and Temperature

Alexander et al. (Tremel, Haselsteiner, Kunze, & Spliethoff, 2012) studied the

gasification kinetics of Rhenish lignite, bituminous coal and German anthracite

in a pressurized high temperature entrained flow reactor (PiTER). This was done

at high temperatures (1800oC), high pressure (5MPa) and within a reducing gas

environment. The experiments were carried out in pilot scale and bench scale.

PiTER is specifically designed for experiments and enables measurements over

a wide range of operating conditions. The conversion rate was found out to be

directly proportional to the pressure and residence time for all samples of coal

with lignite showing better response owing to its high reactivity. The gasification

rate increases exponentially with temperature. Thermal annealing limits mass

transfer which reduces char reactivity at temperatures between 1400 to 1600 oC.

Therefore, it is necessary to establish a mechanism of overcoming this limitation.

Feng et al. (Feng Duan, Lihui Zhang, 2011) studied the effect of pressure on coal

gasification characteristics by using a pressurized turbulent circulating bed. They

found that the product quality was improved at higher pressure because of the

better fluidization in the reactor. HHV increased by 17% and carbon conversion

increased from 57% to 77% when pressure was increased from 0.1 to 0.3 MPa.

Their research used high ash fusion coal and the relationship between low ash

fusion coal and pressure was not shown.

Hao et al. (H. Liu et al., 2011) studied the effect of heating rate during pyrolysis

on the gasification reactivity of three types of char in CO2 at elevated tempera-

tures in a novel fluidized bed. They found out that higher heating rate during

pyrolysis led to higher char reactivity of gasification and was more pronounced for

char derived from coal with high volatile content. Air was used during pyrolysis
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and the CO2 was mixed with N2 which would result to high production of NOX

emissions owing to the high temperatures involved.

2.6.2 Influence of Gasifying agent(oxygen, air, steam and oxy-fuel

(O2/CO2))

Umeki et al. (Umeki, Yamamoto, Namioka, & Yoshikawa, 2010) conducted a

high temperature steam only gasification experiment by applying steam with

temperatures exceeding 1200K in a demonstration plant with coal rate of 1.2

ton/day. They also used numerical analysis to analyze the results. They found

that the steam/carbon ratio had a significant effect on the gas compositions

through the water gas shift reaction . The major draw back of this research

was the low reaction rate which was caused by the gas shift reaction which is

endothermic thus external heating was necessary to sustain the reactions.

Several other studies done in the past in an effort to improve gasification include;

study done by Na et al. (Na, Park, Kim, Lee, & Kim, 2003) that showed that

the composition of H2 and CO was dependent on oxygen/fuel ratio in an oxygen

blown gasification process. They did so by gasifying combustible waste mixed

with plastic and cellulase materials in a fixed bed gasifier using oxygen as the

gasifying agent. The research failed to capture on emissions from the process

which is key if the process is to be put into practice.

A numerical study done by Chen et al. (C. Chen, Horio, & Kojima, 2000) in

their effort to show the effects of operating conditions on gasifier performance,

revealed that the air to coal ratio had pronounced influence on the heating value

of the product gas in a two stage-air blown gasifier.

Choi et al. (Choi, Li, Park, Kim, & Lee, 2001) studied coal gasification character-

istics in an entrained flow gasifier. They did so by constructing a comprehensive

numerical model to simulate the coal gasification process which was divided into

several simplified stages such as slurry evaporation, coal devolatization and two

phase reactions coupled with turbulent flow and phase heat transfer. They ob-

served that increasing the oxygen/carbon ratio caused an increase in the syngas

yield of the coal gasification.

Le Wu et al. (Le Wu, Yu Qiao, 2012)studied ignition characteristics of Datong

bituminous coal in O2/N2 and O2/CO2 atmospheres with different conditions (in-

cluding O2 and coal concentrations and temperature). They used simulation of

an unsteady model of a pulverized coal cloud including sub-models of radiation

and convection. They also tested ignition temperature in a small furnace. The

results showed that ignition temperature decreases with increase of oxygen con-
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centration with more pronounced response in O2/CO2 atmosphere. The ignition

temperature also reduced when the atmosphere changed from O2/N2 to O2/CO2

owing to the high heat capacity and low diffusivity of CO2. Increasing concen-

tration to 30% O2 60% CO2 was found to have same ignition characteristics as

in O2/N2. In their study they did not demonstrate how different types of coal

would affect the ignition characteristics.

2.6.3 Influence of Feedstock(coal type)

Co-gasification of biomass and coal can be considered as a potential fuel-base for

gasification, syngas production and methanol synthesis. Tomasz et al. (Chmielniak

& Sciazko, 2003) evaluated the feasibility of deploying co-gasification of biomass

and coal in methanol synthesis. They found it a better way of utilizing to full

capacity the syngas produced, for example in cases of low electricity demand the

syngas is channeled to methanol production.

Nor F. O. et al. (Nor Fadzilah Othman, Mohd Hariffin Bosrooh, 2007) studied

how producer gas composition varied with partial gasification of different types of

coal and different gasifying agents (air, air/steam). They found out that the ratio

of CO and H2 in the syngas produced changed with coal type and gasifying agent

with more CO produced in the case of air. In their research they were unable

to obtain airfuel ratio, air/steam/fuel ratio and the cold gas efficiency which are

vital parameters.

Xiaojiang et al. (Xiaojiang W., Zhongxiao Z.,Guilin P., Nobusuke K., Shigekastu

M., 2010) studied the gasification characteristics and slagging behaviour of Chi-

nese ash fusion temperature (AFT) coal in a lab scale downflow gasifier. From

the experiment, the carbon conversion rate increased with temperature increase

whereas, CH4 and other hydrocarbon gases concentration decreased with temper-

ature increase. Gasification temperature and carbon conversion increased with

increase in O2/coal mass ratio. They obtained the optimum working tempera-

tures to range between 1573K to 1623K with corresponding O2/coal mass ratio

of 0.93 to 1.13.

Harris et al. (Harris, Roberts, & Henderson, 2006) studied the effect of coal

type on the key gasification parameters. They did this by varying the O:C ratio,

residence time and coal type and observed the conversion levels and product gas

composition under conditions relevant to those present in entrained gasification

system. The results showed that increasing stoichiometry increased conversion

levels with optimum stoichiometry levels ranging between 90-100%. Increasing

O:C ratio increases the concentration of CO2 at the expense of H2 and CO. In
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addition, increasing temperature decreases the concentration of CO2 and increases

the concentration of H2.

2.7 Summary of Gaps

In reviewing past research work, a number of studies have been done on gasifica-

tion phenomena and the following gaps have been identified.

• Gasification of coal is being utilized in large scale for power generation and

little has been done for small domestic use.

• Conventional methods of coal utilization produce high quantities of green-

house gases and putting up new plants is becoming a challenge all over the

world as rules governing emissions insist on clean technologies.

• Research concerning the effect of varying input parameters during coal gasi-

fication on the performance of the gasifier is not satisfactory, for example

very high temperatures in the gasifier encourage slagging of ashes which

slows down the reactions and low temperatures will not favour water gas

shift reaction which is endothermic.

• The efficiency of conventional coal powerplants range between 30-48%while

that of IGCC power plants range between 42-50%. This means a lot of

energy is lost and more research is needed to boost the efficiency.

• Low ranked coals such as sub-bituminous and lignite have been overlooked

as most researchers are focusing on high quality bituminous coal.
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CHAPTER THREE

EXPERIMENTAL DESIGN AND METHODOLOGY

3.1 Background

Emission of pollutants from conventional coal fired power plants has resulted to a

need for cleaner methods of utilizing coal in power generation while at the same

time safe guarding the environment. Of interest in this research is gasification

technology which is a cleaner method of utilizing coal. The process takes place

in an equipment called a gasifier and for optimum results the gasifier needs to be

properly designed. This chapter therefore presents the design and fabrication of a

fluidized bed gasifier. The gasifier was constructed with provisions for controlled

feeding of air and fuel in order to optimize the gasification process. A set up

to evaluate gasifier performance in terms of gasification temperatures, syngas

composition and calorific value is presented thereafter.

3.2 Design Configuration of the Bench Scale Gasifier

The fluidized bed gasifier consisted of a fluidized bed portion, disengaging space

or freeboard (section above the bed of particles) and a gas distributor, solids

feeder, solids discharge points, instrumentation and gas supply.

3.2.1 Experimental Setup

The schematic diagram and the experimental set up of the bench scale gasifier

are shown in Figure 3.1 and Figure 3.2 respectively.

From the diagrams, the gasifier comprised of the plenum, reactor and the free-

board section is noticeable. A variable flow air blower connected to a delivery

pipe to the base of the plenum can also be seen. Thermocouples attached to a

data logger are also noticeable. At the top of the gasifier, an outlet pipe of the

syngas is connected and it consists of a section for sampling the syngas and also

holding the burning flame. At the top of the gasifier also a coal feeding point can

be seen.

3.2.2 Coal Samples

Sub-bituminous coal was chosen as the feedstock for the gasification process. The

coal was first pulverized to small particles and then sieved to the desired size of

3mm as shown in Figure 3.3. This was in accordance to Geldart’s classification

of powders shown in Figure 3.4(Dechsiri, 2004).
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Figure 3.1: Schematic Diagram of the Bench Scale Gasifier Setup

Geldart categorized powders into four types namely group A or aerated type,

group B or sand like type, group C or cohesive type and finally group D or spouted

type. Group D was chosen in this research as the particle size was greater than

500µm. The pulverized coal was then dried prior to use to reduce the moisture

content.

3.2.3 Proximate Analysis

Proximate analysis involves determination of properties of a fuel such as the

moisture content, volatile matter, ash content and fixed carbon. Moisture content

was determined by drying 1g of coal sample at 105oC (slightly above the boiling

point of water) for 1 hr. The weight loss expressed as a percentage of the initial

weight of the coal sample gives the moisture content as shown in Equation 3.1
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Figure 3.2: Experimental Setup

Figure 3.3: Preparation of coal samples

%M =

(
wo − wc

w

)
X100 (3.1)
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Figure 3.4: Diagram of the Geldart classification of particles (Dechsiri, 2004)

where wo is the weight of the coal sample plus weight of the crucible, wc is the

weight of the crucible and w is the weight of the coal sample.

Ash content was determined by combustion of 1 g coal sample in a furnace at

600oC for two hours to ensure that carbon is completely burnt. The ash content

value was obtained using Equation 3.2

AC(%) =

(
wa − wc

wd

)
100 (3.2)

where AC is the ash content, wa is the weight of coal sample plus weight of the

crucible and wd is the weight of the dry sample coal.

Volatile matter was obtained through combustion of 1 g coal sample at 950oC for

7 minutes and the content was computed using Equation 3.3

V (%) =

(
wv0 − wv

w

)
100−%M (3.3)

where wv0 is the weight of the coal sample plus the weight of the crucible and the

top, wv is the weight of the crucible and the top plus the sample waste. Fixed

carbon was obtained by subtracting the amount of moisture, volatile matter and

ash content from 100%

3.2.4 Ultimate Analysis

The ultimate analysis was conducted to determine the elemental composition of

the coal, this included determination of carbon, hydrogen, oxygen, sulfur and
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nitrogen contents. The PerkinElmer 2400 Series II CHNS/O Elemental Analyzer

shown in Figure 3.5 was used. A small quantity sample of 2 mg was accurately

weighed into a small tin capsule. The sample was then combusted at elevated

temperatures in presence of excess oxygen to form CO2, HO, SO2 and oxides of

nitrogen. The produced gases were then swept by a stream of helium gas into

a reduction tube containing fine copper where nitrogen oxides were reduced to

nitrogen gas and the excess oxygen removed. The gases were then collected in a

mixing chamber separated by frontal chromatography and measured by thermal

conductivity detectors giving output signals proportional to the concentrations.

Figure 3.5: PerkinElmer 2400 Series II CHNS/O Elemental Analyzer

The oxygen content was obtained by subtracting the sum of the four elements

from 100%.

3.2.5 Gasification Process

Gasification process started by first heating charcoal inside the reactor to 650oC,

temperatures at which coal can self ignite. Coal was then fed from the top of the

gasifier and air introduced from the bottom of the reactor at a controlled rate.

The operation and monitoring of the gasification process involved controlling

the air and coal input, monitoring the temperatures inside the reactor and gas

composition. Data from this monitoring was recorded and analyzed.
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3.2.6 Design of the Bed

Selection of bed height is necessary to ensure sufficiently high residence time of the

coal to achieve good carbon conversion in the bed (Al-farraji, 2017). Excessive

heights lead to higher pressure losses and slugging flow within reactor which

causes inadequate mass transfer and can lead to mechanical failure of common

support structures (Enden & Silva, 2004). Previous studies use the ratio of

static height to the bed diameter as 2 for most gasifiers. However, research has

shown that if this value is exceeded channeling takes place which is as a result

of mesh forming properties of particles (Ramirez, Martinez, & Petro, 2007). In

this research a bed height of 1.5D is adopted where D is the bed diameter. The

particle size was chosen to be 3mm according to data compiled by Basu et al.

(Professor Prabir Basu, 2006) which indicated that for fluidized applications the

particle size should not exceed 6mm.

From the proximate analysis the density of coal was obtained as 1435 kg/m3.

Most solid particles are irregular in shape and sphericity can be estimated using

expression (3.4). According to Equation 3.4 the sphericity of a sphere φs = 1 and

for other particles 0 ≥ φs ≤ 1.

φs =

(
S.As

S.Ap

)
(3.4)

S.As represents the surface area of the sphere and S.Ap represents the surface

area of a particle of the same volume as the sphere.

In packed beds, the shape of particles and the particle size distribution influences

heat permeability, pressure drop and heat transfer in the reactor (Ramirez et al.,

2007). The sphericity of the coal particles in this research was chosen as 0.65

based on criteria by Kunii, D. and Levenspiel (Octave Levenspiel, 1991) shown

in Table 3.1.

The void fraction (ε) was estimated using the following model equation developed

by Hartman et al. (Hartman, Trnka, & Svoboda, 2000). The value was estimated

as 0.55.

ε = 1.0− 0.864φs + 0.2745φs (3.5)

The frictional pressure drop across the bed was estimated using Ergun equation

shown in Equation 3.6

∆P

h
= 150

(1− ε)2

ε3

µu

(φsdp)2
+ 1.75

(1− ε)
ε3

u2ρf
φsdp

(3.6)
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Table 3.1: Sphericity of Regular and Irregular Particles (Octave Levenspiel,
1991)

Type of Particle Sphericity
Sphere 1.00
Cube 0.81

Cylinders
h=d 0.87
h=5d 0.70
h=10d 0.58
Disks
h=d/3 0.76
h=d/6 0.60
h=d/10 0.47

Activated carbon and silica gels 0.70-0.90
Coal

Anthracite 0.63
Bituminous 0.63
Natural dust 0.65
Pulverized 0.73

Magnetite, Fischer-Tropsch catalyst 0.58
Mica flakes 0.28

Sand
Round 0.86
Sharp 0.66

Tungsten powder 0.89

where ∆P is the pressure drop, h is the height of the bed, µ is the fluid viscosity,

ρf is the fluid density, ε is the void fraction of bed, u is the fluid velocity and dp

is the particle size.

The particles in the bed will remain in a packed bed as long as the gravitational

forces holding the solid particles down are greater than the force exerted by the

fluidizing air. At the point where the two equalize the solid particles begin to

move up a condition referred to as incipient fluidization given by Equation (3.7)

∆P

h
= W = (ρp − ρf )(1− ε)g (3.7)

where W is the weight of the fluidized particles, ∆P is the pressure drop and ρp

and ρf are densities of coal particles and air respectively.

The minimum fluidization velocity (umf ) was expressed as shown in Equation

(3.8 )
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umf =

[
g(ρp − ρf )ε3

mfdp

1.75ρf

] 1
2

(3.8)

Proper fluidization occurs at a velocity called actual fluidization velocity uf . The

relationship between the minimum fluidization velocity and terminal velocity is

expressed as in Equation (3.9).

umf<uf<ut (3.9)

The fluidization velocity uf expressed by Kozany-Carmen equation is shown in

Equation (3.10)

uf =
(ρp − ρf )gd2

p

150µ

ε3

1− ε
(3.10)

The terminal velocity was estimated using Equation (3.11).

ut =
g(ρp − ρf )d2

p

18uf
(3.11)

3.2.7 The Reactor Design

A sizing criteria adopted by Prof. Prabrir Basu (Professor Prabir Basu, 2006)

was adopted for determination of the diameter of the reactor. He proposed that

the cross sectional area of the reactor can be obtained from rate of air supply

required to gasify the fuel. This was done by first obtaining the stoichiometric

rate of air supply required for combustion of 5 kg/h of coal which was obtained

as 0.0108m3/s as demonstrated in Appendix I;

For good gasification results the equivalence ratio ranges between 0.2 to 0.4. It

then follows that the gasification air flow rate will therefore range between 2.16×
10−3m3/s to 3.78× 10−3m3/s. Fluidization velocity estimates from literature for

bubbling fluidized bed ranges between 0.5 to 2.5 m/s and 4 to 6 m/s for fast beds

(Professor Prabir Basu, 2006). Using these velocity estimates and the gasification

air flow rate the diameter of the reactor was estimated to range between 0.0214m

to 0.0981m which gives a model size. A scale up was then done using a factor

of 10 resulting to a diameter range of 0.214m to 0.981m. For this research a

diameter of 0.255m was adopted.

The reactor was constructed of a cylindrical tube of diameter 0.315m and length

of 0.5m. As the temperatures inside the gasifier can go as high as 1000oC, the in-

ner part of the reactor was lined with refractory clay of thickness 0.03m resulting

to an inside diameter of 0.255m. The refractory was used to protect the metal
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shell from abrasion by bed materials and insulate the shell from elevated temper-

atures (Don W. Green, n.d.). Two flanges were welded on top and bottom of the

reactor to allow for connection to the freeboard section and the support structure

respectively. A high temperature gasket seal (Grafoil type) was used between the

flanges of the reactor and the support structure to prevent gas leakage. Bolts

(M8) and washers were used to join the reactor to the bottom support structure

and the upper freeboard section.

3.2.8 Design of Freeboard Section

The freeboard section was constructed of a mild steel cylindrical tube of diameter

0.38m and a length of 0.5m and a thickness 0.002m. The diameter of the freeboard

section is larger than the reactor diameter by 0.065m as recommended by Ghally

et al. (Ghaly & Macdonald, 2014). An increased diameter in the freeboard section

is desirable as it allows for reduction of velocity of the produced gas, necessitates

return of entrained particles from the bed and also provides more residence time

giving complete conversion of tars to lighter hydrocarbon gases(Enden & Silva,

2004). The conversion of high molecular hydrocarbons in tars to light molecular

hydrocarbon gases improves the energy content of the syngas (Jiu Huang, 2011).

A feeding section was incorporated at the top of the freeboard section to allow

for coal feeding. An exit pipe for the syngas was also incorporated as shown in

Figure 3.2.

3.2.9 Distributor Plate Design

The distributor plate plays two main functions which include, supporting the bed

material and also has holes or air caps that allow air to flow into the reactor hence

initiating effective gas−solids interaction (Wormsbecker Michael, Todd s. Pugs-

ley, 2007). Proper design of the distributor plate is important to avoid stagnant

zones near the grid region which can cause hot spots resulting in agglomeration

and eventual failure of the distributor (Ergudenler & Ghaly, 1993).

In this research a perforated distributor type was adopted. The distributor was

designed based on requirements from Ghaly et al.(Ghaly & Macdonald, 2014),

(Ghaly, Ergudenler, & Ramakrishnan, 2015). It was made of a circular steel plate

of 315 mm diameter and a thickness of 3mm . A circular area of 220mm diam-

eter was perforated with perforation area being 1.63% of the bed cross-sectional

area(255mm). A total of 267 holes of 2mm diameter each were drilled using a

triangular pitch of 11.1mm as shown in Figure 3.6.
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Figure 3.6: Distributor plate

3.2.10 Support Structure and The Plenum.

The support stand was constructed of 50mm mild steel angle line bars. It con-

sisted of a square top structure (415mm) supported by four 450mm long L section

bars as shown in Figure 3.7 below.

Figure 3.7: Support structure for the reactor
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3.3 The Air Supply System

The air supply system consisted of a blower and a piping of diameter 50.8 mm

connecting the blower and the plenum section of the support structure. The

blower was rated at 600W and with a maximum flow rate of 3.5m3/min. The

power rating of the blower was computed by multiplying the pressure drop and

air flow rate in the reactor as shown in Equation 3.12

Pw = ∆P ×Q (3.12)

where Pw is the power rating of the blower, ∆P is the pressure drop across the

bed and Q is the air flow rate in the reactor.

The blower had provision to vary the flow rate through six levels with the sixth

level corresponding to 3.5m3/min. To obtain the flow rates at the other five

levels the blower was calibrated using an Air Flow Bench shown in Figure 3.8

This was done by fitting the blower on one end of the bench as shown in Figure

Figure 3.8: The Air Flow Bench Apparatus used for Blower Calibration

3.8. A single mercury test module with a tube of 12.7 mm diameter in position

was then fitted into the duct and coupled to the bench control unit. The bench

heater was switched on and the output adjusted until a temperature difference of

20oC was achieved. The reading on the mercury tube was then recorded at this

temperature difference and the procedure was repeated for all blower levels. The

flow rates at different levels were computed from the recorded readings.
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3.4 Performance Parameters

The Bench scale gasifier fabricated was tested for performance by testing the

syngas composition at various air flow rates (0.5,1.0,1.5,2.0) m3/ min during

gasification. The composition components tested were CO, CO2, H2, Nox and

SO2 emissions and among these gases, the fuel elements are CO and H2. The

syngas outlet temperature at the free board section was also tested. The feeding

pressures and the reactor temperatures were also tested at different air flow rates

during gasification and the experimental tests are presented below.

3.4.1 Fuel Heating Value (Calorific Value)

The fuel heating value or the calorific value is the amount of heat released per unit

mass or per unit volume of the fuel when it is completely burnt in air at standard

conditions (STP) (25oC and 101.3kPa) (Sara Mcallister, Jyh-Yuan Chen, n.d.).

It is expressed in MJ/Kg and can either be Higher heating Value (HHV) or Lower

Heating Value(LHV) depending on whether water in the products is in liquid or

gaseous state respectively. HHV is achieved when no energy is used to vaporize

the water present in the combustion products meaning the water is in liquid

state. HHV therefore comprises of both sensible heat energy and latent heat of

vaporization. LHV on the other hand results when all water in the combustion

products is vaporized and therefore it contains only sensible heat energy. Any

analysis involving heating value utilizes LHV.

HHV was determined experimentally using constant volume process in an auto

adiabatic bomb calorimeter, GallenKamp type with an accuracy of +5%. Shown

in Fig.3.9 is the photographic view of the bomb calorimeter used. It had a pressure

tight combustion chamber where O2 was charged into the chamber at a pressure

of 30 bar.

A steel chamber was immersed into another cylindrical container having its weight

and water in it adding up to 3.0 kg. HHV was then determined by completely

burning 0.5 grams of coal in the confined combustion chamber full of O2 at 30.0

bar as indicated above. A 90.0 mm thread was used in the combustion chamber to

initiate ignition of coal. Combustion products were cooled to ambient conditions

to condense any water vapour present in the combustion products. HHV was

then estimated using Equation 3.13 as shown:

HHV =
(K1∆T )−K2

ms

(3.13)

where ∆T is the difference between initial and final temperature of burned sample,
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Figure 3.9: Constant Volume Bomb Calorimeter

ms is the mass of the sample burned, K1 is the bomb calorimeter constant whose

value is 10.35 and K2 is the energy for the 90.0 mm thread whose value is 0.126.

Moisture content in the coal was determined by drying method and its value used

to calculate the latent heat of vaporization of water in the coal. LHV was then

calculated using Equation 3.14

LHV = HHV (1−M)− 2.447M (3.14)

Where M is the wet basis moisture content and 2.447 is the latent heat of vapor-

ization of water in MJ/Kg at 25oC.

3.4.2 Syngas Composition Test

Composition is of major importance as it helps in determination of the quality of

syngas produced. Syngas composition is influenced by many parameters ranging

from the fuel type, the gasifying agent and its flow rate, the type of gasifier among

others. In this case a fluidized bed gasifier is used, the fuel being sub-bituminous

coal and air as the gasifying agent. The composition of the syngas produced was

determined using Testo 350-S/-XL gas analyzer with an accuracy of ±5%. Testo

350-S/-XL gas analyzer shown in Figure 3.10 is a flexible portable analysis system

which comprises of a control unit, a flue gas analyzer and and gas probe. The

gas analyzer is fitted with sensors for NO, NO2, SO2, CO, CO2 and H2.

During measurement, the probe was inserted in the syngas outlet to draw in
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Figure 3.10: Gas Analyzer

syngas and the results were displayed on the analyzer screen. The analyzer gives

the composition in ppm (parts per million) and Equation 3.15 was used to convert

the composition of individual components to a percentage where A is 1,000,000.

x(%) =
x(ppm)

A
100 (3.15)

3.4.3 Temperature Measurement

During fabrication of the gasifier provisions were included on the bottom, middle

and top of the reactor to allow for temperature measurement. Temperature mea-

surement was done using Gispo-d immersion thermometer shown in Figure 3.11

and k-type thermocouples. Gispo-d is made of Nicr-Ni element with measuring

range of −50oC to +1350oC and accuracy of ±1oC±0.2% of the measured value.

The K-type thermocouples were threaded to allow for better fitting on the gasifier

and had a probe for measuring the temperature as shown in Figure 3.12. The

cables of the thermocouples were coupled to a data logger model TDS-530 shown

in Figure 3.13. The data logger response time was 0.4 s. The accuracy of the

data logger is dependent on the accuracy of the thermocouples attached.

3.4.4 Safety

Carbon monoxide forms one of the major components of syngas. Its a highly

poisonous gas if inhaled it can lead to unconsciousness or even death when first
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Figure 3.11: Gispo-d Immersion Thermometer

Figure 3.12: K-Type Thermocouple

Figure 3.13: TDS-530 Data Logger
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aid is not given immediately (Industrial Accident Prevention Association 2008.,

2008). CO is highly flammable and leakages can cause explosions and this makes

control of leakages important in gasification processes (Europe, n.d.). To avoid

all these, the rig was set up in fully ventilated section and also gas masks were

used to minimize the inhalation of CO.

 

Figure 3.14: Ultrasonic Leak Detector

Also conducted was the leaking test. The gasifier setup had several joints along

the air intake and the gasifier. The joints between the suction line and the

plenum, the plenum and the reactor, the reactor and the free board section were

fastened together using nuts secured with gasket seals. The leakage test was done

using ultrasonic leak detector, model number GS-5800 shown in Figure 3.14. The

blower was switched on and the points of leakage were identified by placing the

the sensor horn of the detector on the joints at different angles for better results.

In presence of leakages, the level of audible ultrasonic sound and level on the LED

display panel changed.

3.5 Estimation of Coal Gasification Chemical Equation

Coal is a complex solid fuel containing C, H, O, N and S in varying compositions.

CHmO forms the basic part of the fuel. Gasifying the coal using atmospheric air
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as the gasifying agent yields a LHV syngas containing 5 principal components

with around 50% nitrogen on volume basis, some quantities of hydrogen, car-

bon monoxide (combustible), carbon dioxide and some traces of methane. The

gasification equation can be written as follows;

x1C5.453H4.6O0.489+x2(O2+3.76N2)→ x3CO+x4CO2+x5H2+x6CH4+3.76x2N2

(3.16)

Using the compositions of syngas obtained and doing molar balances for each

element in Equation 3.16, the global gasification coefficients were obtained for

the different air flow rates as shown below:

Air flow rate of 0.5m3/s

C5.453H4.6O0.489+1.795(O2+3.76N2)→ 2.782CO+2.048CO2+1.296H2+0.624CH4

+ 6.749N2

Air flow rate of 1.0m3/s

C5.453H4.6O0.489+1.797(O2+3.76N2)→ 3.014CO+1.921CO2+0.941H2+0.512CH4+

6.757N2

Air flow rate of 1.5m3/s

C5.453H4.6O0.489+2.194(O2+3.76N2)→ 2.693CO+2.293CO2+1.022H2+0.467CH4+

8.25N2

Air flow rate of 2.0m3/s

C5.453H4.6O0.489+2.285(O2+3.76N2)→ 2.630CO+2.401CO2+0.842H2+0.422CH4+

8.5N2

3.6 Equivalence Ratio

Equivalence ratio is the ratio of actual fuel-air ratio to the stoichiometric (theo-

retical air) fuel-air ratio. The equivalence ratio for the gasification process was

obtained using Equation 3.17

φ =
mf/ma

mf/mas

=
mas

ma

(3.17)

where φ is the equivalence ratio, mf is the mass of the fuel, ma is the mass of

actual air used and mas is the theoretical air.
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3.7 Higher Heating Value (HHV) of Syngas

The HHV also called the gross calorific value (GCV) of the syngas is determined

from the combustible constituent gases which include CO, H2 and CH4. The

calorific value was computed using the compositions of the combustible gases

measured and estimates of HHV of individual gases by Lars et al. (Lars Wald-

heim, 2001). The following Equation 3.18 was used to obtain the syngas HHV.

HHVsy = yH2HHVH2 + yCOHHVCO + yCH4HHVCH4 (3.18)

3.8 Cold Gas Efficiency (CGE) and Carbon Conversion (CC)

Cold gas efficiency and carbon conversion are indices used to evaluate the perfor-

mance of a gasification process (W.-h. Chen, Chen, Hung, Shen, & Hsu, 2013).

CGE refers to the ratio of the energy content of the syngas produced and the

energy content of the fuel fed in the gasifier (Shakorfow, 2016). The energy con-

tent of the syngas was obtained by multiplying the net HHV of the syngas and

its flow rate, whereas the energy content of the coal was obtained by multiplying

the HHV of coal and its consumption rate as shown in Equation. 3.20. CGE is

determined from concentrations of H2, CO and CH4

CGE(%) =

(
ṁout (yH2HHVH2 + yCOHHVCO + yCH4HHVCH4)

ṁin FHHVF

)
× 100 (3.19)

where ṁout is the mass flow rate of the syngas, ṁin F is the fuel consumption

rate, yi is the mole fraction indices of species i in the product gas obtained from

Equation 3.16 and HHV is the higher heating value of the respective constituents

of the syngas shown in Table 3.2. The HHV of constituent gases of the syngas

used to calculate the syngas heating value are as outlined in Table 3.2 (Lars

Waldheim, 2001)

Table 3.2: HHV of Gases in MJ/Nm3.

Type of Gas HHV
CO 12.745
H2 12.633

CH4 39.819

Carbon conversion is the ratio of fuel carbon which is converted into non-condensable

gaseous carbon components to the total fed carbon. CC is evaluated from con-

centrations of CO2, CO and CH4 as shown;
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CC(%) =

(
1−

ṁout(yCO2

12
44

+ yCO
12
28

+ yCH4

12
16

)

ṁinFyC

)
× 100 (3.20)

3.9 Uncertainty

3.9.1 Background

A statement of uncertainty indicates how large the measurement error might be

or simply it refers to the margin that exists about the result of any measurement.

Usually all measurements are wrong in that, the measured value (result) and the

right answer (true value) are different. The difference between the two is the

measurement error. Unfortunately, the true value is never precisely known and

by the same token neither is the measurement error. To quantify uncertainty,

one needs to state the width of the margin or interval and the confidence level

as a percentage as shown in Equation 3.21. Unless stated the confidence level is

normally taken as 95%.

T = Tm ± UT (3.21)

Where T is the true value Tm is the measured value and UT is the measurement

uncertainty. Evaluation of uncertainty is by statistical calculation from a series of

repeated observations as one measurement alone is never enough. It is essential

to repeat the procedure and average the results. The advantage of taking the

mean value is that the variations in such influences will tend to be nullified. It is

then possible to get the standard deviation of their mean which is known as the

standard uncertainty of the mean.

The fabricated bench scale gasifier was tested for performance and data was

collected using equipments like the TDS-530 data logger, gas analyzer and ther-

mocouples . The coal HHV was also estimated using a constant volume bomb

calorimeter. The tests in each case involved several measurements and their mean

and standard deviation were evaluated.

3.9.2 Instrumental Uncertainty

This refers to the uncertainty arising from fluctuations in readings of the in-

strument scale either because the settings are not exactly reproducible due to

imperfections in the equipment or because of human imperfection in observing

setting or a combination of both. Instruments of varied accuracy and precision

were used during data collection while testing the performance of the bench scale
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gasifier. Bevington and Robinson (Philip R. Bevington, 2003) proposed a tech-

nique with a propagation equation to estimate these uncertainties. This technique

was applied by Owiti (Bernard Owiti, 2015) in obtaining instrumentation ran-

dom uncertainties during testing of a Waste Lubrication Oil burner rig for process

heating in small to medium enterprises.

The performance of the bench scale gasifier involved the determination of the re-

actor temperatures at different air flow rates, composition of the syngas produced,

carbon conversion and the cold gas efficiency (CGE). The CGE of the gasification

process constituted the syngas higher heating value, coal higher heating value,

mass flow rates of the fuel and the syngas produced and composition of the syngas

produced as shown in Equation 3.22.

CGE% = CGE(ṁ, ṁf , yi, HHVfuel, HHVsyngas) (3.22)

The uncertainty was expressed using the general Equation 3.25

σCGE =

√(
δCGE

δṁ
Uṁ

)2

+

(
δCGE

δyi
Uyi

)2

+

(
δCGE

δHHVF

UHHVF

)2

+

(
δCGE

δHHVsy

UHHVsy

)2

(3.23)

where Uṁ, Uyi, UHHVF
were the uncertainties from the respective measuring in-

struments ( weighing scale and a stop watch, gas analyzer and a bomb calorime-

ter). Mass flow rate was measured using more than one equipment and the

propagated uncertainty was computed as follows

ṁ =
mass

time
=
m

t
(3.24)

in this case a weighing scale and a stop watch were used with manufacturer’s

accuracies specified as ± 0.1 grams (σm = ±0.1g) and ± 0.1 seconds (σt = ±0.1s)

respectively. The uncertainty equation for the fuel flow rate is then expressed as

σṁ =

√(
δṁ
m
σm

)2

+

(
δṁ
t
σt

)2

(3.25)

The partial derivatives of the fuel flow rate with respect to mass and time are

given as;

δṁ
δm

=
δ

δm

(m
t

)
=

1

t
(3.26)
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δṁ
δt

=
δ

δt

(m
t

)
= − 1

t2
(3.27)

Hence;

σṁ = ±

√(
1

t
σm

)2

+
(
−m
t2
σt

)2

(3.28)

Expressing the uncertainty as relative to the values measured gives

σṁ
ṁ

= Uṁ = ±

√(σm
m

)2

+

(
−σt
t

)2

(3.29)

and in percentage;

Uṁ = 100X

√(σm
m

)2

+
(
−σt
t

)2

(3.30)

Writing Eqn. 3.25 as a percentage gives Equation. 3.31

σCGE

CGE
= 100

√(σṁ
ṁ

)2

+

(
σyi
yi

)2

+

(
σHHVF

HHVF

)2

+

(
σHHVsy

HHVsy

)2

(3.31)

UCGE = 100

√
(Uṁ)2 + (Uyi)

2 + (UHHVF
)2 +

(
UHHVsy

)2
(3.32)

From Eqn. 3.31 and Equation. 3.32 the uncertainty of the cold gas efficiency

was determined as 0.35 %. Based on confidence level of 95 % the uncertainties

calculated should not exceed 5 % and therefore the value was within range of

accuracies of the instruments used.

3.9.3 Experimental Uncertainty

Experimental uncertainty refers to the deviation from the mean of the collected

results under similar conditions. To quantify experimental uncertainty the spread

of the values has to be estimated. The best method to quantify spread is standard

deviation denoted by symbol σ as proposed by Stephanie Bell (Bell, 2001) using

expression 3.33. The coefficient of variation (COV) can also be used to measure

the variability of the obtained data relative to its mean as shown in Equation.

3.34.

σ =

√∑n
i=1(x1 − x̄)2

n− 1
(3.33)
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COV =
σ

x̄
(3.34)

where ith is the number of repeated measurement, n is the results considered, xi

is the result of the ith measurement and x̄ is the arithmetic mean. The arithmetic

mean of the measured data was obtained using expression 3.35 shown

x̄ =
1

n
(x1 + x2 + ......xn) (3.35)

Expressing Eqn. 3.33 as a percentage gives

σ = 100×

√∑n
i=1(x1−x̄)2

n−1

x̄
(3.36)
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Background

In this chapter the test results, the analysis and the discussions of the obtained

parameters for the fluidized bed coal gasification in a bench scale gasifier are

presented. The cold gas efficiency and the carbon conversion of the gasifier under

different flow conditions are also presented.

4.2 Coal Analysis

4.2.1 Proximate Analysis

The results from proximate analysis of the coal samples are presented in the Table

4.1.

Table 4.1: Proximate Analysis Results for Coal

Coal Property Average Value
Bulk Density 1.4347 g/cm3

Moisture Content 4.09%
Ash Content 13.99%
Calorific Value 30.443MJ/Kg
Fixed Carbon 42.62%

The calorific value was obtained was above 30MJ/kg, from a bomb calorimeter

and this corresponds to the Higher Heating Value (HHV) of the coal as the water

was condensed. The calorific value of coal sample obtained is higher compared to

that of low rank coal (lignite) coal which is about 21.65MJ/kg. High rank coal

(anthracite) on the other hand has calorific value of around 34.6MJ/kg (Carvill,

1993).

The moisture content of 4.09% was obtained which is minimal as most low

rank coals have moisture content of between 30% and 70% (Krawczykowska &

Marciniak-kowalska, 2012). The low moisture content is desirable as less heat

would be required to vaporize the water during gasification. A study by Bullinger

et al. (Bullinger, Ness, Dakota, Sarunac, & Levy, 2002) on effects of coal drying

on performance of boilers as pertains moisture content on lignite coal showed that

about 7% of the fuel heat input in boilers is used to evaporate the moisture. In

their study, drying the lignite coal to moisture content of 10-15% was found to

improve the efficiency of the energy blocks by 4-6%.

The fixed carbon content obtained from the experiment was 42.62% and this

classifies coal used in this research as sub-bituminous as shown in Table 4.2.
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Table 4.2: Coal Classification (Miller & Tillman, 2008).

Coal Type Fixed Carbon (%)
Anthracite 85-98
Bituminous 45-85

Sub-bituminous 35-45
Lignite 25-35

4.2.2 Ultimate Analysis

The results from ultimate analysis of the coal samples are presented in and Table

4.3. From the ultimate analysis the fuel components were identified as carbon,

Table 4.3: Ultimate Analysis Results for Coal

Constituents % by weight (kg)
Carbon 65.44
Hydrogen 4.6
Oxygen 7.82
Nitrogen 1.07
Sulphur 3.61

hydrogen and oxygen as shown in Table 4.3. The other components like nitrogen

and sulphur are impurities which form part of the emissions during gasification.

4.3 Effect of air flow rate on product distribution

In this analysis the air flow rate was varied while keeping the fuel feed rate con-

stant. The results are presented in Figure 4.1 and Table C.1. From Figure 4.1,

it can be seen that the concentration of CO first increased by 2.31% then started

to decrease. Increasing air flow rate increases the amount of oxygen required

for exothermic reactions as shown in reaction Equations 2.1, 2.2 and 2.3.These

reactions raise the temperatures of the reactor. This provides a conducive en-

vironment for reaction Equations 2.4 (steam decomposition) and 2.6 (carbon

reduction) thus increasing the amount of CO by 2.31%. Increasing the air flow

rate provides more oxygen which oxidizes CO to CO2 and that explains behaviour

of the CO curve after 1.5m3/min flow rate.

On the other hand, the concentration of CO2 decreased first then it started to

increases as the air flow rate was increased further. Increasing the air flow rate

further provides more oxygen and most of the carbon is converted to CO2 and

some of the CO gets oxidized to CO2, hence the curve of CO2 tends to increase
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Figure 4.1: Syngas composition variations at different air flow rates

with an increase with air flow rate. The concentrations of hydrogen decreases

with increase in air flow rate.

Hydrogen concentrations remained significantly low throughout the tests for this

research, this was also noted by P.J Ashman et al. (Ashman, Kosminski, Button,

& Mullinger, 2005) when they compared composition of syngas from air/steam

gasification and air only gasifications. Methane concentrations are seen to de-

crease slightly with increase of air flow rate. This is because methane gas gets

oxidized to carbon dioxide and water due to reaction with oxygen.

4.4 Effect of Air Flow Rate on Syngas Output Temperature

The temperature of the syngas leaving the gasifier was found to increase by 203oC

with increase of air flow rate upto 2.0m3/min and then it started to reduce as

shown in the curve in Figure 4.2.

Increasing the air flow rate increases the amount of oxygen and this means carbon

oxidation reactions will be favoured and since the reactions are exothermic the

reactor temperatures go up and thus higher temperature at outlet. The highest

outlet temperature obtained was above 577oC which is within range as syngas

outlet temperatures from literature range between 400oC to 1600oC (Zhu, 2015).

When the reactor temperatures are high it follows that output syngas will be

at a higher temperature. The high temperatures of the syngas at the outlet

shows trapped heat energy. This heat can be recovered for steam generation and

process heating. For the application of the syngas in gas turbine or internal com-
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Figure 4.2: Syngas outlet temperature variation with air flow rate

bustion engine cleaning is required to remove water vapour, sulfur compounds,

particulate matter and tars. To do so, cooling of the syngas is necessary. This

is because the cleaning processes are carried out at low temperatures; less than

500oC for solid particulates and almost ambient temperatures for acid gases and

other contaminants (Zhu, 2015).

4.5 Effect of Air Flow Rate on Emissions

Any combustion process is rated clean or unclean depending on the levels of

emissions. From the curve in Figure 4.3 it can be seen that the NOx levels

increased with increase of air flow rate.The SO2 levels also increased slightly

with increase in the air flow rate. NOx is formed from reaction of nitrogen in

air and oxygen and this reaction is dependent on prevailing temperatures as it

requires high temperatures. Increasing the air flow rate led to increase in reactor

temperature and that explains the increase in NOx levels from 60ppm to 110ppm.

SO2 emissions on the other hand depend on the amount of sulfur in the fuel and

since the amount of sulfur in the fuel is significantly small in this case 3.61% the

increase in SO2 levels with increasing air flow rate is also small as shown in Figure

4.3.

The threshold limit value (TLV) for NOx is 200 mg/m3 (106 ppm) while that

of SO2 is 200 mg/m3 (106 ppm) in European Union, China and Japan (Zhang,

2016). The TLV from the curve it can be seen that the NOx exceeded its TLV
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Figure 4.3: NOx and SO2 emissions at various air flow rates

value at airflow rate beyond 1.5 m3/min while the SO2 levels exceeded the TLV

value. Both NOx and SO2 are acidic gases and they react with water droplets

in the atmosphere forming acid rain which can harm ecosystems. Inhaling large

concentrations of this gases can irritate airways in human respiratory system and

aggravate diseases like asthma. NOx reacts with compounds in the atmosphere

forming nitrite particles that form smog which reduces visibility. SO2 on the

other hand reacts with compounds in the atmosphere to form sulphate particles

that form part of particulate matter which impairs visibility. This means for the

syngas to be used in any combustion application clean up processes to remove

the NOx and SO2 are necessary.

The levels of NOx and SO2 emissions from this research have exceeded the TLV

and for the syngas to be utilized in any combustion process for example, measures

have to be put in place to clean up the syngas.

4.6 Effect of Air Flow Rate on Heating Value of Syngas

As the air flow rate was varied the HHV of the output syngas was noted to

decrease from 5.667MJ/Nm3 to 4.106MJ/Nm3 as shown in Figure 4.4 and Table

C.3. From the curve it can be seen that the HHV is relatively high for the first

two flow rates.

The calorific value of the syngas is dependent on the concentration of the com-

bustible gases (CO, H2 and CH4), increasing the air flow rate was noted to increase

the concentrations of CO between air flow rates 1-1.5m3/min and this explains
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Figure 4.4: Syngas calorific value variations with air flow rate

the relatively high HHV. Increased concentration of N2 which is non combustible

in the syngas as the air flow rate was increased further explains the decrease in

the HHV of the syngas. The behaviour was found to be similar to what was

reported by Daniela et al.(Tasma & Uzunanu, 2007).

The optimal air flow rate for the gasification process was obtained as 1.5 m3/min

which corresponds to an equivalence ratio of 0.283. At this equivalence ratio the

HHV of the syngas was above 5MJ/Nm3.

4.7 Effect of Air flow Rate on the Reactor Temperature

The reactor temperature was seen to increase with increasing air flow rate as seen

in Figure 4.5.

Increasing the air flow rate increases the amount of oxygen available for combus-

tion reactions Equations 2.1, 2.2 and 2.3 which are exothermic and that explains

the temperature increase from 850oC to 873oC.

4.8 Cold Gas Efficiency and Carbon Conversion Efficiency

The cold gas efficiency and the carbon conversion efficiency of the gasifier at

the corresponding air flow rates were determined and the results are tabulated

in Table 4.4. The highest CGE obtained for this research was 65.92%. From

literature review the CGE for oxygen blown gasifiers is ≥ 80% (Seo et al., 2011).

The low CGE for this research was because of high nitrogen concentrations in the
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Figure 4.5: Reactor temperature variation with air flow rate

syngas that lowered its heating value. The highest carbon conversion efficiency

was obtained as 89.89%.

Table 4.4: Cold Gas and Carbon Conversion Efficiencies

Air Flow Rate (m3/min) 1.0 1.5 2.0 2.5
CGE (%) 65.92 62.66 60.16 57.11
CCE (%) 88.00 89.89 86.63 86.42
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this research, a bench scale gasifier was designed and fabricated. Both the

ultimate and proximate analysis of coal were determined. Performance tests of

the gasifier were conducted by varying various parameters and the results were

monitored and recorded.

From the analysis of the results obtained from the experiments, the following

conclusions were deduced;

• Gasification of coal in small scale is possible and the syngas obtained can

be used for domestic use like cooking, and running of small engines.

• The calorific value of coal was found to be over 30MJ/Kg which classifies

the coal used as sub-bituminous. This shows that coal has high energy

density and it will continue to be used as source of energy.

• Syngas composition was noted to vary with increase of air flow rate.The

highest HHV of the syngas obtained was over 5MJ/Nm3 which led to the

conclusion that the syngas produced can be used as fuel in gas turbine

applications.

• Reactor temperatures of above 800oC achieved indicate the capability of the

bench scale gasifier to supply process heat for steam boilers, restaurants,

hotels among others.

• Emissions from coal gasification are influenced by both temperature and air

flow rate. NOx and SO2 emissions increased with increase in air flow rate.

Fluidized bed gasification of coal can be a reliable source of energy to supplement

other sources of energy in our country Kenya as country tries to achieve vision

2030.

5.2 Recommendations

From this research,results and discussions the following recommendations for later

study are suggested:

• Coal gasification produces non combustible elements like CO2, SOx and

NOx which are harmful to the ecosystem. The nitrogen concentrations

in the syngas was observed to be almost 50% on volume basis and for
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applications of the syngas as fuel purification is necessary. Clean up and

purification of the syngas is extensive and should therefore constitute an

independent research.

• Too much heat is emitted from the gasification process due to the high

temperatures. A research on how to use this heat for process heating for

example in steam generators is needed.

• Syngas produced from the gasification process can used as fuel owing to

its high HHV therefore, research on the combustion characteristics of the

syngas is therefore critical.

• Gasifiers are flexible when it comes to the feedstocks, future improvements

can include gasification of other solid fuels or co-gasification of coal with

other solid fuels like biomass.
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APPENDIX I

Gasifier Design Calculations

A.1 Coal Molecular Formula

The atomic weights of the specific components in the coal used are as shown in

Table A.1 below.

Table A.1: Specific components in coal and their atomic weights

Constituents % by weight (kg) Atomic wt (kg/kmol)
Carbon 65.44 12
Hydrogen 4.6 2
Oxygen 7.82 32
Nitrogen 1.07 28
Sulphur 3.61 32
H2O 4.09 18

Determination of moles of each of the fuel constituent used:

carbon =
65.44 kg

12 kg/mole
= 5.453 moles

hydrogen =
4.60 kg

1 kg/mole
= 4.60 moles

oxygen =
7.82 kg

16 kg/mole
= 0.489 moles

C, H, and O were used to form chemical equation as C5.453H4.60O0.489 which was

normalized as shown below: 5.453 C

4.60 H

0.489 O

 = 5.453

 C

0.844 H

0.090 O



A.2 Stoichiometric Air Required

At stoichiometric condition, all the carbon in the fuel will be converted to carbon

dioxide and water. The balanced chemical equation was obtained as shown;

C5.453H4.6O0.489 + 6.3585O2+→ 5.453CO2 + 2.30H2O (5.1)

This equation can be re-written as;

CH0.844O0.090 + 1.166O2 → CO2 + 0.422H2O (5.2)

61



The rate of air supply for combustion of 5kg/h in g/s is given by

ṁf =
5000

3600
= 1.389g/s (5.3)

From the ultimate analysis of coal the carbon percentage was obtained as 65.44

% so the carbon mass flow rate ṁc was given by;

ṁc = 0.6544× ṁf = 0.9090g/s (5.4)

Fuel carbon flow rate η̇c was given by

η̇c =
ṁc

Mc

=
0.9090

12
= 0.07575moles/s (5.5)

Oxygen molar flow rate η̇O was determined as shown

η̇O = η̇c × SCO2 = 0.07575× (1.166 + 0.090) = 0.0951moles/s (5.6)

where SCO2 is the amount of oxygen required for stoichiometric combustion to

take place. Oxygen volume flow rate at room temperature and pressure V̇O was

given as

V̇O = 24L/mole× η̇O = 24L/mole× 0.0951 = 2.2824L/s (5.7)

24L/mole is the capacity of atmospheric air at standard conditions. Atmospheric

air volume flow rate V̇a was therefore estimated as follows;

V̇a =
VO

0.21
=

2.2824

0.21
= 10.8686L/s = 0.0108m3/s (5.8)

A.3 Equivalence Ratio

The equivalence ratio was determined from the stoichiometric air fuel ratio and

the actual air fuel ratio during gasification. From the stoichiometric equation of

coal combustion and by using equation 5.9 the air fuel ratio AFRs was obtained

as

AFRs =
ma

mf

(5.9)

AFRs =
6.3585(4.76)[Kmol]29Kg/Kmol

1[Kmol] (5.453(12) + 4.6 + 0.489(16))
= 11.274 (5.10)
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The gasification equivalence ratio (φ) was calculated using Equation 5.11 :

φ =
ma/mf

mas/mf

(5.11)

where ma and masas are mass of air and mass of stoichiometric air while mf is

the mass of fuel. Equation ?? then simplifies to equation 5.12 below

φ =
ma

mas

(5.12)

Using equation 5.12 the equivalence ratios of the gasification process at different

flow rates was calculated and tabulated in Table A.2;

Table A.2: Equivalence Ratios at different Flow Rates

Air Flow Rate (m3/min) 0.5 1.0 1.5 2.0
Equivalence ratio(φ) 0.282 0.283 0.345 0.359

Mass of air (Kg) 2.541 2.553 3.109 3.234
Mass of syngas (Kg/Kg of Coal) 3.541 3.553 4.109 4.234

The mass of syngas (msy) obtained during gasification was obtained by summing

up the mass of air (Ma) to the mass of coal (MC) consumed per hour as shown in

Equation 5.13 (CENCERE(Centre for Clean Energy Research and Education),

n.d.).

Msy = MC +Ma (5.13)
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APPENDIX II

Preliminary Work

B.1 Air Blower Calibration

The gasifying air was supplied by a Black & Decker blower with variable flow

rates; from level 1 to level 6. The levels could not be quantified as only the

maximum flow rate of 3.5m3/min was provided on the manual. To obtain the

flow rates at the specific levels calibration was necessary. This was done using

an air flow bench as discussed in Section 3.4 of the Experimental Design and

Methodology. the results of the calibration are presented in Table B.1;

Flow Level Flow Rate (m3/min)
1 1.04
2 1.48
3 2.02
4 2.49
5 2.98
6 3.50

Table B.1: Flow Rates of Blower at Different levels
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APPENDIX III

Results Data

C.1 Syngas Composition

The results of the composition test are tabulated in Table C.1

Table C.1: Syngas Composition

Air flow rate (m3/min) CO(%) H2(%) CO2(%) CH4

1.0 20.61 9.6 15.17 4.62
1.5 22.92 7.16 14.61 3.92
2.0 18.29 6.94 15.57 3.17
2.5 17.78 5.69 16.23 2.85

C.2 Reactor Temperatures

The average reactor temperatures at different air flow rates are presented in Table

C.2

Table C.2: Reactor Temperatures at Different Air Flow Rates

Air Flow Rate (m3/min) 1.0 1.5 2.0 2.5
Reactor Temperature(K) 1173 1130 1134 1146
Reactor Temperature(oC) 850 857 861 873

C.3 Higher Heating Value of syngas

Using the HHV of constituent gases of the syngas the HHV of the syngas was

calculated and the results are as shown in Table C.3.

Table C.3: Syngas Calorific Value Estimated Results

Air Flow Rate (m3/min) 1.0 1.5 2.0 2.5
Calorific Value (MJ/Nm3) 5.667 5.369 4.457 4.106

C.4 Effect of Air Flow Rate on NOx and SO2 Emissions

The emission concentration in the syngas are presented in Table C.4
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Table C.4: Emission Results

Air Flow Rate (m3/min) 1.0 1.5 2.0 2.5
NOx (ppm) 60 79.5 103 110
SO2 (ppm) 215 302 314 333

C.5 Effect of Air Flow Rate Syngas outlet Temperatures

The temperature of the syngas at the outlet of the gasifier is shown in TableC.5

Table C.5: Temperatures of Syngas at the outlet of the free board Section

Air Flow Rate (m3/min) 1.0 1.5 2.0 2.5
Outlet Syngas Temperatures (oC) 375.00 541.65 577.60 545.40
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