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ABSTRACT
Municipal Solid waste production is significantly high in Hambantota district, Sri Lanka with the 
industrialization and urbanization due to ongoing development projects. Since Hambantota is an 
ancient agricultural city the agricultural waste production is also relatively higher compare to 
other districts. Cubic Tons of paddy wastes such as rice husk, rice straws are burnt out annually. 
Rice husk production per day is around 130Tons in Hambantota district. Therefore proper waste 
management methods should be implemented at source level to avoid health, social, economic 
and political issues and concerns raised with the increasing wastes. 

Electricity maintains the country’s economy live and keeps it growing. Sri Lanka, which is 
rapidly developing country after the three decades of ethnic conflict, has electricity demand with 
increasing and alarming rate. New thermal power generation projects are under implementation 
stage to cater to the increasing power demand.  

Waste to energy concept is well established as a good waste management approach in many 
developed countries such as USA, Europe, etc and some of big countries like China, Brazil etc.  

This study is focused on the feasibility of the power generation from Municipal Solid Wastes 
along with rice husk in Hambantota District, Sri Lanka as an energy generation model in waste 
management strategy.  

Integrated Gasification Combined Cycle (IGCC) technology is a well recognized technology as 
far as environmental protection concerned. There are number of mass scale IGCC power plant 
for coal gasification and some of small scale Municipal Solid Waste (MSW) and bio waste 
gasification systems are available in the USA, China etc. This study is intended to introduce the 
IGCC technology to the country. Gasification systems were not popular in the past due to their 
complexity and high capital costs compare to other power plant. With the development of new 
technologies such as tar cracking systems, fluidized bed gasifiers, pressurized fluideized bed, etc, 
the gasification technology has become popular in the modern world. 

Mathematical model of IGCC power plant from available waste energy to energy output is the 
analysis of the study. The capacity of the plant is 4.5MW according to the mathematical model. 
Preliminary design stage was separated in to three sections such as Gasification system, Topping 



ROYAL INSTITUTE OF TECHNOLOGY, SWEDEN    DSEE 2010  

�

����
Development of a small scale IGCC power plant using solid waste at Hambantota, Sri Lanka Charith Liyanage 840124-P313�
�

cycle and Bottoming cycle and plant optimization was done using Engineering Equation Solver.  
Modeling of the IGCC power plant is also divided into three separate sections such as the 
Gasification system, Topping cycle and Bottoming cycle.  

Bubbling Fluidized Bed gasifier is selected to model the gasification system according to the 
plant capacity calculations. Modern gas turbines are developed for biogas combustions and they 
are available in wide range in addition to steam turbines which are also available in small scales.  
The topping cycle and bottoming cycle were modeled after the preliminary design stage. The gas 
turbine and the steam turbine were selected after plant optimization and according to the 
availability of products in the industry and compatibility of the specification of the design. 

Gasification is efficient and environmental friendly method compared to traditional combustion 
systems. CO2 emission reduces by around 30% from traditional coal combustion power plant 
having the same capacity. Biomass gasification systems reduce CO2 emissions by around 4.5% 
due to absorption of CO2 by the growth of crop.  

Simulation software technology is impressively developed today. These simulation tools can be 
used to model the design of this study and simulate that model as a validation tool. ASPEN 
PLUS is one of such software and the features and options of the software tool are introduced in 
the project.    

There are lots of challenges encountered with energy development projects such as 
transportation, social issues, lack of awareness, lack of data, economical and political issues in 
developing countries and overcoming such issues and appropriate waste management practices 
to be introduced everywhere in the country at domestic level to meet the future goals of the 
country and have a well defined National energy policy.      
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CHAPTER 01 

Introduction
1.1 Case Study in Hambantota district 
Hambantota is one of the coastal cities in the country located 250km away from the capital of Sri 
Lanka. Hambantota district will be integrated with many companies, shopping complexes, public 
offices, highways, industries, sport complexes, sport grounds and many more facilities by 2015-
2030 and an International air port and an international harbour too are already constructed 
according to the government master plan with a target to make the country as the “Wonder of 
Asia” –Government future development plan 2012. 

With the infrastructure development there is an increasing demand for electricity. Generation of 
electricity will be a crucial factor in the wake of the above development with rapidly increasing 
energy cost of fossil fuels. Hence Government of Sri Lanka and Ceylon Electricity Board would 
encourage sustainable energy solutions in the future to generate electricity to the public at a 
reasonable cost. On the other hand, the country cannot depend on the fossil fuel completely and 
has to explore renewable energy solutions that can be extracted from wind, bio energy, solar, 
waves, etc. 

Due to mass scale development of Hambantota city, generation of Municipal Solid Waste 
(MSW) is on the increase and this trend will continue. The general information of Hambantota 
district is shown in the Table 01. Further, Hambantota district is a main agricultural city in the 
country and slew of bio wastes are burnt out damaging the environment. These MSW and 
agricultural waste can be used to generate electricity, so that while these wastes can be utilized 
for a purpose, it prevents environment pollution and keep the city clean. This option for energy 
generation is being explored by many countries in the world.  

This research project intends to explore the possibility of implementing small scale Integrated 
gasification combined cycle (IGCC) power plant operated using wastes in the Hambantota area 
as a solution to the problem of increasing energy demand and a solution for bio-degradable waste 
removal.  Hambantota being in the dry zone in the country generates wastes with considerably 



ROYAL INSTITUTE OF TECHNOLOGY, SWEDEN    DSEE 2010  

�

��
Development of a small scale IGCC power plant using solid waste at Hambantota, Sri Lanka Charith Liyanage 840124-P313�
�

low moisture content compare to that in Colombo, which is an additional advantage if the waste 
is used to generate heat energy. The generation of MSW and bio-degradable waste in 
Hambantota district is approximately 35Tons per day at present and the projected value of this is 
70tones per day by 2020 after completion of the airport and the habour. [12]  

Many researchers have been conducted in the area of bio-degradable waste and MSW removal in 
the world so far. This research has mainly focused on implementation of promising technology 
with “Waste to Energy Plant” concept to future power generation in Sri Lanka.  

Table 01. General information of Hambantota District Sri Lanka 
Item Value 
Land area (km2) 2496 
Inland water area (km2) 113 
Total area (km2) 2609  
Population in 2011 661956 
Per capita income  (USD) 2399 
Electricity Demand by 2011(GWh) 172.5 
Paddy cultivation lands (hectares) 26639  
Annual rice production by 2011 (Tons) 131000 
Daily MSW production (Tons) 30-33  

1.2 Current Development Projects in Hambantota District
Government has already implemented several development projects with allocation of huge 
amount of the annual budget to increase the living standard of the people in the district and to 
reduce the difficulties, which are faced by the people of the district, and alleviation of poverty of 
the people of the district. Poverty of the people was the matter of concern in the past, and the 
government has been allocating a huge amount of earnings to develop roads, electricity supply, 
water supply, education, health facilities, irrigation, agriculture, and other sectors.  In the year 
2006 the government respectively spent Rs. 39 million under the decentralized budget, Rs. 61.79 
million through Ministry of Plan Implementation, Rs. 263.31 million through provisions made 
by provincial Council, and Rs. 557.26 million through other State authorities to implement these 
projects, amounting to a total sum of Rs. 921.36 million. Similarly in the year 2007, the 
government spent a total sum of Rs. 3,098.35 million, representing Rs. 38.77 million provided by 
the decentralized budget, Rs. 1,029.95 provided by the Ministry of Plan Implementation, Rs. 
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229.28 million provided by the Provincial Council,Rs. 1,614.25 million provided by State 
Authorities, Rs. 163.30 million by the “Maga Neguma” Programme and Rs. 22.80 million by the 
“Jathika Saviya” and “Gama Neguma” schemes.[13] 

�

�

�

�

�

�

�

�

�

Figure 01.Ongoing Hambantota international port project  
Source. www.development.lk  

Figure 01 shows the construction works, which was in progress of new international port in 
Hambantota. The first stage of the project was completed in 2012.  The port is in commercial 
operation since April 2012 although it is not fully completed. 
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Figure 02. Mattala international air port project in Hambantota district under construction 
 Source.  www.development.lk

Mattala international air port is the second international air port in Sri Lanka and it is to be 
equipped for aviation operation and it commenced operation in March of 2013. These are the 
main government projects in Hambantota out of the massive infrastructure development projects 
in the district as mentioned above.   

In addition to Suriyawewa Trade Zone, other commercial complexes have been for proposed 
major development projects to be commissioned by 2020 in Hambantota, Sri Lanka.  

Due to rapid economic development in the district, the annual power demand will increase by 
12% [14] from the existing demand level. Government has implemented a rural electrification 
project by spending LKR 4000Mn to electrify every village in the district and this has been 
implemented by Ceylon Electricity Board Sri Lanka. In parallel with the rural electrification 
project, the plans have been drawn up to construct 108km long 33kV transmission lines to meet 
future electricity requirement of the district.  



ROYAL INSTITUTE OF TECHNOLOGY, SWEDEN    DSEE 2010  

�

��
Development of a small scale IGCC power plant using solid waste at Hambantota, Sri Lanka Charith Liyanage 840124-P313�
�

1.3 Problem of Waste Generation 
With the development in Hambantota district the rate of waste generation of solid waste has 
increased by to folds according to the prediction of the Central Environmental Authority Sri 
Lanka. Although several Municipal Councils adapted solutions to Sri Lanka, sustainable solution 
have not been adapted and methods such as waste composting and recycling strategies and Waste 
to Energy method are in experimental level due to several limitations. 

The moisture content of Municipal Solid Wastes (MSW) in Sri Lanka is considerably high 
because it consists of 50% -60% of food waste which is categorized as bio-degradable. 
Composting method has been found as the proper solution in the presence of bio-degradable 
components of MSW [2]. This technique has been introduced to several urbanized cities in the 
country such as Colombo, Matara, Hambatota, etc. On the other hand there are some methods to 
separate domestic waste before removing. This technique is very effective and has been 
introduced to the society through schools and other government and non-government 
organizations to have free Reduced Derived Fuel (RDF) in Hanbantota District Sri Lanka.  

Table 02 shows the waste Production  data of the Hambantota district according to the Central 
Environmental Authority Sri Lanka 2011[12].  Some data are not available due to lack of data 
collection methods and proper system to manage data is in the process of implementation. Bio-
degradable wastes are identified as food and other short term degradable wastes from domestic 
and industrial level and those are not agricultural wastes.  

Table 02. Composition of MSW and Production  per day in Hambantota District      
Name of the Local 
Authority  

Waste in Tons/Day 
Solid 
Waste  

Degradable 
Waste  

Polythene 
plastic 

Paper Glass  Iron Others 
Beliatta 3 1.07 0.81 1.06 0.03 0.03 -
Angunukolapalassa 1.4 0.2 0.065 0.905 0.001 0.001 0.19
Katuwana 3 1.045 0.428 1.317 0.047 0.05 0.07
Sooriyawewa 3.6 1.96 0.9 - - - 0.74
Ambalantota 7.2 5 0.067 0.265 0.065 - 1.75
Tangalle 2.5 2 0.4 - - - 0.1
Lunugamvehera 1.8 0.72 0.12 0.91 0.04 - 0.01
Tangalle UC 5.5 4 0.4 - - - 1.1
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Hambantota UC 2.9 0.2 0.65 - - - 2
Total in 
Hambantota 
District 

30.8 16.195 3.84 4.457 0.183 0.081 5.96

Around 60% of available MSW are bio-degradable and rest of it can be used for power 
generation. Table 03 and Table shows the waste composition of MSW and Chemical 
compositions in Hanbantota district after removing bio-degradable component respectively. 
Table 03.RDF basic composition  analysis 
Item    Amount (%)
Moisture  6-10
Fixed carbon 12.8
Volatile material (dry ) 68.5
Ash (dry) 11.6

Table 04. Chemical analysis of RDF 
Element Symbol Amount (%)
Carbon C 47.5
Hydrogen H 6
Nitrogen N 1.2
Chlorine Cl 0.1
Sulphur S 0.3
Oxygen O 32.8

Agricultural waste data were obtained from the Department of Agriculture in Sri Lanka. As 
mentioned in the introduction, Hambantota was a main agricultural area in the ancient era. Paddy 
is the main cultivation crop in addition to tea, rubber, vegetable crops, spicy crops such as 
cinnamon, pepper, etc, fruit crops such as banana, pineapple, papaya, etc and some of grain crops 
such as cone, etc. In this study focus is made for paddy waste for gasification along with MSW.  
Table 05 shows the agricultural waste production in Hambantota District.  Table 06 and Table 07 
show the basic composition and chemical analysis of rice husks respectively.  

Table 05.Agricultural waste Production  in Hambantota District in Tons      
Item 2007 2008 2009 2010 2011
Paddy 193000 193600 151400 191400 197100
Straws 193000 193600 151400 191400 197100
Rice hulls 38600 38720 30280 38280 39420
Total rice production 154400 154880 121120 153120 157680
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Table 06. Rice husk basic composition analysis 
Item Amount (%) 
Moisture  9.2
fixed carbon 15.5
volatile (dry ) 57.6
Ash (dry) 17.7

Table 07.Chemical analysis of rice husk 
  Element Symbol Amount (%)
Carbon C 36.7
Hydrogen H 5.84
Nitrogen N 3.35
Oxygen O 36.68

The Department of Agriculture Sri Lanka reveals that 80% of paddy production is converted in 
to rice and same amount of paddy converted in to rice straws and 20% of paddy is converted in 
to rice hulls. In addition, government banned burning of rice straws, because it can be reused as a 
fertilizer.  

Rural electrification of Hambantota district is almost 100% complete through Lighting 
Hambantota project.  According to the Ceylon Electricity Board energy sales information, 
current electricity demand is shown in Table 08[14].  

Table 08. Total electric energy sales of Hambantota District in GWh. 
Year Area  District 

Hambantota Tangalle Hambantota 
2007 117.036  - 117.036
2008 60.202 66.621 126.823
2009 65.231 72.142 137.373
2010 73.486 79.189 152.675
2011 83.811 88.688 172.499
2012 upto Sep. 66.464 71.251 137.715

�
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1.4 Sustainable Waste Management 

There are some waste composting strategies introduced in several urbanized cities in the country. 
Waste composting is one of the good approaches. Waste to Energy strategy is not a recognized 
as waste management technology in the country.  The world moves toward such waste 
management technologies as sustainable waste management methods and the time has reached 
for Sri Lanka too to follow soon.    

1.4.1. Data analysis and future predictions 
MSW and agriculture waste data are used to forecast the future values. Solid waste data are used 
to forecast about future waste in the district. Table 09 shows the forecasted waste production in 
Hanbantota district. Agricultural waste data are also to be analyzed to predict available 
agricultural waste by 2020. Since this is an electricity generation project, electricity demands in 
the district by 2020 is to be predicted according to Ceylon Electricity Board statistical data.   

1.4.2. Analysis of solid waste data 
The officials of the Central Environmental Authority local division of Hambantota district say 
that current waste Production  data acquisitions of some of local authorities are in preliminary 
stage [12]. There are some awareness programs conducted in such areas to obtain accurate 
results. This is one of the drawbacks of data acquisitions to have accurate results.  

Table 09. Waste Production data in Hambantota district by 2020 (Refer to Table 02) 
  Waste in Tons/Day 

Solid Degradable Polythene 
plastic 

Paper Glass Iron  Others 
Current waste 
removal In the 
district  

30.8 16.195 3.84 4.457 0.183 0.081 5.96

Waste Production 
by 2020 

61.5 32.39 7.68 8.914 0.366 0.162 11.92
Percentage  % 53 13 15 1 1 20
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1.4.3. Analysis of agricultural waste data 
As mentioned in the introduction, Hambantota is one of the main agricultural districts in the 
country and 5% of the total rice production of the country is from Hambantota district. Table 10 
shows daily agricultural (paddy) waste data during the last five years.    

Table 10. Daily paddy waste Production  in Hambantota District in tones 
Item 2007 2008 2009 2010 2011 2020
Straws 529 531 415 525 540 600
Rice hulls 106 107 83 105 108 120
Total waste  635 638 498 630 648 720

Source: Department of Agriculture Sri Lanka 

1.4.4. Electrical energy demand data 
Due to rapid development, the electricity demand has increased by 12% in the Hambantota 
district according to the current electricity demand data. But additional electricity demand of 
200MVA is requested by the government for use of development projects from Ceylon 
Electricity Board by 2020. Table 11 shows forecasted electricity demand by 2020 according to 
current trend of increasing demand rate in the district. 

Table 11.  Forecasted annual electricity sales ( GWh) in Hambantota District Sri Lanka. 
Year 2007 2008 2009 2010 2011 2012 2020 
Electricity demand 117 127 137 153 173 193 1485 
Source: Ceylon Electricity Board Sri Lanka 

There are some commercial complexes, Sooriyawewa industrial zone, hotel projects and many 
more ongoing development projects. According to the information from the Ceylon Electricity 
Board, additional 170MVA for new projects, 36MVA for Sooriyawewa industrial zone, 
100MVA for domestic electrification, medium and small scale industries and street lighting is 
another infrastructural development required by the district [16]. It means that another at least 
300MVA will be needed to cater to the actual demand of the district by 2020 in addition to the 
extrapolated electricity demand. 
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1.4.5. Technical viability of RDF gasification along with rice husk 
Waste To Energy (WTE) has to be identified as a better waste management approach. There are 
WTE power plant installed all over the world , and it has become an effective method for solid 
waste problem [7]. RDF and bio waste gasification is already implemented technologies. The 
technical feasibility of gasification of RDF along with bio waste (rice husks) has been analyzed 
in the next chapter. 

The Lower Heating Value (LHV) and yield of the produced gas from gasification depends on the 
equivalent ratio of gasification process and bulk density of the solid fuel. The equivalent ratio is 
a design parameter of gasification system and bulk density is a property of solid waste.  The 
main factor of gasification of two solid fuels is the moisture contents of each of them. According 
to Tables 04 and Table 07, the basic hydrocarbon composition and moisture levels of RDF and 
rice husks are almost same. Therefore RDF and rice husk can be gasified together. The chemical 
compositions of solid fuels do not pose problem for gasification and it has been found that LHV 
of produced gas is an average value of LHVs of produced individual gases of respective solid 
fuels at particular equivalent ratio according to the studies carried out by Department of 
Mechanical Engineering,University of Peradeniya, Sri Lanka [17]. 

The Chapter 01 is an introduction to the research to mainly identify the requirement of the study 
and to understand the practical solid waste condition in Hambantota district, Sri Lanka. Data 
analysis is carried out to forecast the future waste problem and the energy demand increase in the 
district with the rapid development by 2020.  

It has been identified several waste management approaches such as waste composting and 
power generation basically. The study is concentrated on energy generation from waste (WTE) 
by gasification since the gasification technology is considerably efficient and effective method 
for extracting heat energy from solid fuels. 

It Chapter 02 is given the literature survey for the study. It consist of relevant technical aspects of 
gasification, Integrated Gasification combined Cycle (IGCC) technology, analytical techniques, 
thermal power plant simulation applications, etc.  

�
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Chapter 02

Literature Review
2.1 World IGCC technology applications 
There are several mass scale IGCC projects in progress for coal gasification in China, Brazil and 
mass scale MSW gasification which are at experimental level and coal gasification plant in the 
world and name a few Edwardsport in USA, FutureGen in USA, GreenGen in China and 
ZeroGen in Austrailia are some of them [7]. Table 12 gives basic information of them.  

Table 12.  Some of mass scale Integrated gasification combined cycle power plant projects in the 
world.  

Plant Energy source Capacity Country and Year Current Status 
1 FutureGen Coal 250MW USA-2003 Start up in 2013 
2 GreenGen Coal 450MW China-2008 Start up in 2014 
3 Zerogen Coal 530MW Australia-2009 Start up in 2015 
4 Värnarmo, Forest residues 6MW Sweden-1993 Not in operation 
5 Eggborough Coppice wood 8MW UK-1967 Expansions for RDF 

2.1.1 Viability of IGCC plant in Sri Lanka. 
There are three combined cycle power plant powered by fossil fuels and the total capacity of all 
is around 600MW. Yet gasification integrated combine cycle power generation plant is new to 
Sri Lankan power industry. There is a small scale wood gasification plant in Eastern region in 
the country owned by private company and it is not efficient and economical due to several 
issues such as lack of bio-fuel  and insufficient technical considerations [15].   

2.2 Wastes to Energy Concept-Global Experience 
Municipal solid waste is freely available fuel and it has the heating value of 13-15MJ/kg [1] and 
it is around half of the heating value of coal. The Heating value of MSW depends on the 
moisture content and organic materials. Since Hambantota is located in the dry zone of the 
country, MSW with low moisture content in dry season which prevails in the district for over 
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nine months of the year.  Heat required for removing moisture from the waste is comparatively 
low in Hambantota since the average moisture content of MSW in this area is 40-50% [2] 
compare to [55-60%] moisture in Colombo city.  

MSW has an ash content of 10-12% and this is caused slugging of ash in the gasifier. The fuels, 
which have the ash content below 5% do not cause slugging ash in the gasifier. Separation of 
MSW and production of a reduced derived fuel (RDF) are proper approaches to overcome 
slugging and to make a homogeneous fuel composition is available for gasification. It supports 
avoiding slugging and eliminates most of the maintenance issues encountered with MSW.  

Product gas of solid gasifies consists of several tars, halogens, particulate and other heavy metals 
and alkaline compounds. The amounts of such materials depend on the composition of the MSW. 
Therefore the MSW gasification systems require proper ash removal devices to avoid plant 
outages (interruptions) by cleaning gasifies and piping systems.

2.2.1. Reduced derived fuel from MSW 
According to the study which is carried out by Themelis and Kim in 2002, it had been developed 
an energy model by using the thermodynamic properties of the combustible components of 
municipal solid waste. The molecular formulae for the key components of MSW as follows: 

Mixed paper: C6H9.6O4.6N0.036 S0.01 

Mixed plastics: C6H8.6O1.7 

Mixed food wastes: C6H9.6O3.5N0.28 S0.2 

Yard wastes: C6H9.2O3.8N0.01 S0.04 

Based on the previous research study and MSW composition analysis, C6H10O4 is the organic 
formula for organic waste in MSW [5].  As discussed above the ash composition and 
concentration of a fuel can result in agglomeration in the gasification vessel and that definitely 
cause clogging of fluidized beds and increase tar formation. 

Raw MSW can be converted into a better fuel which is capable enough for power generation by 
making it as more homogeneous complex, so that several waste-to-energy plant create a reduced-
derived fuel (RDF), through the separation of inert materials, size reduction, and increase in fuel 
density. RDF plant removes recyclable or non-combustible materials and converts the remaining 
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waste materials into a homogenous fuel. This RDF can be easily handled, transported, stored, 
combusted and gasified rather than that with raw municipal solid wastes. The size of the fuel 
particles are affected the combustion time. These RDF particles are having a diameter around 6 
inches and that decrease the resident time in a fluidized bed and allows for more completed 
combustion. During gasification of RDF it requires lower air-to-fuel ratio and lowers bed 
temperatures as well. Therefore a very large fraction of the organic refusals break down into 
volatile components under these conditions. In addition, the processing of MSW to RDF can 
include the addition of calcium (Ca) compounds that reduce HCl emissions and may reduce trace 
elements concentration by a large fraction of magnitude.  

Producing a good RDF substance is really expensive and it is one of the most difficult tasks in 
thermo-chemical conversion of solid waste. It involves a large amount of mechanical processing 
and required a close supervision, which has an impact on operating costs and can account for as 
much as half of the total plant capital costs. If too much metal and glass are allowed to pass 
through into the gasifier the heating value of the RDF decreases and it may cause constant 
operational problems and plant outages making costly plant operations and reducing the plant 
factor.  

Therefore, waste gasification will be most successful in communities, where there are good 
recycling practices. It is also to be noted that energy recovery from waste is complement in an 
effective waste management plan.  

2.2.2. Syngas production from MSW (RDF) 

Syngas is the targeted output of the gasification process and it is a mixture of Carbon Monoxide 
(CO) and Hydrogen (H2). According to the composition of the MSW, the output syngas consists 
of CO2, H2O, CH4, O2, N2 and tars in addition to CO and H2.  Pyrolysis characteristics of 
gasification of MSW are complicated. Cellulose species and plastic species have different 
pyrolysis characteristics.   Average LHV of syngas produced from RDF is around 8MJ/kg[1].  
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2.2.3. Agricultural waste 
Waste such as rice hulls, straws are very common fuel for gasification in the past industrial era. 
There were some traditional biomass combustion systems for heating and steam turbine systems 
for power generation in the 20th century. Technology has developed to gasifiy biomass and to 
make such gasification system sustainable.  

2.2.4. Fuel from Rice husk 
On the other hand, the other renewable energy sources such as wind, solar, etc that can be used 
in the long term permanently without any exhaustion threat. Biomass is an energy source which 
has very low emission compare to fossil fuels and that is the main reason for biomass, which is 
currently being considered as a promising energy source. The world is searching for the 
contamination of the atmosphere with harmful gases for the stability of the environment and 
weather is combined with the necessity of extract the energy from agricultural wastes like rice 
husk rice straws and etc to avoid from dangerous emissions of burning of fossil fuels, coal, etc. 
Due to the fact that the Hambantota district is an agricultural area the rice husk production as a 
by-product in the district and generation of this waste is around 100Tons per day. According to 
the sources 20% of weight of paddy production is rice husks [17].  

2.2.5. Syngas production from Rice husk 
The product of gasification varies according to the reactor configuration and gasification 
substances. There is complete conversion of all tars, hydrocarbons and char in the gasifier to give 
fuel gas. The LHV of rice husks is around 13-15MJ/kg. LHV of product gas from rice husk is 
5MJ/kg [1].   

The Figure 03 shows the relationship between the moisture content of MSW and the change of 
Lower Heating Value (LHV).  The LHV is decreased with the increase of moisture in waste.  
The LHV of a fuel expresses the amount of available energy in the fuel after removing the 
moisture in it.  

Figure 04 shows the LHVs of various fuels use in the power industry. 
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Figure 03. Effect of the moisture content of several hydrocarbon compositions  
Source:  university of Colombia, USA 

Figure 04. Lower heating values (LHV (MJ/kg)) of several fuels 
Source:  university of Colombia, USA 
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2.3 Gasification Systems 
2.3.1. Combustion 
�

Combustion is a process which directly reacts with Oxygen basically in Stoichiometric 
compositions. The chemical equilibrium equation for total combustion of hydrocarbon fuel is 
shown below. 
CXHY + (2X+Y/4) O2                   XCO2 + (Y/2) H2O + Heat 

2.3.2. Gasification 

Gasification is well recognized technology that devolatilizes solid or liquid hydro carbons   and 
converts them in to thermal energy in low or medium quantities. There are number of 
gasification power plant in operation and many are in construction stage around the world. This 
is because, the gasification technology gives several advantages comparing to the traditional 
combustion process of MSW and bio degradable wastes. Partial fraction of stoichiometric 
amount of Oxygen is required for gasification. It is done in low Oxygen environment and 
therefore this limits the formation of dioxin and SOx and NOx. The exhaust flue gas of 
gasification can be used with integrated combined cycle power plant. 

2.3.3. Gasification Technologies  
�

There is an evolution of gasification technologies. In early stage gasification was fixed bed 
gasification and fluidized bed gasification was reputed after the improvement of the gasification 
technology.
The basic gasification reactions that must be considered are: 

1) C + O2                    CO2   -393 kJ/mol (exothermic) 
2) C + H2O    CO + H2  +131 kJ /mol (endothermic) 
3) C + CO2    2CO   +172 kJ/mol (endothermic) 
4) C + 2H2    CH4   -74 kJ/mol(exothermic) 
5) CO + H20    CO2 + H2  -41 kJ/mol (exothermic) 
6) CO + 3H2    CH4 + H20 -205 kJ/mol (exothermic) 
(Krigmont, 1999), [1] 
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Fixed bed gasifies are commonly used in medium and small scale thermal power plant because 
of the convenience of design and operation and generally the fixed bed gasifies are provided with 
stationary reaction zone. 

�����������
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Solid fuel stream is fed in to the gasifier from the top and air is inserted at the bottom of the 
gasifier to the upward direction.  According to the flow of air in the reaction zone, the fuel is 
dried, pyrolyzes, gasifies and combust because the fuel gas leaving from the gasifier is at low 
temperature around low at 500C0. 
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Figure 05.Updraft fixed bed gasifier  
Source:  www.googleimages.com
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In the history downdraft gasifies are commonly used in cars and buses having a gas from wood 
for internal combustion engines. In a downdraft gasifies the air is inserted to the flowing solid 
fuel stream and gas is drawn off at the bottom.  
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Figure 06. Downdraft fixed bed gasifier 
Soruce: www.googleimages.com  
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This gasifier is same as the updraft gasifier. High pressure solid fuel can be gasified in the 
reaction zone having temperature around 1650 C0, from the beginning this type was designed for 
coal gasification. The problem of these gasifiers is the high pressure developed and the 
temperature and the blocking of slag at the bottom.  
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Figure 07. Slagging Fixed bed gasifier

 2.2.3.5. Fluidized Bed Gasifiers
This technology has given more advantages like good fuel
supports uniform bed condition and efficient reaction. This is used for mass
applications from 1MW to 200MW
different types of solid fuels. This
as well. 

Fluidized means that air is distributed below the bed. Gas
it acts as the fluidized medium for the solid fuel. The
gasifiers such as bubbling fluidized bed gasifier and circulating fluidized bed gasifier.

2.2.3.6. Bubbling fluidized bed gasifier
This type of gasifiers normally has rectangular or cylindrical shaped reactors. The 
velocity should be enough to lift the solid particle of the fuel and this caus
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This supports to have good contact among gas and fuel particles and facilitate drying and size 
reduction of the fuel. 

Figure 08.Bublling fluidized bed gasifier 

2.2.3.7. Circulating fluidized bed gasifier 

The fuel continues to expand the solid fuel particles with gas with the increase of the gas velocity 
which produces turbulent reaction zone and the amount of the blown out un-reacted fuel particles 
increases. Due to the circulation technique, the large particles are returned to the bed and this 
technique is well recognized in the power industry as the circulating fluidized bed gasification. 

Figure 09.Circulating fluidized bed gasifier 
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Table 13. Thermal capacities of basic gasifier designs 
Gasifier Design Fuel Capacity 

Downdraft 1kW-1MW 
Updraft 1.1MW-12MW 

Bubbling Fluidized Bed(BFB) 1MW-50MW 
Circulating Fluidized Bed(CFB) 10MW-200MW 

2.2.4. Design technique related to gasification process  
Following basic equations are used for calculations. 

  Equivalent Ratio (��� � ����	
 ������
 �
����	
 ����
 ������

ER is generally used to indicate quantitatively the extent of combustion in the 
Combustion/Gasification processes. ER is maintained around 0.08 to 0.13 for calculations to 
obtain better results.  

Figure 10.The Effect of ER on Syngas composition and Tar. 
Source: Performance analysis of solid waste gasification project, Sweden 
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Steam and air are the two popular gasification agents to supply Oxygen for the gasification. The 
amount of Oxygen supply directly influences the resulting Carbon during the gasification 
process. The steam supports to obtain good LHV in product gas.  Steam-Air Mass Ratio (SAMR) 
is dimensionless parameter which was usually used to characterize the steam feeding rate in air-
steam gasification process. When the SAMR is increased, the H2 and CO2 are increased in the 
product gas. CH4 and C2H4 are slightly increased and the CO percentage will be then decrease. 
 CO + H2 O                            H2 + CO2 (-41 kJ/mol (exothermic)) 

Figure 11. The effect of SAMR on Syngas composition and Tar 
Source: Performance analysis of solid waste gasification project, Sweden 

Table 14. Tested result in gasification processes  
Operation parameters Case 01 Case 02 Case 03 Case 04 
ER 0.12 0.12 0.103 0.095 
SAMR 0.389 0.556 0.452 0.49 
Projected results         
Syngas yeild (Nm3/kg MSW) 1.36 1.38 1.26 1.29 
Syngas LHV (MJ/Nm3) 8.23 8.43 8.24 8.7 
H2/CO 1.36 1.73 1.47 1.9 

Source: Performance analysis of solid waste gasification project, Sweden 
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These results in several gasification studies were examined to obtain better performances of the 
system. The results show the effect of the ER and SAMR on the syngas yield, LHV and the 
composition of the product gas.  

Table 15. Gas concentration of product gas of MSW/RDF gasification 

  

Proposed RDF,Biomass 
plant,Hambantota, Sri 

Lanka (Dry basis) 

Gasification Temperature 8500C 
Pressure (MPa) 0.16 
    
CO 44.25 
H2 20.28 
CO2 11.8 
H2O N/A 
N2 N/A 
CxHy 8.44 
CH4 15.23 

Source: Research base study, University of Peradeniya, Sri Lanka 

2.2.5. Formulas relevant to Energy generation  
Following equations are used for calculating available energy in the solid fuel and energy 
balance [6], [9]. 

Energy available in the fuel  
���� � �
 �������

��        …………………………………………..Equation 01 
!
 "#=Mass flow rate of solid waste 
$%&'()=Lower heating value of solid 

Energy balance in the gasification system  
����*+�, � �- * �.     …………………………………………Equation 02 
Ea = Input energy from air 
Eg= Energy of the product gas 
El= Energy loss 
Combined cycle efficiency calculations 
�//010 � +23452�452�6789-

2��     …………………………………… Equation 03 
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:;<=Power out from gas turbine cycle 
:"<=Power out from steam turbine cycle 
:(=>�?@=Heat recovery from gasification system through heat exchangers for RDF processing
:"#=Total available power in solid waste  

Energy extracted from steam turbine
EST =+� A B2
 A �4-C D 4-E�  …………………………………Equation 04 

!
 =Steam mass flow rate  
Cp= Specific heat of steam 
F@G= steam temperature a turbine inlet 
F@H= Steam temperature at turbine outlet 

2.2.6. Gasification system designs 
It was considered the most successful gasification systems in the world for design analysis to 
establish proper technical background and plant capacity consideration for mathematical 
modeling in this study. Even though hypothetical calculations give good results, practical 
situation has considerably changed due to several constraints. 

TPS Termiska which is Swedish company in Italy has planned to install several biomass 
gasification power projects. Ansaldo gasification plant which was installed by TPS Termiska in 
Italy has been in operation since 1992. It gasifies 200Tons of RDF per day and the total capacity 
of the plant is 30MWhs [1]. The reaction chamber is combined with bubbling and circulation bed 
rectors that are operated at 8500C bed temperature and pressure is almost atmospheric pressure. 
The upper part of the reactor is circulating bed and fuel is fed in to the top and lower part of the 
reactor is the bubbling bed to have enough time to occur good gasification. This plant is installed 
with catalytic tar-cracking system using dolomite (MgCO3 and CaCO3).Dolomite supports 
absorb some acids (HCl) in flue gas. There is a conventional scrubbing system to clean product 
gas (Syngas) from gasification. This is done after cooling product gas. This caused heat loss. 
This cleaning method was introduced to biomass gasification project in Brazil called Battelle 
plant through the financial aids of the World Bank which runs continuously 100hrs without 
clogging of gasification system [1]. 
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Essex in New-Jersey’s, USA is a MSW combustion plant which burns 2800Tons/day and 
generates 65MW electricity. It means that 43Tons is needed to generate 1MW by MSW 
combustion. Another MSW combustion plant called SEMASS in USA burns 3000 waste per day 
and generates 650kWh from one tone of MSW.  This means 37tones is needed to generate 1MW 
per day. If it is RDF gasification, the electricity output of the plant could have been much higher. 
According to the TPS Termisca plant, it shows that the power generation efficiency of 
gasification is higher than the combustion systems and it can be proven that gasification is more 
environments friendly than combustion.  

2.2.7. BFB gasifier and Cyclone design 
Following equations were used for reactor and cycle design which were extracted from MSc 
academic knowledge. [9] 

Minimum fluidization velocity  

………………………………Equation 05

Terminal velocity 

…………....Equation 06 

dp =particle diameter 
�p =Density of sand 
�f =Density of solid waste 
Ø=Spherisity 
E=Porosity of bed 
g=Acceleration due to gravity 
�f=Viscosity of air 
Relationship between Height of the reactor and minimum fluidizing velocity 

1.2< I
IJK

<1.4 ……………………………………………………Equation 07 

Hmf =Minimum fluidizing velosity 
Overall height of the reactor 

Umf = d2p(�p-�f) g. Ø2.�3

                                                  150�f              (1-�) 

Ut = dp( A/B)1/3 A = 4((�p-�f)2.g2

B= 225�f�f
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Ht = TDH + H  …………………………………………...Equation 08 
TDH=Threshold disengaging height   

Below Figure 12 is shown the standard chart for finding TDH for gasifier design. [9] 

Figure 12. Zens and Weil correlation to TDH calculation
Source: Basic design of a fluidized for rice husk on a pilot scale  
�

2.4 Combine Cycle Technology 
Combined Cycle technology has been well recognized n the world within last five decades to 
have better efficiency of thermal power plant. Due to technology development the combined 
cycle efficiency has reached a value of 65%. Combine cycle technology is a combination of both 
gas turbine cycle and steam turbine cycle. In combined cycle power plant, the gas turbine cycle 
is the main cycle and the flue gas which comes out from the gas turbine is directed to special 
section called heat recovery steam generator, where the steam is produced from flue gas and pass 
down to the steam turbine. Synchronous generators are coupled via gear boxes or directly to gas 
turbine shaft and then to the steam turbine shaft for electricity generation. Normally gas turbine 
runs by combustion of fossil fuels, natural gas and some of available gaseous fuels like LNG, 
Naptha, etc. Fossil fuels are on the verge of depletion and it has been predicted that fossil fuel is 
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available only for next five decades. Therefore the world cannot depend on the fossil fuels 
forever, and this may cause a complete collapse of industries. Due these issues there have been 
identified the renewable energy which is the most promising energy sources to overcome the 
problems arising out of future energy crisis. 

Solid fuel gasification is integrated with combined cycle power systems as a solution for the 
shortage of fossil fuels. Coal gasification integrated with combined cycles were the first 
generation of the integrated gasification combined Cycle (IGCC) technology. Now there are 
several solid fuel gasification combined cycles in the world with fuels such as wood, bio waste 
and solid waste, etc, which are in operation and at experimental stages.  

Municipal solid waste gasification is used as a solution for fossil fuel shortage and proper waste 
removal technique in most of developed countries such as USA,China,Austrailia,etc.[1]. Waste 
to energy concept is one of the solutions for urbinizing cities in developing countries like India 
and Sri Lanka to have clean environment.  The solid fuel gasicfication process is carried out in 
the gasifier and out put syngas is produced as a result of low oxygen environment in the 
combustion chamber. The purified syngas is introduced to the combussion chamber of the gas 
turbine cycle and then the flue gas is directed to the Heat Recovery Steam Generator (HRSG) 
and steam is produced from the extracted heat from flue gas.  Steam turbine is run from the 
steam produced in the HRSG.   

Waste to energy generation concept is most polular because the fuel, which is the waste, and the 
tendency is that the waste generation increses as the population and living standards increase. 
The major issue with the use of waste to generate electricity is the developing technology to 
clean syn gas.   The main components of a IGCC plant are  Gasifier, Gas turbine, HRSG and 
Steam turbine. Syn gas cleaning unit, air seperation unit, Solid fuel processing units are some of 
auxiliary components of an IGCC plant.  
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Figure 13. Conceptual Integrated Gasification Combined Cycle  
Source. www.gasturbineworld.com 

2.4.1. Topping Cycle (Gas turbine cycle) 
�

2.4.1.1. Gas Turbine 
Gas turbine is used for several power applications in modern world. Aero engineering, space 
engineering, power generation are some of applications, where gas turbines used. With the 
development of energy industry with IGCC, the gas turbines are made with several technical 
modifications. Especially modified gas turbine is supposed to be used for modeling the topping 
cycle in this study, which is capable enough for syngas combustion.  
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2.4.1.1.1. Gas turbine technology 
Gas turbine functions following the Brayton cycle and Figure 04 shows the P-v and T-s diagrams 
of gas turbines. Generally gas turbine is run as an open loop cycle. Gas turbine system consists 
of main three sections such as compressor where the air is compressed which is required for the 
combustion and combustor where the fuel combustion is taken place. Then high pressure and 
high temperature flue gas is directed to the turbine section. The heat of the flue gas is extracted 
from the turbine and it produces mechanical work (rotation). The shaft of the gas turbine system 
is coupled directly or via a gear box to the synchronous generator. Syngas combustion in gas 
turbine combustion chamber is somewhat complicated due to composition of the gas. There may 
be required some kind of flame stability in combustion chamber as well.  

Figure 14. T-s and P-v diagrams of ideal Gas turbine cycle  
2.4.2. Bottoming Cycle  
Steam turbine cycle is the bottoming cycle of this IGCC model. It consists of steam turbine, Heat 
recovery steam generator, condenser and other accessories. 

2.4.2.1. Steam Turbine 
Steam turbine is the main component of the bottoming cycle. Steam turbine runs from the energy 
extracted from the flue gas of the gas turbine outlet. Energy of flue gas is extracted by the steam 
lines in the HRSG. Saturated steam is introduced to the steam turbine. This is condensing type 
steam turbine.  
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2.4.2.1.1. Steam turbine technology
The steam turbine operates followi
pressure, intermediate pressure and low pressure turbine systems in large power applications.  
Enthalpy of steam is a function of temperature and pressure. At lower temperature, enthalpy will 
be low, so as the work done by the turbine 
therefore the steam consumption for the required output will be higher. At higher steam inlet 
temperature, heat extraction by the turbine will be higher and for the required 
consumption will be reduced.  

Figure 15. T-s and P-v diagrams of ideal Gas turbine cycle 

2.5 Simulation Tools and Their Applications

2.5.1. Introduction  
ASPEN PLUS is sophisticated software which facilitates thermal power plant design and 
simulations and lots of relevant analysis such as gasifiers, 
model designs. This software was introduced in the course of study. Du
it was found that many design projects have been
software. In this design ASPEN PLUS 
software supports large range of thermal applications and plant design analysis. 
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Designed gasifiers and cyclone from the calculations is modeled in the simulator and parameters 
are inserted to the simulator.  The software gives reactors, cyclones and other accessories in built 
on it. According to the parameters the equipments are automatically adjusted.  This kind of 
software applications can be used for simulate the designed thermal power plant and optimize the 
results. 

�

Figure 16. Main interface of the simulator software   
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Figure 17: The main flow sheet (Modeling the mathematical model)

Figure 18: Parameter input interface 
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Figure 19.  Modeled gasifier and cyclone on ASPEN PLUS worksheet 

The Chapter 02 summarizes information from the literature survey. It comprises of with 
gasification technologies and types of gasifies, IGCC technology, formulae for mathematical 
modeling and designing the plant and power plant simulation applications.   

Difficulties and challenges of gasification and procedure to overcome such issues from technical 
solutions are given in several researches. High amount of ash production is one of major problem 
of solid waste gasification. There is a possibility to use produced ash as a fuel for kilns for 
cement production processes. This may be a better solution for disposing produced ash. This 
practice is implemented in the rice husk combustion plant (10MW) in Trincolmale, Sri Lanka 
belongs to Mitsui Cement Corporation.   

Environmental pollution is a one of major problems encountered with thermal power generation. 
Carbon dioxide (CO2) is the main component released from fuel combustion which causes green 
house effect. There are lots of conventions among the nations all over the world to overcome 
CO2 emissions. Kyoto protocol is one of such conventions. In first industrial era CO2 emission 
reduction was the main approach to stop green house effect. Presently world is moving to capture 
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CO2 using several capturing methods and it is widely used. The process of producing CO2 stream 
is referred as separation and capture, which encompasses all operations that take place at the 
power generation sites, including compression. CO2 is generally compressed in to the order of 
100 atm2 for the convenience of transportation purposes. In the early stages CO2 is captured for 
enhancing oil refinery purposes (EOR). In the EOR process CO2 is injected to oil reservoirs to 
increase the mobility of oil and this increases the productivity of the oil reservoirs.  The main 
difference of capturing CO2 for the industrial market versus capturing CO2 for sequestration is 
the role of energy. The energy is a commodity and all we care about is its price only and the 
production cost from the time being the energy generation produced more CO2 which is exactly 
we need to avoid. Therefore, capturing CO2 for purposes of sequestration needs more emphasis 
on reducing energy inputs than the traditional commercial energy generation practices. Other 
processes have been considered to capture the CO2 from the flue gas of a power plant are 
membrane separation, cryogenic fractionation, and adsorption using molecular sieves basically, 
but they have low energy efficient and more expensive than chemical absorption. These 
techniques can be used at very low CO2 partial pressures in the flue gas.  
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Chapter 03

Problem Analysis and System Design
3.1 Identification of the Problem 
RDF process is costly and it is going to be 40% of plant cost [1]. Presently local institutes and 
environmental authorities have introduced several waste management practices. Waste 
composting and domestic waste separations are some of the waste management practices, which 
have been given promising results for the waste problem.  

According to the composition analysis, 50-60% of waste in Hambantota is bio degradable which 
cannot be gasified and most of bio degradable is food wastes as given in Table 09. The MSW 
separation is a major challenge to efficient running of a gasification system. Domestic waste 
separation is the economical approach to reduce the cost of RDF process.  

Data acquisition is another challenge due to lack of available data of MSW and agricultural 
waste. The available waste data is insufficient and inaccurate according to the sources. Therefore 
the Central Environmental Authority, Sri Lanka has introduced data acquisition methods to 
several local authorities in the district where those data is not recorded.      

From literature, it was found that the capital investment on an IGCC project is high due to the 
complexity of the gasification system and other equipment such as Gas turbines for biogas 
combustion and steam turbine and relevant accessories. Waste transportation is also a major 
challenge and waste storage and drying are very difficult tasks, because the agricultural waste 
(rice husk) is available for certain period of the year.  

Basic gasification problems such as clogging of the system, thus requiring extra gasifier to 
increase running hours are also matters of concern during operation. Cleaning of produced gas is 
the major challenge. Solid particles in produced gas should be removed because the impurities 
will cause severe damages to gas turbine blades. There are several tar cracking systems like 
dolomite, scrubber systems and other methods based on developed technology methods to avoid 
such problems. 
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Ash removal is one of the expensive parts of the process of the gasification and ultimate outlet 
from gasifier. It is obvious that the ash from gasification causes severe environmental issues and 
ash removal is a challenge of thermal power plant power by solid waste however this ash can be 
used for cement production process since it is done in one cement factory in Sri Lanka called 
Mitsui Cement PVT LTD.   

3.2 Objectives and Outcomes of the Study 
3.2.1. Objectives 
1. Determine the technical feasibility of Waste to Energy concept as a sustainable solution to 
removal of MSW.  

2. Conducting techno-economic feasibility study of IGCC technology, and develop an IGCC 
power plant to Hambantota district in Sri Lanka to generate electricity using MSW and 
agricultural wastes. 

3. Establishing of a bio waste and MSW removal practices to Hambantota District which 
supports the Waste to Energy generation program as a future sustainable energy solution. 

3.2.1. Outcomes  
Results of the research work will be shown that waste to energy is a proper solution for 
increasing solid waste in urban cities. 

IGCC is a well recognized technology as a more energy efficient technology in the world and 
this technology will be introduced to the country through this research. The government of Sri 
Lanka focuses on mass scale coal power projects with combustion boilers to cater to the 
increasing energy demand of the country. As mentioned in Chapter 02 the gasification integrated 
combined cycles gives more electrical efficiency and environment friendly energy compare to 
traditional combustion techniques.  

Due to the domestic waste management practices introduced to those developing cities in the 
country, there are available solid wastes without bio-degradable component, and this waste 
management practices support reducing MSW separation cost as well. Solid waste separation 
process is the most expensive part of the MSW gasification plant. According to the literature, it 
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is about 40% of capital cost of the plant. The objective of the MSW separation process of Waste 
To Energy power plant is to obtain RDF for gasification. 

3.3 Method of Attack 
Feasibility of waste gasification is done by data acquisition of available agricultural wastes and 
MSW in Hambantota District and projecting such data in to the year 2020. The energy demand 
of Hambantota district is projected to the year 2020 at the rate of increase of the demand and 
addition to that the future demands of the district would be increased according to new 
development projects and there demand as in Table 11.  The energy data was analyzed according 
to new energy requirements and to find the necessity of new power generation projects.  

Study of IGCC technology, Procedures of sizing an appropriate gasifies and other main 
components, Gas turbine, Steam turbine, etc and plant capacity calculation are the main aspects 
of the study as identified in the literature survey. 

After literature review the relevant calculations and mathematical modeling of IGCC plant is 
carried out. In this study the calculations are divided in to four sections as solid waste energy 
calculations, gasification system calculations, gas turbine calculations, and steam turbine 
calculations. 

Daily available waste of both bio-degradable free MSW (RDF) after separation process and 
agricultural wastes are used for available energy calculations in solid wastes. 

Generally, Modeling of the IGCC power plant is divided in to three sections as gasification 
system, topping cycle and bottoming cycle. It is to be designed a special gasifier according to the 
available energy in solid waste. Gasifier is selected for the modeling of gasification system from 
literature. 

Power plant simulation is done using Thermal power plant (TPP) simulating software. In the 
project ASPEN PLUS software was used to model the gasifier. Small MS excel program and 
EES program were used for validate the results due to the several issues of the simulation 
software since it is trial version.  
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Environmental and economic analysis of the design IGCC power plant is carried out and CO2
capturing sequestration technology is introduced in the project to overcome environmental 
issues.  

3.4 Preliminary plant design analysis     
3.4.1. Energy data analysis for RDF 
The ambient air temperature is considered as 250C hence the energy input to the gasifier is 
assumed to be zero. But Hambantota being a dry area this atmospheric air is around 28-300C 
with low humidity level. The energy of the product gas has two components. The main 
component is the useful energy in the product gas due to the chemical composition (Lower 
Heating Value) and the other component is the sensible energy in the gas due to the enthalpy of 
the gas. The exit temperature of the gas at 8500C and normally this energy (Sensible energy) is 
around 15-20% of the energy of solid fuel. The energy loss of the gasification process also has 
two types. The heat loss to the atmosphere is known as the sensible heat of ash and the energy 
loss of due to unburned carbon of the solid fuel.  

Below shows the calculations relevant to the energy generation from proposed system 
considering the energy of RDF (MSW without bio-degradable component). According to the 
data survey, 750kg of RDF will be gasified in an hour. The LHV of available RDF is around 
17MJ/kg. The available energy of RDF is therefore, 

ERDF=Power in RDF
ERDF =   (750*17)/3600 = 11.81MJ/s = 3.54MW ………………………from equation 01 

According to selected equivalent ratio (refer Figure 10 and Table 14), the syngas yield from 
gasification is taken as 1.38Nm3/kgRDF and the LHV of syngas is around 8.4MJ/Nm3.  The 
available energy in produced gas, (kgRDF = kilogram RDF) 

Esyngas=Power in produced gas from RDF 
Esyngas= (1.38*8.4)*750/ (3600) = 2.41MJ/s………………….…….…from equation 01 

3.4.2. Energy data analysis for Rice husk   
The rice husk production of the selected area is 120Tons per day. (Refer to Table 10) 
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Below shows the calculation of the energy generation from proposed system considering the 
energy of rice husks. 5000kg of rice husks will be gasified in an hour. The LHV of available rice 
husk is around 15MJ/kg. The available energy in rice husk, 
ERH=Power in Rice Husks
ERH =   (5000*15)/3600 = 20.83MW …………………………..……from equation 01 

If the syngas yield from gasification is 1.7Nm3/kgRH and the LHV of syngas is around 
3.5MJ/Nm3 [8] (kgRH = kilogram Rice Husk) 

Esyngas=Power in produced gas from Rice Husks 
Esyngas= (1.7*3.5)* 5000/ (3600) L8MW……………………………from equation 01 

The energy which can be extracted from flue gas come from the gas turbine set can be calculated 
as follows. The average energy of the produced gas from both RDF and rice husk is around 

EsynRDF  = Energy in Syngas obtained from RDF  
EsynRice husk   = Energy in Syngas obtained from Rice husks  
10MW (EsynRDF + EsynRice husk)

3.4.3. Selecting the gas turbine and design topping cycle 
The electrical efficiency of normal gas turbine is around 30% and if the product gas is directly 
fired in the combustor of the gas turbine the electric power output is at rated plant conditions is 

EGT=power from gas turbine 
EGT = 10MW*0.25 L 2.5MW  

Even though the calculated power available in syngas is 10MWe, the gas concentration and 
variations of fuel quality of the solid waste would result low electric output of the gas turbine. 
Hence the electrical capacity of the selected gas turbine should be below 2.5MW.  

3.4.4. Selecting the steam turbine and design bottoming cycle 
The Specific heat of flue gas 1.1kJ/kg.K, mass flow rate of gas turbine set is taken as 13kg/s and 
exhaust gas temperature is 5310C and outlet temperature of the HRSG is 1400C. This 



ROYAL INSTITUTE OF TECHNOLOGY, SWEDEN    DSEE 2010  

�

�
�
Development of a small scale IGCC power plant using solid waste at Hambantota, Sri Lanka Charith Liyanage 840124-P313�
�

temperature limitation in HRSG outlet for reducing the sulfur formation on steam tubes in HRSG 
in RDF the sulfur content is very low.  The efficiency of the selected HRSG is 65%. 

At rated plant conditions (Good fuel quality-15MJ/kg).  

EST=power from Steam turbine 
EST =+! A MN
 A �F@G D F@H� =13*1.1*(441-140) L4.3MW………………………from equation 04 
At normal condition (Low fuel quality) 
EHRSG=power from HRSG 
EHRSG =+! A MN
 A �F@G D F@H� =12.15*1.1*(441-140)*0.65 L2.6MW 

Specific heat of syngas is around 1.488kJ/kg.K, Syngas leaving temperature is around 8500C, the 
density of Syngas is 0.8kg/m3, volume of syngas is 1.2Nm3/kg, so the syngas production from 
gasifier is  

!
 syngas = 0.8*1.2*5750/3600 LO.5kg/s 

Syngas inlet temperature into GT is 100C0   
The sensible heat extracted from Syngas is 
Amount of heat can be extracted from external bed heat exchangers will be 70%. 

EHE1 = !
 syngas*MN*(Tpg1-Tpg2) = 1.5*1.488*(850-150)*0.7 L 1.165MW,  

The electric efficiency of the selected steam turbine as 55%

EST= (EHRSG+ EHE1)*0.55=2.079MW…………………….………from equation 02 

The total electric power generated from Seam turbine is around 2MW 

The selected steam turbine is around 1.8MW 
Sensible heat release from ash can be calculated as follows, this is 2% of total heat. [8] 
EHE2 = 24*0.02 = 0.48MW, this heat can be used for drying the wet solid waste before 
gasification. Amount of heat can be extracted from external bed heat exchangers will be 70%. 
Then the available thermal power is 480kW*0.7=340kW



ROYAL INSTITUTE OF TECHNOLOGY, SWEDEN    DSEE 2010  

�

���
Development of a small scale IGCC power plant using solid waste at Hambantota, Sri Lanka Charith Liyanage 840124-P313�
�

The total efficiency of the designed Combined Cycle is  

�PPQQ � �+:;< * :+"<��:">?@R�……………………….……..…from equation 03

�PPQQ � HST5H
GUST VOWW  

�//BBL+X�Y

The total power extracted from RDF and rice husk is around 4.5MWs 
�PP��� � FZ[\]+^]\_[+`PPab`_ac
�PP��� � +Nde5Ne5Nf	ghij

Nkfl ….……………………………..……from equation 03
�PP��� � +HST5H5USm

Hn  X 100 

The overall efficiency of the design IGCC power plant would be, 
�//010LE Y

Table 16.  Summary of results from calculations  

  

Proposed RDF,Biomass 
IGCC power plant, 

Hambantota,                      
Sri Lanka 

RDF processed Tons/year 3285 
Rice husk processed Tons/year 21900 
Average LHV of Product gas (MJ/kg) 4.235 
Volume of Product gas (Nm3/kgRDF) 1.2 
Plant auxiliary power (kWh/ton) 80 
RDF plant auxiliary(kWh/ton) 20 
Power given to the grid(kWh/ton) 520 
Annual gross power production (kWh/ton) 620 
Gross plant capacity (MW) 4.5 
Overall efficiency of the plant    20% 

�
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Chapter 04

System Modeling
4.1. Design of Gasification System 
The schematic diagram of the mathematically modeled IGCC power plant is shown in Figure 20. 
The IGCC plant is divided into three main sections such as Gasification system, Topping cycle 
and Bottoming cycle for the convenience of design and modeling. 

�

Figure 20. Schematic diagram of the developed IGCC power plant powered from solid wastes 

Several gasification issues have been identified in the literature review. Hence the gasification 
system is modeled to overcome those issues such as char burning, heat losses, Ash removing. 
Combustor is added to the gasification system to burn char and extract additional heat and heat 
exchangers to increase the system efficiency.   
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Proposed small scale Gasification system (Diagram) 

Figure 21.  Designed gasification system 

This gasification system has the capacity of gasifying 135Tons of solid waste per day including 
RDF and rice husk.  Bubbling fluidized bed gasification reactor is proposed to the gasification 
system according to the capacity calculations. 

4.1.1 Sizing the reactor and cyclone  
Bubbling fluidized bed (BFB) reactor is designed according to the standard equations [9], The 
calculation procedure is shown in the Appendix I. Table 17 shows the summary of calculation 
results as gasifier parameters.  

Table 17. Summary of designed Bubbling Fluidized Bed gasifier and cyclone parameters 
Output parameters Value 
Power, P(MW) 24 
Particle diameter, dp (m) 0.0004 
H/Hmf 1.17 
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Fluidization velocity, Ufv(m/s) 0.0323 
Overall height of the reaction chamber, Ht(m) 10 
Number of tuyers, N 13 
Tuyer internal dia, �(mm) 90 
Tuyer orifice dia, �J(mm) 60 
Grid pressure loss, �Pgrid(kPa) 10.1 
Cyclone diameter, Dc(m) 1.67 
Cyclone total height, Hc(m) 7.25 
Pressure drop in cyclone, �Pcyclone(kPa) 0.535 
Number of effective turns, Nc 3 

�

4.1.2. Microsoft Excel program for gasifier simulation 
ASPEN PLUS thermal power plant simulation software was selected to solve the mathematical 
model.  The ASPEN PLUS simulation software is popular for industrial thermal power 
applications as in literature review. It was difficult to solve the model in ASPEN PLUS simulator 
it is a trail version. The software does not support to input all parameters such as chemical 
composition, dimensions of components such as cyclone, gasifier, some of relevant calculation 
techniques.  

To overcome the limitations of ASPEN PLUS, Microsoft Excel is used as an alternative. The 
Alternative is selected according to the scope of the study. The formulas which are used to 
calculate gasifier parameters can be modeled in MS excel.  Figure 22 shows the simulation 
parameters of small excel program for gasifier. 

According to the property changes of the solid waste, the operation conditions of the designed 
gasifier are given from the program.    

    Program inputs: Fuel Capacity and Gross Caloric Value 

Fuel Capacity 24 MW Maximum gasifier capacity is 24MW 
Gross caloric Value 15 MJ/kg Gross caloric Value of the fuel 15MJ/kg 

Program outputs 
Thioritical air needed for combustion 3.72 m3/kg of fuel 
Fuel Mass flow 1.60 kg/s 
Normal air flow rate (mair) 5.95 m3/s
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Air flow rate at 850  13.47 m3/s
Minimum fluidization velocity Umf(sand) 0.033 m/s 
Minimum fluidization velocity Umf(fuel) 0.015 m/s 
Terminal velocity Ut(Sand) 3.34 m/s 
Terminal velocity Ut (Fuel) 2.25 m/s 
Operating velocity  3.17 m/s 

 Figure 22. MS Excel Simulation for gasifier  

4.2. Plant optimization from EES 
Engineering Equation Solver (EES) was used for plant optimization after mathematical 
modeling. According to the mathematical model plant capacity was 4.5MW at the maximum 
operation capacity of solid waste. After consideration the actual amount of solid waste, its 
properties and gasification limitations, the plant optimization is essential to select appropriate gas 
turbine set and steam turbine set for modeling the bottoming cycle and topping cycle.  

The Appendix II shows script of the EES program written to optimize the plant.  Figure 23 show 
the results given from the EES calculations. Deferent solid waste amounts, relevant syngas yields 
from gasification for those solid waste amounts and relevant mass flow rate of flue gas come out 
from the gas turbine set are the inputs to the EES program.  Table 18 shows the optimized plant 
conditions such as waste input, syngas yield and relevant overall plant efficiencies at particular 
conditions and which was prepared using EES parametric table.  
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Figure 23: Solutions of EES calculation 
According to Table 18, the EES parametric table was prepared for various amounts of solid 
waste according to the possible variations of solid waste availability in Hambantota district, Sri 
Lanka and considering the syngas yield after the gasification process for relevant solid waste 
combinations of RDF and rice husks.  

Table 18. EES Parametric table for Plant optimization 
Mass flow Rates Syngas yeild Topping 

cycle 
MW 

Bottoming  
Cycle MW 

Plant 
efficiency

% RDF(kg/hr) RH(kg/hr) m3/kgRH m3/kgRDF
500 3000 1.3 1.2 1.298 1.692 21.52
550 3500 1.4 1.205 1.578 1.789 20.99
600 4000 1.5 1.21 1.882 1.885 20.72
650 4500 1.6 1.215 2.211 1.982 20.62
700 5000 1.7 1.22 2.564 2.079 20.64
750 5500 1.8 1.225 2.942 2.176 20.74
800 6000 1.9 1.23 3.345 2.273 20.92
850 6500 2 1.235 3.772 2.369 21.15
900 7000 2.1 1.24 4.224 2.466 21.42
950 7500 2.2 1.245 4.7 2.563 21.72
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Average highest solid waste capacity which is used for mathematical modeling is shown is pink 
colored data set. According to Table 18, the average possible solid waste combination can be 
obtained as RDF 650kg/hr and rice husk is 4500kg/hr. It is shown in green colored data set. 

Hence the capacity of topping cycle is 2.2MW and the capacity of bottoming cycle is 1.9MW. 
The gas turbine is selected according to the availability and suitability. There are some gas 
turbine manufacturers for bio-energy applications found in literature. Steam turbine also selected 
after optimization of the mathematically modeled power plant. 

According the Table 18, it can be seen that the plant efficiency is 20.6% at optimized solid waste 
condition.  And the optimized IGCC power plant capacity is 4.1MW

Below figures show relevant graphs of EES calculations. Those graphs are plotted the efficiency 
plant efficiency, Syngas yield with various fuel quantities. 

Figure 24: Total waste (RDF and RH) production (kg/hr) vs Syngas yield 

Figure 24 shows the Syngas yield from both RDF and RH. The average waste production in 
Hambantota district would be 5700kg/hr 
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Figure 25: Total waste (RDF and RH) production (kg/hr) vs Topping cycle and Bottoming cycle 
�

Figure 25 shows the output conditions of the topping cycle and the bottoming cycle with various 
waste quantities. 

Figure 26: Total waste (RDF and RH) production (kg/hr) vs Topping cycle and Bottoming cycle 
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Figure 26 shows the change of total plant capacity with total waste production. The average 
waste production of the district would be 5700kg/hr.  The estimated plant capacity at that point is 
4.1MW.  

Figure 27: Total waste (RDF and RH) production (kg/hr) vs Plant efficiency 

The Figure 27 shows the plant efficiency variation with several waste quantities. The optimized 
plant efficiency is 20.6% at possible waste production in Hambantota district according to the 
waste data survey.   
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Figure 28: Plant capacity vs Plant efficiency 

Plant efficiency is varied at a similar behavior with the change of input quantities to the system. 
The efficiency of the designed plant is changed between 20.64% - 21.72% according to the input 
waste conditions.  It can be concluded that the designed IGCC plant can be operated at average 
capacity of 4.1MW having plant efficiency around 20.6%.    

4.3. Modeling of the topping cycle 
The capacity of the topping cycle is 2.5MW according to the calculations results in Chapter 03.  
There are several gas turbine manufactures for small scale thermal power applications in the 
World. Kawasaki Heavy Industries (KHI) manufacturing company is reputed as a small thermal 
power plant equipment supplier. So the Kavasaki gas turbine is used for the modeling part of the 
study.  

4.3.1. Kawasaki M1T-13A GPB30 gas turbine  
According the design analysis of topping cycle, it was selected Kawasaki M1T-13A series
GPB30 gas turbine for modeling the topping cycle (gas turbine cycle). Table 18 gives 
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specifications of the gas turbine model. Syngas should properly clean using appropriate cleaning 
techniques before combustion. 

Kawasaki gas turbines are reputed as a small gas turbine manufacturer in the world. Even though 
there are several Chinese gas turbine manufacturers the Kawasaki M1T-13A gas turbine set is 
selected since it is matched with the topping cycle of this model. Kawasaki M1T-13A can be 
used in a wide range of solid or liquid fuels and increases the power output with high efficiencies 
as per mentioned in its specifications. The specification of selected gas turbine is shown in Table 
19. Kawasaki Co-generation system is reputed for small scale Gas turbine application like power 
generation and other industrial applications as well [18].

Table 19. Specification of gas turbine set 
Kawasaki GPB30  
Power output(MW) 2.2 

Fuel 
Natural gas / other gaseous, liquid 
and/or dual fuel options available.

Automatic changeover from primary to 
secondary fuel at any load   
Frequency(Hz) 50/60 
Electrical efficiency/Thermal efficiency 25-30% 
Heat rate(kJ/kWh) 15,030 
Turbine speed(rpm) 17,384  
Exhaust gas flow (kg/s)/Temperature(°C) 11-13/(530-440)  
Approximate package dimension 
(L,W,H) 5.3x1.65x2.35 
Approximate package weight (dry)(kg) 11000 
NOx Emissions (with DLE, corrected to 
15% O2 dry)(ppmV) �25 

�
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Figure 29. Basic dimensions of selected gas turbine set �
Source: Kavasaki heavy industries, Japan�
�

�

Figure 30. Designed topping cycle 
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4.4. Modeling the bottoming cycle 
The main component of the bottoming cycle is the steam turbine. The optimized electrical 
capacity of the steam turbine was 1.9MWaccording to the calculation results in Chapter 03. 
Steam turbine is selected as per the optimized results. Plant operation condition would be 
changed according to the fuel availability, environment condition, grid requirement and other 
related maintenance issues. Therefore the steam turbine is selected compatible with range of load 
variations.  

It was found in the literature, Kawasaki small steam turbines can be operated via a large range of 
power applications. Therefore the Kawasaki RC-20 steam turbine set is selected after 
consideration of specifications. Kawasaki RC-20 steam turbine set has the operating rage 
between 1.6-2.5MW. The Most of Kawasaki steam turbines are below 20MW capacity, a large 
portion of steam turbine production of Kavasaki machineries goes into generation and combined 
cycle use [18].  

Figure 31. Kawasaki RC-20 steam turbine set 
Source: Kavasaki heavy industries, Japan 
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Table 20 shows the general data of the selected steam turbine data for the plant design.  

Table 20. Specifications of Steam Turbine set  
1.6-2.5MW Condensing Kawasaki RC-20 
Rated power output(MW) 2
Inlet Steam pressure(MPa) 1-3
Inlet Steam temperature0C 390
Turbine rotor speed(rpm) 5500
Driving speed(rpm) 1500
Exhaust temperature0C 40.6
Exhaust pressure(MPa 0.0094
Rated steam flow(kg/s) 2.375
Rated steam consumption(kJ/kWh) 5.7

  

4.4.1. Heat recovery steam generator (HRSG) 
The second important part of the bottoming cycle is the HRSG. Heat recovery steam generator is 
comprised of three sections such as economizer, evaporator and super heater. The inlet flue gas 
temperature to the HRSG is round 530 0C at almost atmospheric pressure. The sensible heat in 
the flue gas comes out from the gas turbine exit is directed through the HRSG, where the flue gas 
heat is extracted for steam production.  

Economizer receives water around 20- 30 0C. Economizer and Evaporator increase the energy of 
water and they produce saturated steam in a temperature of 1750C to 2600C. This saturated steam 
is introduced to the super heater and it produces saturated steam at the temperature range of 350 
0C -4000C and pressure at 40bars.  
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Figure 32. Image of Heat Recovery Steam Generator and schematic of Modeled HRSG    
Source: www.gasturbineworld.com 

Figure 33. Designed bottoming cycle �
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Chapter 05

Economical and Environment analysis 
Chapter 05 is confined to economical and environment analysis of the IGCC plant design. 
Economical viability of the project is the key to its sustainability, which is to be ensured prior to 
implementation of the plant design. The economical capability is determined by the factors, 
namely the capital cost of the plant such as construction, equipments and etc and the operational 
cost such as generation cost, maintenance and overheads. However the energy crisis in the 
country increases at an alarming rate especially in the wake of energy demand increases with the 
increasing energy cost, when the fossil fuel is depleting. Therefore any proposal that brings 
benefits from the alternative energy sources should be welcome and research into these areas to 
find out how sustainable the utilization of these energy sources is of major importance. The 
environmental impact consideration is the next challenge when the World is moving towards the 
green energy concept. However there are very good techniques to reduce emissions in the 
gasification industry. As far as some of the installed gasification power plant are concerned, the 
capital cost and operational cost are relatively high, because the MSW separation and processing 
system installation is an external cost and may require labor, which is almost half of the plant 
installation cost. The maintenances cost of the plant, especially of the gasification system, is 
considerably high. Normally gasification system requires a periodic maintenance frequency of 
one in every after 1000 running hours to avoid clogging and reduce long plant outages. To have a 
reliable operation of the plant it is better to have a stand-by gasifier to provide plant redundancy. 
The cost of a sudden outage of the running gasifier is significantly high along with probability of 
occurring of such outage. Therefore, a competent maintenance crew and proper maintenance 
procedures, such as predictive and preventive maintenance should be required and the cost 
involved in such maintenance systems is also important when determining plant cost.        

5.1. CO2 emission reduction 
The biomass IGCC power plant emits only 4.5% of the CO2 produced by the average coal power 
system. This is due to the absorption of CO2 from the power plant by the growing biomass [10]. 
The proposed IGCC power plant at Hambantota district, Sri Lanka is to be powered by 
municipality solid waste gasifies 750kg of RDF and 5000kg of rice husk per hour. Net CO2
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emission from the biomass IGCC system accounts for approximately 67% by weight of all air 
emissions and from the coal system emission of CO2 accounts for 98-99% of the total air 
emissions [10]. In case of biomass IGCC system, CO2 emitted from the power plant is recycled 
back to the biomass as it grows.    

5.2. Environmental analysis 
There are capacities of almost 1500MW thermal power plant installed in Sri Lanka which are 
powered by coal, diesel heavy oil, etc.  It is about1400MW capacity of thermal power plant, 
which are running over 24hrs to cater to the country’s daily demand in dry seasons. It would be 
reduced to 50% in rainy season. The average annual power generation from thermal power is 
around 5000GWh in Sri Lanka.    

5.2.1. CO2 emission Comparisons with fossil fuel emission 
Table 21 shows the average CO2 emissions from thermal power plant powered by various fuels.   
Table 21. CO2 emission from several energy sources.  
Technology Description 

Estimate emission 
(gCO2/kWh) 

Coal T2 Generator without scrubbers 1050
Coal T1 Generator with scrubbers 960
Heavy oil Generators with turbines 778
Diesel Generator with turbines 778
Natural gas Combined Cycles 443
RH and RDF Various 30

Source: http://www.eea.europa.eu 

Annual electric energy generation from thermal power in Sri Lanka is 5000GWh by 2010. Hence 
calculated CO2 emission due to thermal power generation is Sri Lanka is around 4000kTons. 
Presently, there is a 300MW coal power plant in Sri Lanka which was commissioned in last 
August and another 1400MW coal power plant will be installed in near future. Therefore CO2
emission will increase with the increase of industries.  
Theoretical amount of CO2 emission from the mathematically modeled IGCC power plant is 
determined as follows: 
Plant Capacity = 4.1MW 
Estimated plant factor = 45% (Due to maintenance and fuel quality) 



ROYAL INSTITUTE OF TECHNOLOGY, SWEDEN    DSEE 2010  

�

���
Development of a small scale IGCC power plant using solid waste at Hambantota, Sri Lanka Charith Liyanage 840124-P313�
�

Gross annual energy generation = 4.1x8760x0.45=1.6GWh 
CO2 emission from the developed IGCC plant = 1.6GWhx30g/kWhx1000000=48Tons 
If it is a coal power plant and the amount of CO2 emission (1.6GWhx1000g/kWhx1000000) 
from the coal plant is 1600Tons 
The CO2 emission from the developed IGCC power plant is 3% from the coal power plant 
having the same capacity and plant factor. 

5.3. Economical viability of the proposed IGCC plant 
5.3.1. Plant Capital Cost 
Capital cost is basically about the equipment and plant installation cost. The consultation and 
other costs also encountered because the technology is new to Sri Lanka. The capital cost of 
IGCC plant is comparatively high, because the modern IGCC plant are capital intensive and 
newest technologies are used. Some of pilot scale projects are running in several countries under 
the assistance of World Bank. Table 22 show the estimated capital cost of the proposed IGCC 
power plant. Estimation of the capital cost is a big challenge, Hence the capital cost calculations 
were carried out with the literature about installed plant and assistance of the percentages of 
separated costs from the total capital cost. 

 Source: Standard rates from www.indianpowersector.com 

Table 22. Capital costs involved with solid waste WTE plant in US$  

  
Designed IGCC power plant in 

Hambantota, Sri Lanka 
Prefeasibility stage($) 633,000.00 
Gasifier,Gas treatment and consultancy($) 1,531,000.00 
Power generating equipments($) 6,263,000.00 
Total capital cost($) 18,318,800.00 
Total capital cost per kW($) 4,470.00 
Estimated plant factor($) 45% 
Annual Energy generation (kWh) 15768000 
Ceylon Electricity Board  tariff for Bio energy per kWh($) 0.22 
Annual revenue($) 3,469,000.00 
Annual O&M cost($) 865,000.00 
Income after O& M and overheads (Projected to 2020)($) 2,604,000.00 
Gross payback period(years) 8 
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5.3.2. Plant Operational and maintenance cost 
Plant operational and maintenance costs are incurred after constructions of the plant, and it 
consists of salaries and wedges of the staff, maintenance cost and RDF processing cost, waste 
disposal cost and transportation. The operational cost varies with energy source and technologies 
used for energy extraction. Table 23 shows the operating cost to be met with the plant. Even 
though the domestic separation is introduced, it would be needed a second stage separation of 
MSW to obtain RDF which is good enough for gasification. Therefore, it is added a RDF 
Processing cost as an operational cost  

Table 23. Estimated operating costs of solid waste WTE plant in US$  
  

Designed IGCC power plant in 
Hambantota, Sri Lanka 

Overheads ,Administration and 
maintenance ($/ton) 13 
RDF process ($/ton) 8 
Waste disposal cost ($/ton) 13 
Total operating cost ($/ton) 34 

5.3.3. Internal Rate of Return (IRR) analysis  
Net Present Value (NPV) of the cash flow is calculated according to the formulae given below to 
establish the viability of the project from the economical point of view.    

o:& �p M�
�O * q��

<

�rU

NPV= Net Present Value of money 
T= Time period 
Ct= the net cash flow 
r=Interest rate  
The economic analysis is carried out by assuming that the construction works of the power plant 
would be completed by 2020. As mentioned in the Chapter 01, electricity tariff rates shall be 
increased with the increase of the electricity demand. Forecasted electricity tariffs are used to 
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calculate the payback period (The time duration required to recover the capital investment) as 
shown in Table 24. 

Table 24. Forecasted annual income of solid waste WTE plant in US$ 
Year Projected Electricity Tariffs ($) Net Cash Flow($)
2020 0.22     (18,318,800.00)
2021 0.23         2,604,263.00 
2022 0.23         2,604,263.00 
2023 0.23         2,761,943.00 
2024 0.24         2,761,943.00 
2025 0.24         2,761,943.00 
2026 0.25         2,919,623.00 
2027 0.26         2,919,623.00 
2028 0.27         3,077,303.00 
2029 0.28         3,234,983.00 

NPV (Net Percent Value) obtained from the formula by 2029 is 1,767,504.00 US$. 
Calculated Internal Rate of Return of the project is 9%.  

According to the NPV of the project by 2029, it can be justify that project capital will be covered 
within nine year.  Payback period is considerably high since the designed power plant is small in 
its capacity then the annual power generation going to be low compare to a large thermal plant. 
The electricity tariffs to be increased with the industrialization of the country. Forecasted values 
were obtained for future electricity tariffs to recover the gross capital investment of the project. 
Since the country is running lack of power plant to cater to the growing energy demand, earning 
profits from energy projects is not a government objective. The government of Sri Lanka allows 
private power producers to study on renewable energy generation through Sustainable Energy 
Authority, Sri Lanka.     
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Conclusions 
Solid wastes cause severe environmental, social and political problems all over the world. There 
are several solid waste management methods practiced in Sri Lanka. Waste Composting is one of 
the methods. Since 50-65% of solid waste in Sri Lanka is bio-degradable, composting is 
appropriate waste management method. Composting is popular and compost is used as a 
fertilizer. The rest of 30-40% of solid waste is disposed by dumping on lands causing 
environmental pollution. Tones of agricultural waste such as rice husk are burnt in paddy fields 
annually in the district. 

Gasification of waste is a promising technology rather than combusting them which again leads 
to pollution. Chapter 03   proves that gasification technology increases the electrical efficiency of 
the plant compare to direct combustion systems and Chapter 05 proves it reduces significant 
amount of CO2 emissions compare to combustion systems.  

Non-availability of accurate data in the selected area is one of the challenges in the study. 
Chemical compositions, LHV of MSW and rice husk were extracted from literature survey. 

Plant sizing and energy capacity calculations were carried out using relevant equations only, but 
they were not experimentally proved. This study gives a basic idea of the potential and energy 
generation from them of available solid waste in Hambantota District, Sri Lanka. 

Sizing of bubbling fluidized bed gasifier and cyclone is carried out with the use of biomass 
calculations of Advanced Renewable Energy Technology (MJ2412) module in the DSEE 
program.    

Kavasaki GPB30 gas turbine set specifications are matched with the results from the 
calculations. Hence the topping cycle is modeled using Kavasaki GPB30, 2.2MW gas turbine set 
is selected in the study.  

Kavasaki RC20 steam turbine set specifications are also matched with the results from 
calculation. Hence the bottoming cycle is modeled using Kavasaki RC20 condensing type 2MW 
steam turbine set which is selected in the study. Kavasaki thermal power plant solutions are more 
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reputed and these power plant have wide range of capacities especially for small scale thermal 
power plant and bio energy generation as well. 

Although it was intended to simulate the plant, there were difficulties from ASPEN PLUS 
software since it was a trial version.  It is not given more information on input facilities and 
relevant data bases required for the simulation.  

Finding capital budget is difficult to a developing country like Sri Lanka for implementation of 
this kind of new technology since it is high risk because of the instability of the government 
earnings and expenditures. When considering the Sri Lankan national grid it has higher 
percentage of domestic loads compare to developed countries. 32% of the annual power 
generation is for domestic loads and another 30-35% for industrial loads in Sri Lanka [14]. 
Therefore the electricity tariffs cannot be increased as the generation cost because the inability of 
increasing domestic electricity bills and it causes higher pay back periods of new power projects. 
Commercial loads will be increased with the rapid industrialization in the country. However the 
government focuses only to meet the increasing national demand from new power generation 
projects.     

Ceylon Electricity Board, Sri Lanka runs with severe financial crisis due to higher fuel cost for 
thermal power generation due to some issue in energy infrastructure sector such as oil refinery, 
importing high percentage of refined fossil fuels at higher rates and purchasing thermal power 
from private sector at higher rates.       

Environment pollution is big challenge when considering about thermal power generation. Bio 
energy generation is directly affected to reduction of the CO2 emission over other thermal power 
plant powered by Coal, Diesel, Naptha, LNG and heavy oil as analyzed in Chapter 05.  

In addition to the CO2 emission reduction CO2 capturing and sequestration technology is 
introduced in this study, because of the construction of another few coal power plant has been 
plan with a total capacity around 1500MWatts. According to the geological surveys, it has been 
identified the potential of fossil fuel resources in the ocean around Sri Lanka. So the CO2
capturing and sequestration would be a topic which draws attention of many scientists and 
environmentalists in the country in the near future.  
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The economical consideration is carried out with consideration of the cost rates of modern 
thermal power generation in Sri Lanka and using several sources. Since the IGCC technology is 
new to Sri Lanka the exact electricity tariff rates cannot be obtained since it has not been 
implemented particular electricity tariff rates for IGCC by Public Utility Commission, Sri Lanka. 
Therefore the payback period calculations were carried out using the average tariffs for 
renewable energy. 
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Future Research and Expansions
As future expansion of the system, the gasification system can be developed with modern tar 
cracking systems, adding new technology aspects with future rehabilitations for efficiency and 
reliability improvements of the plant. WTE concept can be introduced to the rest of the urbanized 
cities and developed as a proper waste management method.  CO2 capture sequestration 
technologies can be introduced in mass scale to the coal powered IGCC power plant, which can 
be installed in Sri Lanka to cater to the rapidly increasing energy demand. 

Private sector can be motivated to construct gasification power plant which is one of best 
solutions for implementation of the IGCC technology in Sri Lanka. Normally private sector 
power producers are involved with thermal power generation. Some of the private sector 
companies have small hydro power plant but a few wind power plant and solar.  Since bio energy 
is renewable energy and it is sustainable energy solution. Therefore, Private sector power 
producers can be motivated through low interests of bank loans for bio energy projects, 
increasing the electricity tariff, giving the technical knowledge so on.  WTE concept can be 
integrated into the national energy policy of Sri Lanka for sustainability and conduct more 
researches and developments in university and institutional levels for finding more economical 
and environmental friendly techniques for bi energy generation.    

Introducing CO2 capturing and sequestration is another future expansion of thermal power sector 
in Sri Lanka. As found in literature, the CO2 capturing and sequestration is a better solution for 
CO2 problem. This technology can be implemented in future in thermal power projects in large 
scale.  
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Appendix I
Gasification System calculations

    
Capacity of Bubbling Fluidized Bed gasifier 24 MW 
Fuel type Solid waste(RDF and Rice husk) 
Ultimate analysis (dry basis) 
C 37.7
H 5.8
O 37
N 3.3
S 0.2
Ash 16

100
H/C 0.16
O/C 0.99

Approximate analysis  
Gross Calorific value   15 MJ/kg 
VM 59
FC 15.4
Ash 16
VM/FC 3.9
1. Theoretical air needed for combustion 

Airi = 4.76 X 22.7 X( c+h+s-o)/100 
= 3.72 m3n/kg fuel 
2. Fuel Mass flow 

P= mfuel* LHV 

mfuel = 1.60 kg/s 

3. Normal air flow rate = mair

mair =  5.95 m3n/s 

Air density @ 25 1.292 kg/m3

@ 850 0.5707 kg/m3
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Air viscosity @850 0.0000347 Pa.s 
Wind box condition P 1.33 bar 

T 850 c 
Assume ideal gas behavior, 

Density at real condition = 0.526 kg/m3

Air flow rate @850 =   13.47 m3/s 

Density of Solid waste = �fuel 800 kg/m3

Density of sand = �p 2600 kg/m3

Density of air @ 850 = �f 0.571 kg/m3

Porosity of bed = � 0.450
Spherecity =Ø 0.600
Acc. Due to gravity =g 9.800 m/s2

From Figure 12
mean particle size = dp   0.0004 m 

Minimum fluidization velocity Umf

Umf = d2p(�p-�f) g. Ø2.�3

150�f              (1-�) . 

Umf = 0.0323 m/s for sand 
Umf = 0.0144 m/s for fuel 

Terminal velocity Ut

Ut = dp( A/B)1/3 A = 4((�p-�f)2.g2

B= 225�f�f
A/B = 
(A/B)1/3 = 

Ut = 3.34 m/s for sand 
Ut = 2.25 m/s for fuel 

Operating velocity U = 0.95Ut 3.17 m/s 
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Diameter of reactor = dt

Area of reactor = A 4.24 m2

Diameter of reactor = dt   2.32 m 
Minimum Height of the bed 

H           =         1 + 10.978 *P*Q*dp P= (Ufv - Umf)0.937

Hmf                 R*S Q= �.129p
R= Umf.937

S = �f.129

H   =          1.17 
Hmf   

Overall height of the reactor 

Ht = TDH +H H = 2dt = 4.65 
Transport disengagement Height is determined by corelation given. 

from graph, TDH/dt= 2
TDH= 4.65 m 

H= 4.65 m 
Ht = 9.30 m 

Grid design 
Grid pressure loss � 3400 Pa 

mair       = �.Ø2    Uor  = nj(�Øj2/4). Uj
mair =mass flow rate per 
unit area 

n.�f           = 4 
n =no of orifices per 
unit area  

�Porifice= 0.5 �f(Uor2 - Ut2) + �f(Uor2/4 ) 

�Pjet= 0.5 �f(Uj2 - Uor2) + �f(Uj2/4 ) 
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�Pgrid = �Por + �Pj

N= no of holes per unit area = 1/P2
P = pitch & for square hole 
arrangement 

N = 13 P = 0.275

n=  56 nj = 1
Ø = 0.09 Øj = 0.06

mair = 0.42
n.�f

�.Ø2    Uor  = Uor = 66.14
4 
nj(�Øj2/4). Uj =  Uj = 148.82

�Porifice= 1869.25

�Pjet= 8230.93

�Pgrid =  10100.18 Pa 
Cyclone design 
Select 1D2D criteria. 

Bc = Dc/4 Jc = Dc/2 De = Dc/1.6 Sc = 5Dc/8 

Hc = Dc/2 Lc = Dc Zc = 2. Dc

Parameters used 

Gas inlet velocity Uinlet = 25 m/s 
Pressure drop �P = Less than 2.5 kPa 
Cyclone efficiency > 85 % 
Total mas flow = mtotal = mair + mfuel

Assumed gas temperature at cyclone entrance is 850 C and  density equal to air density @ 850. 
mair= 3.40 kg/s 
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mtotal= 5.00 kg/s 
Ne = 1 .(Lc + Zc/2) �Pcyclone = 1 . �f (Uinlet2). Ne

Hc                  2 
Using above relations, 
Ne =  3.00 

�Pcyclone =  535.03 Pa < 2500 
Inlet area Ai = Bc X Hc
 Ai =  0.35 m2
Dc2= 2.80 m2

Summary of system parameters  
Dc= 1.67 m 
Bc= 0.42 m 
Jc= 0.84 m 
De= 1.05 m 
Sc= 1.05 m 
Hc= 0.84 m 
Lc= 1.67 m 
Zc= 3.35 m 
�

�

�

�

�

�

�

�

�

�

�
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Appendix II
Below shows the EES program which is written for plant optimization.     
"Modeling of the Intergrated Gasification Combined Cycle power plant"

"Gasification System"

m_dot_RDF=750[kg/hr] "Mass flow of Reduced Derived Fuel"
m_dot_RH=5000[kg/hr] "Mass flow of Rice Husk"
RDF_LHV=17[MJ/kg] "Lower Heating Value of RDF"
RH_LHV=15[MJ/kg] "Lower Heating Value of Rice husks"
RDF_sygs=1.38[m^3/kg_RDF] "Syngas yeid from RDF"
RH_sygs=1.7[m^3/kg_RH] "Syngas yeid from RH"
Sygs_LHV_RDF=8.4[MJ/m^3] "Syngas LHV from RDF"
Sygs_LHV_RH=3.5[MJ/m^3] "Syngas LHV from RH"
C_P_sygs=1.488[kJ/kg.K] "Spesific heat of syngas"
rho_sygs=0.65[kg/m^3] "Density of syngas"
V_sygs=1/rho_sygs "Volume of syngas"
T_sy1=850[C] "Syngas leaving temperature"
T_sy2=150[C] "Syngas inlet temperature to GT"
eta_HE=0.7 "Efficiency of heat exchanger"

E_RDF=m_dot_RDF*RDF_LHV/3600 "Energy in the RDF"
E_RH=m_dot_RH*RH_LHV/3600 "Energy in the Rice husk"

E_SW=E_RDF+E_RH "Energy input from Solid waste"

E_sygs_RDF=RDF_sygs*Sygs_LHV_RDF*m_dot_RDF/3600   "Energy in the syngas produced by RDF"
E_sygs_RH=RH_sygs*Sygs_LHV_RH*m_dot_RH/3600              "Energy in the syngas produced by RH"

E_sygs=E_sygs_RDF+E_sygs_RH "Total energy available in produced gas"

m_dot_sygs=rho_sygs*V_sygs*(m_dot_RDF+m_dot_RH)/3600 "Syngas production from gasification of 
solid waste "

E_HE1=m_dot_sygs*C_P_sygs*(T_sy1-T_sy2)*eta_HE /1000     "Sensible Heat extracted from syngas 
by Produced gas heat exchanger"

E_HE2=(E_RDF+E_RH)*0.02*eta_HE "Sensible Heat extracted from ash by waste heat 
exchanger or fuel drying purpose"

"Topping Cycle"

eta_GT=0.25 "Efficiency of the gas turbine"
Q_rate_GT=4[KJ/kW] "Heat rate of the Gas turbine"
E_GT=(E_sygs_RDF+E_sygs_RH)*eta_GT "Capacity of the Gas turbine"

"Bottoming Cycle"

m_dot_GT=12.15[kg/s]  "Exhaust flow rate of gas turbine"
C_p_flue=1.1[kJ/kg.K] "Spesific heat of flue gas"
T_g1=441[C] "Temperature of flue gas at GT out"
T_g2=140[C] "Temperature of flue gas after HRSG"
eta_ST=0.55 "Efficiency of the Steam turbine"
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eta_HRSG=0.65 "Efficiency of the HRSG"

E_HRSG=m_dot_GT*C_p_flue*(T_g1-T_g2)*eta_HRSG/1000   "Steam production from HRSG"

E_ST=((E_HRSG+E_HE1)* eta_ST )  "Capacity of the ST"
"Plant electrical capacity and electrical efficiency"

P_IN=E_SW "Power input to the gasification system"
P_OUT=E_GT+E_ST+E_HE2 "Elecrical power out put from the model"

eta_IGCC = (P_OUT/P_IN)*100 "overall electrical efficiency of the IGCC" 

�

�

�

�

�
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