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                                                            Abstract  
 
 
 
The objective of this thesis is to Design and Optimize the Integrated Plasma Gasification 

Combined Cycle utilizing Municipal Solid Waste as fuel in Tiruchirappalli, India. The research was 

intended to focus on the necessary factors in developing a Municipal solid waste plant in 

cogeneration technique. The study was segregated into three areas, Fuel characteristics, 

Technology, Economics. The characteristics of the waste were studied for its suitability as a fuel 

by subjecting it to proximity analysis, moisture analysis. Dependent on the fuel test the suitable 

technology was analysed. From the fuel analysis Plasma Gasification technology was designed and 

optimized for disposal of solid waste since it negates the problem of emissions due to incineration 

of solid waste. The second part was design and optimization of Cogeneration combined cycle 

power plant and the integration with the plasma gasification furnace. The final part of the study 

focused on the procedure for setting up a power plant in India and economics of the energy on its 

sale as electricity and steam generation. 
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1. Introduction: 

 

This field study is a combination of sustainable energy production and waste management. This study 

will provide a foundation provide a foundation for understanding the different conditions that are 

necessary when planning for an incineration plant in Trichy. The work falls into four separate 

categories; situation in Trichy, technology, law system and economics. 

 

An effect of economic development is the increase of solid wastes in India. The most common 

method of waste disposal today is open landfills. However, like many other countries India is turning 

towards other methods of disposal. One of these methods is waste incineration with energy recovery 

with an aim to reduce waste volumes as well as power generation. In India the disposal waste is done 

by landfills there no proper system existing for the collection and disposal of the waste. The 

government is looking for the waste disposal technologies and preliminary stage of setting up a waste 

management system throughout the country. This would means that foreign partnership in planning 

and running different types of incineration plants is a possibility. 

 

Trichy, with a population of 0.9million is one of India's industrial cities situated in State of Tamilnadu. 

Municipal, industrial and hazardous wastes are taken care of independently according to law. 

Although there are treatment facilities for some hazardous waste, the most common method for all 

three waste types is landfills. The corporation has set up manure manufacturing facility which handles 

20% of the solid waste daily generated. However, there is a plan on building municipal waste 

incineration plants so that by the year 2020, with the target of 50 percent of the waste should be 

incinerated with energy recovery. 

 

Technologies for waste to energy 

 

1. Landfills: waste in landfills is anaerobically digested breaking down of cellulose in an oxygen-

deprived environment). This process emits biogas, which is composed carbon dioxide (CO2), 

methane (CH4). The methane can be converted to renewable natural gas or used for heat or 

electricity generation on site. However to give significant disadvantage is the requirement of land 

area. 

 

 

 

 

 



2. Thermal technologies 

  -Gasification (synthetic fuels) 

  -Thermal depolymerisation  

  -Pyrolysis (produces combustible tar/bio-oil and chars) 

  -Plasma gasification process (PGP)-produces rich syngas  

3. Non-thermal technologies: 

  -Anaerobic digestion (Biogas rich in methane) 

  -Fermentation production 

  -Mechanical biological treatment (MBT) 

           -MBT + Anaerobic digestion 

           -MBT to Refuse derived fuel 

 

2. Objectives  

 

1.  Feasibility study 

The objective of the project was to carry out the for a waste incineration plant with combined 

heat and power in Tiruchirappalli, India. The research was intended to focus on the necessary 

factors in developing a Municipal solid waste plant in cogeneration technique. The study was 

segregated into three areas, Fuel characteristics, Technology, Economics. The characteristics of 

the waste were studied for its suitability as a fuel by subjecting it to proximity analysis, moisture 

analysis. Dependent on the fuel test the suitable technology was analysed. The final part of the 

study focused on the economics of the energy on its sale as electricity and steam generation. 

 

2. Gasification process 

The objective of this project is to optimize the process modelling of Municipal Solid Waste 

gasification using Plasma Gasification for power generation in Trichy, India. The research is the 

extension of the feasibility study and the results from the study were used for the design of the 

plasma furnace.  

 

 

3. Solid Waste of Trichy 

Municipal Solid Waste in Trichy 

Municipal solid waste (MSW) consists of all waste produced in an area except Medical waste. 

With a population of 0.9 million people, Trichy city annually produces 0.18 million tons of 

municipal waste. This is about 500 tons per day. The MSW that is produced every day is also 

disposed of every day. A working collection and transportation system exists in the city which 

involves small trucks, compressor trucks, garbage cans, compression truck containers, moving 



containers with compressors for areas difficult to reach and containers in residential areas. These 

are collected daily and the garbage is either transported directly to a treatment plant or landfill or 

indirectly through a transfer station before transported to a treatment plant or landfill. Today the 

collection, transport and treatment of waste are the responsibility of the municipality. The heat 

value has a trend of increasing when the population becomes wealthier.  

The amount of municipal waste produced increases also with the prosperity of the people living 

in the area. For example, if food waste is sorted out of the MSW, the heat value will increase, and 

vice versa if paper and plastic is sorted out.  In India the MSW sorting is not done by the people, 

by carrying out an awareness program the government is insisting the people the sort out the 

waste generated. There is an unofficial sorting by scavengers or regular people who sort through 

the waste in the waste bins.  

 

Characteristics of Waste as Fuel 

The key characteristics of waste as a fuel are water content, calorific value, and burnable content. 

According to the World Bank, the calorific value for waste for incineration should be greater 

than 6MJ/kg. The water content for municipal solid waste should be under 60% to be able to 

sustain an incineration without additional fuel.  A problem with waste is that it is produced all 

the time, so unless the storing capacity is enormous the incineration needs to be running all year 

around.  

 

Method 

This study has been conducted using two different methods; literature studies and interviews. A 

literature study was conducted on the topic of Swedish waste incineration technology as a 

complement to the research studies to become well informed on how the different parts of an 

incineration plant work together. Information on the Swedish law system concerning waste and 

waste incineration was found by means of literature studies. Information on the Indian laws and 

regulations were received in oral format by means of interviews. Interviews were conducted in 

Trichy with local government body for information on the waste situation in Trichy as well as 

laws and regulations. 

 

In this study we have investigated the necessary conditions for building an Incineration plant in 

Trichy. 

a. The city of Trichy is solely chosen for this investigation because being the industrial city 

it generates the heterogeneous waste where the Heating value of the waste will increase 

due to the presence of the industrial waste which has high energy content. 

b. Laws studied will focuses on the waste and waste management. 

c. An introduction to the topic of district heating and district cooling has been given, 



            Since using combined heat and power production increases the efficiency of solid 

            Waste incineration. 

d. The overall waste situation of Trichy with focus on municipal solid waste has been 

studied. Industrial and hazardous waste has been studied to get the alternative solution 

for the waste incernation find other forms of solid wastes that may be co-incinerated 

with the municipal solid waste. 

e. Only the solid waste situation in Trichy has been investigated. This is because solid waste 

is the best source of fuel for waste incineration. 

 

4. Methodologies 

4.1 Feed stock characteristics 

This study has been conducted using two different methods; literature studies and interviews. A 

literature study was conducted on the topic of Swedish waste incineration technology as a 

complement to the research studies to become well informed on how the different parts of an 

incineration plant work together. Information on the Swedish law system concerning waste and 

waste incineration was found by means of literature studies. Information on the Indian laws and 

regulations were received in oral format by means of interviews. Interviews were conducted in 

Trichy with local government body for information on the waste situation in Trichy as well as 

laws and regulations. 

In this study we have investigated the necessary conditions for building an Incineration plant in 

Trichy. 

1. The city of Trichy is solely chosen for this investigation because being the industrial city it 

generates the heterogeneous waste where the Heating value of the waste will increase due to the 

presence of the industrial waste which has high energy content. 

 

2. Laws studied will focuses on the waste and waste management. 

 

3. An introduction to the topic of district heating and district cooling has been given             

since using combined heat and power production increases the efficiency of solid Waste 

incineration. 

 

4. The overall waste situation of Trichy with focus on municipal solid waste has been studied. 

Industrial and hazardous waste has been studied to get the alternative solution for the waste 

incernation find other forms of solid wastes that may be co-incinerated with the municipal solid 

waste. 

 



5. Only the solid waste situation in Trichy has been investigated. This is because solid waste is 

the best source of fuel for waste incineration. 

 

MSW Composition in Trichy 

The amount of municipal waste in Trichy is 0.18 million tons per year or 500 tons per day, as 

mentioned above. The municipal waste in Wuhan has a higher calorific value between 12-16 

MJ/kg. In Sweden the heat value of the municipal waste varies between 8-15MJ/kg. The water 

content is 20-25% of the MSW in Trichy. 

The waste being heterogeneous in nature which consists of municipal solid waste. The 

characteristics nature of the compound was determined by Thermogravitative analysis (TGA). 

The problem lies in the precipitation. I.e. being in the tropical climate the MSW moisture content 

varies from as low as 6% in summer to high as 45% in monsoon season. This requires storage 

bunker system to let the excess water to drip out. Water dripping rate was carried out in the lab, 

results in decreasing the moisture content by 5 % improving the heat value by 1%. 

                        

 

   Figure 1: Physical composition of Solid Waste in Trichy 

   

Landfills: 

Disposal of Solid waste, Methods of Today 

Throughout the world main method of waste management is landfills only developed countries 

utilized the mass incineration technique for the waste disposal. In Trichy the present 

management is only landfills. The corporation has step up a Bio manure manufacturing facilities 

utilizing the organic components of the MSW still rejects the inorganic waste back to the 

landfills. The city has two transfer stations at Srirangam and Annanagar and a compost yard at 

Ariyamanagalam. The compost yard is about 47.6 acres and is adequate to meet the long term 

demands.  

 

50%

20%

10%

9%

6%

4% 1%

Composition of MSW

Organic materials

Inorganic

Plastic

Paper

Fiber

Wood waste

Metal and glass



 

 

 

                            

 

 

Figure 2: Location of Municipal Solid waste in Trichy 

 

4.2. Model of Gasifier 

Plasma Gasification process 

 

Plasma gasification process decomposes MSW in an oxygen-deficient to the basic molecules of 

CO, H2 and H2O. The gasification process decomposes the organic reacts with the oxygen in an 

exothermic reaction and the inorganic present are decomposed to a vitrified slag. The main 

advantage of the plasma assisted gasification is it eliminates the presence of tar present in the syn-

gas and it is suitable for any kind of waste. Any kind of feedstock, other than nuclear waste, can 

be directly processed. The gas jet from the plasma torch reaches temperatures up to 5,000°C. The 

potential main advantages of plasma gasification, as compared to conventional WTE plants, are 

the reduction in flue gas flow rate, has lower start-up and shut down times. The main disadvantage 

of the process is its high capital investment, require highly skilled labour. 

 

PGM Gasification Process is divided into four process 

1. Drying 

2. Pyrolysis 

3. Char Gasification 

4. Plasma Melting 

Trichy compost yard 

Total capacity: 3 Million MT 

Present capacity: 1 Million MT 

 

Incineration unit for medical 

waste 

Bio manure 

Facility 



 

The syngas produced (synthetic gas) is a mixture of hydrogen (H2) and carbon monoxide 

(CO). It can be used as a fuel in a gas turbine or engine, or used to make chemicals or bio-oils. 

For an efficient gasification reaction, heating rate should be slow. The Plasma gasification 

process is divided into four stages the wet MSW is subjected to drying. The dried MSW is fed 

into the updraft gasifier where the pyrolysis takes places and the syn-gas is produced. The 

complex carbon and the inorganic compounds are subjected to the gasification and the melting 

region where the homogenous slag is produced.  

 

For the gasification of solid fuels such as MSW, the fuel characteristics of the MSW has to be 

studied. The fuel is subjected to  

1.  Approximate analysis: fixed carbon, volatile carbon, total sulphur, and moisture 

Content. 

 

2.  Ultimate analysis: Composition of the raw materials (C, H, O, N, S, and 

H2O) 

The following are the gasification process takes place in the gasifier. 

1) C + O2 -> CO2 -393 kJ/mol (exothermic) 

2) C + H2O -> CO + H2 +131 kJ/mol (endothermic) 

3) C + CO2 -> 2.CO +172 kJ/mol (endothermic) 

4) C + 2H2 -> CH4 -74 kJ/mol (exothermic) 

5) CO + H20 -> CO2+ H2 (exothermic) 

 

6) CO + 3H2 -> CH4 + H2O -205 kJ/mol (exothermic) 



 

Plasma Gasification process- Pyroarc 

Company-Scan arc Plasma Technologies AB 

The PYROARC Concept 

 

The PYROARC process is designed as a two-stage process. Solid waste material is fed into the 

updraft gasifier to gasify the organic part for the syngas generation and to decompose the fixed 

carbon and inorganic material to produce a homogenous slag. The oxidised syngas is fed into the 

pyro generator for the breakdown of the tar present in the syngas. The syngas is fed into the reactor 

for the gasification, decomposition and smelting are optimised and the presence of tar in the syn 

gas is in trace amount.  

 

 

                                       Figure 3:  Pyroarc Gasification Furnace [20]. 

 

Advantages of the Gasifier: 

- High thermal efficiency 

- Highly efficient heat exchanger 

- All the material is gasified or completely melted 

 

The raw material is fed in the gasifier through a lock hopper system. Preheated air is fed through 

the lower part of the shaft in the counter current mode with the incoming feed.  

From reaction point of view the shaft can be divided in four zones: The drying zone, Pyrolysis 

zone, gasification and combustion zone and Melting zone. The heat energy generated from the 

partial combustion increase the temperature in this zone to 1450-1550C. All the inorganic material 



melts and form a homogeneous slag at this temperature. The waste materials are relatively high in 

silica, has good leaching resistant properties.  

Metals behave differently in this zone which can be exemplified by the following metals. 

- Metals with lower affinity to oxygen are deposited in a molten metal pool. 

- Higher affinity metals like Al, Ti, Mg Ca) are oxidised and collected from the slag. 

- zinc and lead are evaporated from the gasifier with the gas. 

 

Plasma Gasification Process 

This chapter discusses about the design and optimization of the Pyroarc gas pilot plant. This 

gasifier is a plasma gasification based technology. The plasma torch is used to destruct the primary 

tar and secondary tar present in the Syngas after gasification process. In this case following analyses 

are carried out to understand the fuel characteristics. 

                                                         1. Proximate analysis 

                                                         2. Ultimate analysis 

 

From the proximate and ultimate analysis the carbon and hydrogen content of the fuel were 

analysed, which affects the final heating value and quality of the gas. The ultimate analysis was 

carried out to determine the energy and mass balance. From proximate analysis two vital factors 

were considered since it affects the operation of gasifier.1. Ash content- presence of high amount 

of ash will have direct impact on the quality of the syngas and leads to high energy losses in 

operational mode of gasifier. Another major problem of ash will result in amalgamations of inert 

materials may lead to blockages of the gasifier. 2. Moisture content- Another vital factor which 

affects the syngas quality, so drying the fuel before the gasifier feed will significantly increase the 

quality of the gasifier. Based on the fuel analysis, the gasifier process model is designed and 

optimized. Process modelling is a vital tool helps in a design of the thermal energy flow. This 

modelling ensures the proper design of gasifier is obtained by ensuring the energy and mass 

balance. 

Fuel characteristics procedure 

           A description of the procedure for determination of each analysis. 

Moisture: 

The solid wastes are multiphase materials. The determination of the composition is difficult due 

to its heterogeneous nature of the waste. The samples were collected by implementing coning and 

Quartering method. The determination of the moisture content is vital since the product gas 

quality varies based on the moisture content.  

 

Following are the procedure to determine the moisture content: 



The collected samples were quartered and each sample of .1 g were segregated and weighed. The 

samples were placed in the crucible and placed in the furnace for one hour subjected to 600 C. 

The burnt fuel after test is allowed to cool for one hour in a moisture less container. 

The sample is weighed after it is cooled. 

                Moisture= (wt. of sample before test-wt. of sample after test)/wt. of sample before test 

 

 

 

                                       Figure 4: Plasma gasification process flow sheet 

Drying: 

In the dry section, the wet MSW is fed into the heat exchanger and is heated by the hot syngas and 

segregated into dry MSW and steam. The energy balance of the heat exchanger is described. 

 

∑ 𝑚𝑖𝑖 ∫ 𝐶𝑝,𝑖 𝑑𝑇
𝑇𝑠𝑦𝑛𝑔𝑎𝑠−𝑖𝑛

𝑇𝑠𝑦𝑛𝑔𝑎𝑠−𝑜𝑢𝑡
=  𝑚𝑀𝑆𝑊−𝑑𝑟𝑦 ∫ 𝐶𝑝,𝑀𝑆𝑊−𝑑𝑟𝑦

𝑀𝑆𝑊−𝑜𝑢𝑡

𝑇𝑀𝑆𝑊−𝑖𝑛
𝑑𝑇 +

                                                                                                                       𝑚𝑠𝑦𝑛𝑔𝑎𝑠 (∫ 𝐶𝑝
𝑇𝑀𝑆𝑊−𝑜𝑢𝑡

𝑇𝑀𝑆𝑊−𝑖𝑛
𝑑𝑇)  

 

 

The average temperature of the dried MSW at dryer is 120 C considering the heat gradient of the 

MSW material. 



 

Pyrolysis: 

 

The MSW is divided into two main groups: organic fractions and plastic fractions. In this model 

pyrolysis of the waste material are simulated separately. The pyrolysis sections is divided into two 

sections, the yield of the syngas and the generation and cracking of Primary tar. For simplification 

except methane all other tar are considered as ethane. No literature is found for the composition 

of the secondary tar. The composition of the syngas is regulated by the controlling the pyrolysis 

temperature. The composition if the secondary tar is considered to be benzene. 

 

Char gasification and combustion: 

 

Char from the pyrolysis comes in contact with the gasification agent the heated primary air in the 

combustion and gasification section. The flow of the char and the gasification agent takes place in 

the counter current flow mode and the temperature in the region reaches up to 900 C. 

Introductions of the additional mass and energy will affects the reactor mass balance. The Gibbs 

free energy theory is applied in this sections.  

  

Melting: 

 

The inorganic material in the MSW is melted to from a homogenous slag with the incoming char. 

The temperature range in this region is around 1450-1500 C due to the heat energy generated from 

the partial combustion. The composition of the inorganic material is assumed based on the MSW 

composition. 

 

Operational Parameters: 

 

In this study, two dimensionless parameters are used to characterize the operating parameters of 

the reactor. The gasification to optimize is primarily the air gasification. 

 

Plasma energy ratio (PER) 

The high temperature plasma air injections is the significant aspects of the plasma gasification 

process. The plasma supplies the sensible heat for the gasification process. In this way plasma 

influences the nature of the production of the syngas, temperature profile of the reactor. The main 

purpose of the plasma is it breaks down the tar content in the gas and the inorganic material are 

smelted to form a homogenous slag.  

 



 

                  Plasma Energy Ratio (PER) 

                          PER= 
Pplasma

LHVMSWMMSW
 

Equivalence Ratio (ER) 

The equivalence ratio is used to determine the combustion characteristics in the gasification 

process. In the gasification process, the energy need to heat up the feedstock is the partial 

combustion of the char in the reaction. The equivalence ratio for the gasifier is around 0.3 – 0.5. 

The effects of the equivalence has both positive and negative impacts. The higher the equivalence 

ratio provides more heat by combustion which is beneficial for both syngas yield and LHV value 

of the syngas. Higher the ER ratio means higher combustion, which will reduce the quantity of 

syngas generation.                  

                           ER= (Mair/MMSW)/(Mair/MMSW) 
Stio

 

 

 

2. Modelling of Power Plant 

The important aspect of a Municipal Solid Waste incineration plant is to burn waste. The system 

will produce heat other than generating electricity. Around the world the mass incineration unit 

which generates Electricity operates with the efficiency of 16 %. But with the introduction of 

Combine cycle plants the potential of the system to operate at an efficiency of around 36-40 %. 

From the fuel analysis the Solid waste in Trichy has the potential to act as a fuel for power 

generation.   

 

Case study 1: Incineration Plant 

The figure below shows the overview of a stoke type Incineration power plant. The following are 

the process in the power plant. The waste is first crushed and pulverized to form a homogenous 

waste. The waste is fed into the conveyer system that leads to the furnace system. The boiler is a 

water tube boiler where the flue gases from the furnace heats the boiler tubes where the steam is 

generated. This flue gases passes through the economizer and superheater for the superheating of 

the steam. The steam is superheated to 400℃. The superheater steam drives the turbine for the 

power generation and cooled by the condenser and the process again continues. The rest from the 

furnace is the bottom ash and the fly ash which is treated into the cleaning system and they are 

used as the construction materials. The flue gases are subjected to the flue gas treatment system 

before being flown out to the atmosphere. The main product of the incineration unit is power and 

steam. The efficiency of the plant for the power generation is around 16% whereas if the power is 

operated as the combine cycle by utilizing the hot steam the efficiency of the system improves to 

around 36-40 %.  



For fluidized bed combustion the waste has to be pre-treated mechanically to prevent large 

fragments into the combustor. The small fragments are then burnt in a bubbling or circulating 

bed. MSW has some special properties compared to other more conventional fuels like coal which 

make MSW combustion problematic. Due to low LHV of MSW, this requires very large volumes 

to be burnt to achieve the same power than with conventional fuels. To achieve higher superheated 

steam temperatures and to better efficiency MSW incineration is increasingly integrated in 

combined cycle power plants (see figure below). Such a plant will usually be divided in a waste 

treatment island in a power island. This is done to so the different regulation for waste treatment 

and energy production can be applied more easily. 

 

 

 

 

Figure 5: Mass burn waste-to-energy facility- typical cross section and ash streams [18]. 

 

From MSW to Power 

The Solid waste of Trichy is having higher calorific value of around 10-14 MJ/Kg. There two 

possibility of utilizing the fuel one is generation of electricity at the efficiency of 16%. This 

section will consider about the possibility of utilizing the heat power from the condenser for the 

steam production which could be used for the steam application in the industries. The estimated 

potential of the power generation and the combined heat and power calculation are found in the 

appendix. The calculations are done for three different techniques for the utilization of the 

energy.  

1) Power production  

2) Combined cycle power generation with Natural gas. 



 

The system of the three techniques was designed and optimized using the Aspen system.  

The model was designed in the Aspen basic MSW cycle and optimized and the combined cycle 

power plant was designed and optimized utilizing the Natural gas as fuel. 

 

 

                   Figure 6: Modelling and process diagram of the MSW basic cycle of 50 MW capacity 

 

Methodologies:  

Case study: Combined cycle and MSW fired steam cycle     

The System is adopted for the cogeneration technique apart from the incineration of the waste 

the plant operates at 28% of efficiency but with the introduction of the Cogeneration technique 

the plant efficiency can be increased to 46%. The cogeneration fuel in this case is Natural gas 

which is available in the kaveri basin near to Trichy. In this system fully fired hybrid cycle with 

superheating partly by gas turbine exhaust technique was adopted to design and optimize the 

cycle. Fully fired hybrid cycle with superheating “partly” by natural gas turbine exhaust and to 

compare it to conventional MSW fired steam cycle and to a conventional natural gas fired 

combined cycle. But before we look more deeply in the Integration of MSW firing into a 

combined cycle in this chapter a short description of these two conventional cycles is done and 

the differences to the hybrid cycle are highlighted.  

 



In a conventional natural gas combined cycle the exhaust gases of the gas turbine are used to 

power the bottoming steam cycle. Usually no supplementary firing is done in the HRSG as it is 

lowers the efficiency. Combined cycles are the thermal power plants with the highest overall 

efficiency (up to 60%). Typically the gas turbine accounts for two thirds of the total power output 

and the steam cycle for the remaining third. The exhaust temperatures of the gas turbine are well 

suited for a steam cycle as they reach temperatures of around 600°C.  

                     

Figure 7: Simplified chart of a straightforward (unfired) Gas Turbine Combined Cycle [Petrov 

2003]. 

 

A simple Waste-to-energy MSW steam cycle plant is fundamentally different. Due to corrosion 

problems and the low heating value no high quality superheated steam can be produced. This limits 

the efficiency to very low values. A combination of these two cycles allows MSW to be used fuel 

while achieving good steam parameters. In these hybrid cycles through the MSW firing more steam 

can be produced and the ratio of power produced by the steam turbine compared to the gas turbine 

increases when compared with a conventional combined cycle. The overall electric efficiency will 

be lower than that of a combined cycle, however this is not a fair comparison as MSW has a hardly 

any monetary value compared to natural gas and has to be disposed of in some way anyways.  

 



 

 

Figure 8: Modelling diagram of fully fired hybrid cycle with superheating partly by gas turbine     

exhaust   

 

.  

Background 

The scientific community has come to an agreement of the rise in global temperature are due to 

the greenhouse emissions such as co2. Even though many advanced technologies has evolved 

for the emission controls from power plant it is far from achieving the desired emission control 

system. The most adopted method of the disposal of the solid waste is by combustion. The 

combustion of the waste has disadvantage since it cannot work beyond the 400 C constraints 

due to the emissions of furans and its corrosive nature in the boiler.  

The Waste integrated plasma gasification cogeneration cycle (WIPGCC) has the potential to 

enhance the waste solid use since it can substantially provide the viable solution of safe disposal 

of the waste and the energy extraction for the power production. Whereas the conventional 

waste incineration Rankine-power plant plants have the efficiency of around 20- 25 %. WIPGCC 

are expected to achieve efficiencies around 45 to 47% with the introduction of the supercritical 

power configuration. Power production from solid waste can be obtained through the mass 

incineration process. This report will focus on the integration of the plasma gasification 

generated Syn-gas as cogeneration cycle for power generation. The detailed description of steam 

cycle are discussed. 

Overview  



A schematic of the mass incineration solid waste power plant is shown. The solid waste collected 

will be dried from the exhaust gas from the boiler before being fed into the boiler. The dried 

waste will be mixed with the flame and the preheated air. The combustion flue gas from the 

incineration are used for the heating of the water for the superheated steam. The flue gas 

generated from the waste combustion is highly toxic in nature and it is subjected to the gas 

cleaning system. The flue gas subjected to the desulphurization unit for the removal of the 

sulphuric acid from the flue gas before fed into the atmosphere. The major concern with the 

incineration of the waste is the presence of corrosive acid from the incineration.  

 

 

Figure 9: schematic diagram of a power plant[22] 

Rankine cycle 

                          

Figure 10: Flow Diagram of Ideal Rankine Cycle                         T-S Diagram of Ideal Rankine 

Cycle (Moran and Shapiro, 2006)      



 

The T-S diagram of an ideal Rankine cycle is shown above. From 3-4 the boiler feed water is 

pumped isentropically before the being fed into the boiler. From 4-1 the water is subject to 

evaporation the where the water is evaporated and converted to a superheated steam. From 1-2 

the superheated steam is isentropically expanded in the turbine. The steam quality is maintained 

above 80% inorder to avoid the stress on the turbine blades and erosion due to presence of the 

satureted steam. The efficiency of the ideak rankine cycle is in the range of 18 to 23%. 

Improvements on Rankine cycle 

 

Figure 11: T-S diagram of a superheated cycle [21] 

 

 

The vital work of the reheat cycle is to remove the moisture from the steam after the expansion 

process. In general power cycle three turbines work in tandem for the power production. The 

superheated steam from the boiler undergoes expansion in High pressure turbine and the steam 

is subjected to HP reheater to increase the temperature of the steam to superheat temperature at 

reduced pressure, which in turn is fed into the Intermediate and Low pressure turbine for 

expansion by doing so the steam parameters in the system is enhanced. From the H-S diagram 

by introducing the reheating mechanism the amount of energy available for the expansion 

increases in turn leads to increase in energy production. The reheating prevents from the 

condensation of vapour and thereby reducing the risk of erosion in turbine blades.   

Regenerative Rankine cycle 



In improving the cycle efficiency the steam expanded from the condenser is in the sub-cooled 

state. The heating the sub-cooled to the superheating parameters will require high amount of 

energy leads to increase in fuel consumption. The concept of bleed steam is introduced in the 

Rankine cycle. The bleed steam in extracted from the turbine is sent to the feed water to preheat 

the condenser water before being feed into the boiler. The regenerative cycle effectively enhance 

the cycle efficiency by reducing the additional heat required from the fuel. 

Losses in condensation plant 

The thermal power losses of a coal fired power plant with 40% thermal efficiency. The major 

part of the losses is due to the thermal efficiency of the steam cycle. The waste heat is removed 

from the condenser from using cooling water. The following diagram explains the losses in the 

thermal power plant. Losses through radiation from flue gas constitutes for 6%. The losses from 

the mechanical and electrical losses of the turbine and the generator constitutes for 1%. The 

auxiliary power required for the operation of the plant is around 9%. The auxiliary systems 

includes feed water pump, cooling water pumps, coal handling unit, transformer losses, primary 

draft fans. 

 

 

Figure 12: Energy transformation or conversion, circulation and efficiency in a steam power 

plant (Spliethoff, 2010) 



                         

Performance of condensation plant 

Expansion work 

                  

                                    𝑊𝑇 = 𝑚𝑠[ℎ1 − ℎ2] 

The desired output of the turbine can be calculated from the following equation. The equation 

determines the amount of flow rate of steam required for the estimated turbine output. In more 

advanced power plants the bleed stream or extraction of the steam is used to heat the feed water. 

This system improves the efficiency of the cycle by reducing the amount of fuel for the heating 

the feed water. The following equation is used to calculate the amount of extraction. 

                              𝑊𝑇 = 𝑚1[ℎ1 − ℎ2] + (𝑚1 − 𝑚2)[ℎ2 − ℎ3] 

With the generalized equation for the n, number of extraction, the work of the turbine 

𝑊𝑇 = 𝑚1[ℎ1 − ℎ2]

+ ∑ [(ℎ2,𝑖 − ℎ2𝑖+1) (𝑚 − ∑ 𝑚2,𝑘

𝑘

𝑥=1

)] + (ℎ2,𝑛 − ℎ3) (𝑚1 − ∑ 𝑚2,𝑘

2

𝑥=1

)
𝑛−1

𝑖=1
 

 

 

Boiler Efficiency 

The boiler efficiency can be calculated from the amount of fuel required. Lower heating value of 

the fuel and the amount of steam produced change in enthalpy of feed water to steam. 

Amount of energy required for the boiler, Q=𝑚𝑓(𝐿𝐻𝑉𝑓) 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑏𝑜𝑖𝑙𝑒𝑟, 𝜂 =
𝑚𝑠Δℎ𝑠

𝑚𝑓(𝐿𝐻𝑉𝑓)
 

𝑚𝑠 − 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑠𝑡𝑒𝑎𝑚 



𝑚𝑓 − 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑓𝑢𝑒𝑙 

                                               Δℎ𝑠 − 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 

𝐿𝐻𝑉𝑓 − 𝑐𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑢𝑒𝑙 

In general the combustion of the fuel takes place in three cases1. Lean combustion2. 

Stoichiometric combustion 3. Rich combustion. The simulation is tested on stoichiometric and 

rich combustion.  

                             𝑂2,𝑒𝑥𝑐𝑒𝑠𝑠 =
𝑚𝑂2,𝑎𝑖𝑟

𝑚𝑂2,𝑠𝑡𝑖𝑜

 

Mechanical losses: 

Turbines and generates with the rotation component subject to have a mechanical and isentropic 

losses. So the mechanical efficiency and isentropic efficiency are included to consider the losses 

in the rotating components. 

Therefore the work output of the power plant 

 

                                         𝑊𝑒𝑙𝑒𝑐 =
𝑚

𝜂𝑖𝑠𝜂𝑚𝑒𝑐ℎ
(ℎ2 − ℎ1) 

                                                 m, flow rate of steam 

                                                𝜂𝑖𝑠 − 𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

                                               𝜂𝑚𝑒𝑐ℎ − 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

 

Thermal efficiency of the power plant 

The net power output of the power plant considers the losses from rotating components, boiler 

efficiency, electrical efficiency and power consumption from the auxiliary system. 

𝑊𝑝 = 𝜂𝑔𝑒𝑛𝜂𝑚𝑒𝑐ℎ𝜂𝑎𝑢𝑥 ∑ 𝑊𝑇 − ∑ 𝑊𝐹 − ∑ 𝑊𝑝 

                                                         𝑊𝑇 − 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑜𝑢𝑡𝑝𝑢𝑡 

 

                                                       𝑊𝐹 − 𝑓𝑎𝑛 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 



                                                       𝑊𝑝 − 𝑝𝑢𝑚𝑝 𝑜𝑢𝑡𝑝𝑢𝑡 

The thermal efficiency of the cycle is calculated from 

                                                      𝜂𝑡ℎ =
𝑊𝑝

𝑄𝑏
 

                                                              𝑄𝑏 − 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑏𝑜𝑖𝑙𝑒𝑟 

                                                             𝑄𝑏 =  𝑚𝑓(𝐿𝐻𝑉𝑓) 

 

Calculations of heat loads: 

Economiser design: 

An economics is sets of tubes arranged where the feed water is passed before entering the boiler. 

Due to the temperature difference between the economiser and boiler steam the heat transfer is 

more efficient than in the connection surfaces of the boiler.     

Heat load of the economiser can be calculated by  

                                       𝑄𝑒𝑐𝑜 = 𝑚𝑤(ℎ𝑒𝑐𝑜2
− ℎ𝑒𝑐𝑜1

)                                                

                                                           𝑚𝑤 − 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑓𝑒𝑒𝑑𝑤𝑎𝑡𝑒𝑟 

                                                           ℎ𝑒𝑐𝑜1
− 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑎𝑓𝑡𝑒𝑟 𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑠𝑒𝑟 

                                                         ℎ𝑒𝑐𝑜2
− 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑏𝑒𝑓𝑜𝑟𝑒 𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑠𝑒𝑟 

 

Air preheater design: 

Air preheater design is similar to the convective heat transfer in the boiler. In the heat exchanger 

the flue gas flow inside the tubes and the air flow horizontally. The size of the tubes are larger 

than the tubes in super-heater. The horizontal cross section of the heat exchange is calculated 

accordingly to the size of the tubes. In general the flow velocity of the flue gas is in the range of 

10-14 m/s. heat load of the air preheater can be calculated by 

                                           𝑄𝐴𝑃𝐻 = 𝑚𝑓
𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙
(ℎ𝐴𝑃𝐻2 − ℎ𝐴𝑃𝐻1) 

Superheater: 



The Superheater is a heat exchanger that superheat the saturated steam to the varying high 

temperature and the steam quality is nearby X=1. The Superheater increases the enthalpy of the 

steam so that the energy available for the expansion increases.  

The saturated steam from the boiler is treated with the flue gas using parallel level headers. There 

are different types of superheater surfaces, they are radiation superheaters and convective 

superheaters. 

Heat load of the 1st stage 

                                     𝑄𝑠ℎ1 = 𝑚𝑠(ℎ𝑠ℎ2 − ℎ2) 

                                                       ℎ2 − 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑎𝑓𝑡𝑒𝑟 𝑑𝑟𝑢𝑚 

                                                      ℎ𝑠ℎ2 − 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑎𝑓𝑡𝑒𝑟 1𝑠𝑡 𝑠𝑡𝑎𝑔𝑒 𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑒𝑟 

Heat load of the 2nd stage 

                                     𝑄𝑠ℎ2 = 𝑚𝑠(ℎ𝑠ℎ3 − ℎ𝑠ℎ2) 

                                                      ℎ𝑠ℎ2 − 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑎𝑓𝑡𝑒𝑟 1𝑠𝑡 𝑠𝑡𝑎𝑔𝑒 𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑒𝑟 

                                                     ℎ𝑠ℎ3 − 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑎𝑓𝑡𝑒𝑟 2𝑛𝑑 𝑠𝑡𝑎𝑔𝑒 𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑒𝑟 

Furnace design: 

The vital parameters in the furnace design are height, width and configuration, i.e. type of the 

fuel. The fuel and vaporization efficiency defines the size of the furnace. 

                                Furnace mass balance is given by 

                            𝑚𝑓𝑔 = 𝑚𝑎𝑖𝑟 + ∑ 𝑚𝑓𝑖 − 𝑚𝑎𝑠ℎ + 𝑚𝑠𝑜𝑜𝑡,𝑏 

                                               𝑚𝑎𝑠ℎ − 𝑠𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑓𝑢𝑒𝑙 𝑠𝑡𝑟𝑒𝑎𝑚𝑠 𝑖𝑛 𝑏𝑜𝑖𝑙𝑒𝑟 

                                              𝑚𝑠𝑜𝑜𝑡,𝑏 − 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑜𝑡 𝑏𝑙𝑜𝑤𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚 

Fuel type effect on furnace size and temperature 

Fuel is the vital aspect of a large industrial steam generator. The furnace size, type and size of 

recovery equipment are all fuel dependent. Furnace outlet temperature depends on the ash 

content in the fuel. If the temperature is too high it leads to build up of ash in the walls and 

tubes which is corrosive in nature. 

Following are the factors affect the furnace outlet temperature 



- Ash characteristics 

- Desired superheating temperature 

- Superheater material 

 

Figure: Furnace outlet temperature for different boilers. 

 

Objectives: 

- Technical feasibility of Hybrid combined cycle configurations 

- Syn-gas as bottoming cycle fuels. 

- Configurations of cold condensing mode and CHP mode. 

- Evaluations of efficiency advantages. 

 

This thesis work focuses on modelling, simulation and analysis of cogeneration combined cycles 

with gas turbine as topping cycle. The simulation was focused on the combined heat and power. 

The configuration of the topping and bottoming cycle power output ratio. Electrical efficiency of 

the different configuration are investigated. Each configuration is optimized for 1. High electrical 

efficiency2. Highest total efficiency in combined heat and power mode. 3. Effect of different 

superheater temperature on the electrical efficiency of the system. 4. Comparison of the different 

configuration based on electrical efficiency. 

4.4. Simulation cases: 

1. Plasma Gasification Modelling: 

                       The aim of this model is to optimize the Pyroarc furnace to attain high cold gas 

efficiency and to study the parameters of Equivalence ratio. The fuel properties were modelled 

according to proximate and ultimate analysis. A first step is the drying process which is designed 

as a heat exchanger where the hot syngas is used to dry the solid waste before being fed into the 

gasifier. Cyclone separator block were used to segregate the dried solid waste and the moisture.  



In next process the dried fuel is fed into the pyrolysis process. This process modelled as an Rstioc 

reactor since the stoichiometric reactions were defined for the process. The model is subjected to 

be designed for pyrolysis temperature of 750 C, since the process is a High temperature air 

gasification process. As next step is char combustion and gasification process where the char which 

is assumed to be pure carbon is treated with the gasifying medium is modelled by RGibbs reactor, 

which is based on the Gibbs free energy theory. This theory applied since the process is a high 

temperature reaction. 

                          Gibbs free energy 

                                                  G=H-TS 

 

                                                            G- Gibbs free energy 

                                                            H- Enthalpy 

                                                            T- Temperature 

                                                            S- Entropy  

                                           𝐻 = ∆𝐻𝑓,298
∗ + ∫ 𝐶𝑝𝑑𝑇

𝑇

298
 

 

                                       S (T) = ∆𝑆𝑓,298
∗ + ∫ 𝐶𝑝𝑑𝑇

𝑇

298
 

 

After the char combustion and gasification process 2% of pure carbon is left which is subjected 

to Ash melting chamber modelled by Rstioc reactor since ash is considered as inert.  

 



 

                                    Figure 12: Schematic diagram of a plasma gasifier 

                  

   

 

 

 

 

 

 

 

 

 

 



Model Specification: 

 

Fuel composition: 

Fuel composition 

  Wood Sludge 

Ultimate analysis     

ASH 0.54 33.63 

CARBON 50.63 26.4 

HYDROGEN 6.07 6.02 

NITROGEN 0.1 0.14 

CHLORINE 0 0 

SULFUR 0 1.31 

OXYGEN 42.67 32.5 

      

Proximate analysis Wood Sludge 

MOISTURE 0 0 

FC 14.9 0 

VM 84.56 66.37 

ASH 0.54 33.63 

BLOCK 

ASPEN 

COMPONENT BRIEF DESCRIPTION 

Drier Heat exchanger drying from moisture from solid waste 

Separator 

Cyclone 

separator separates moisture from dried solid waste 

Primary pyrolysis Rstioc 

Production of syngas, carbon, primary tar as predicted 

by the equilibrium 

Separator Flash separator Amount of char from syngas is separated 

Secondary pyrolysis Rstioc Tar cracking in the Rstioc reactor 

Char combustor Rgibbs 

Vital part of char gasification where products 

prediction is based on Gibbs free energy theory 

ASH melting Rstioc Slag is burned to form homogenous ash 



     

                           Figure 13:  Design of Plasma Gasification furnace 

 

 

Simulation model assumptions: 

 

Simulation case assumption 

Fuel mass flow rate 889Kg/hr 

Moisture 30% 

Pyrolysis temp 700 C 

Pressure 1 bar 

Primary air Temperature 528 C 

Equivalence ratio 0.19 

 

 

Under these conditions the gasifier is relatively auto thermal. 

 



2. Power Plant Modelling: 

Development of Hybrid cogeneration cycles 

The cycle differs as Hybrid cogeneration cycles are the one which produces the power from two 

different fuels and utilises the heat from the other cycle. The general term in hybrid cycles are 

divide into two cycles. Topping cycle TC and Bottoming cycle BC. The term topping cycle 

signifies the power cycle system that operates at high temperatures and the exhaust heat is 

utilized by the other cycle. The perfect example is Gas turbine cycle which operates at very 

temperature range of 1500 C and releases the exhaust temp in the range of 700 C.  

The term bottoming cycle refers to the system which extracts the energy from the exhaust of the 

topping cycle for power production. The example of the bottoming cycle is the HRSG system 

which generates steam from the energy of the exhaust of the topping cycle which in turn 

generates power from the steam turbine expansion. 

 

Figure 14: Simplified schematic of the fully-fired hybrid combined cycle 

The term supplementary firing represents additional firing with similar fuel in HRSG. 

Supplementary firing in the HRSG with similar fuel for the topping cycle is common practice in 

order to increase the steam parameters of the bottoming cycle which in turn in enhances the 

cycle efficiency. The above figure is an example for the supplementary firing. In supplementary 

firing if the fuel is different from the topping cycle fuel than the configuration is called dual fuel 

hybrid cycle. Two basic configurations of dual fuel combined cycle are 

1. Fully fired combined cycle, where the topping cycle exhaust supplies the energy for the 

bottoming cycle for the steam generation. 



2. Parallel powered combined cycle where the topping cycle exhaust is utilized to heat the feed 

water for the bottoming cycle, along with different fuel firing for the bottoming cycle. 

Simulation procedures: 

The design of the power plant are performed in Aspen Utilities planner and Aspen plus 

software. The heat and mass balance in all configurations are .001 %. Auxiliary power 

consumption, Thermal losses, boiler blow-down, mechanical and electrical losses are considered. 

The Gas turbine model were designed with variable configurations with 563 C exhaust 

temperature in Aspen utilities which is far from real time cases., so the modelling of the gas 

turbine was considered from the Aspen plus design model. 

Thesis work is divided in to three sections. 

- Major work of simulations and analysis focuses on the syngas fired bottoming cycle, 

where topping cycle is fired by Natural gas. 

- The analysis focuses on the optimization of three different configuration based cycle. 

Three major configurations 

1. Subcritical 

2. Supercritical 

3. Ultra critical 

- The work focuses about the comparison of the thermal efficiency vs steam parameters of 

three configurations. 

Boiler: 

A boiler converts the chemical energy into heat energy which is transferred to a working fluid. 

The built in model is available in the Aspen utilities where the steam parameters has to be fixed. 

Boiler calculates the fuel and power required given the efficiency, pressure parameters are fixed. 

The disadvantage of this model, the furnace of the boiler cannot be modelled as the syngas temp 

varies from 200-1000 C, which has impact on the boiler heat input. In order to validate the 

utilities model. To improve the performance of the furnace is modelled in Aspen plus. In the 

first model the stoichiometric amount of air is mixed with the syngas to model the primary firing 

zone and the heat exchangers of economizers, evaporator and superheater are modelled. 



 

Figure 15: Gas fired boiler 

Heat exchangers: 

Heat exchangers in the Integrated gasification cogeneration cycle (IGCC), of feed water, heat 

exchangers are defined from the respective model available from utilities planner. Compressor, 

pump are simulated using the predefined pump block in the utilities planner. The efficiency of 

the pump should be output parameter. The steam turbine modelling can be done using the 

multistage turbine model available in the Aspen utilities planner. 

Power plant performance 

In order to develop the power plant model the process is designed and optimized in Aspen 

utilities planner. The steam and plant parameters from the real time case of the power plant 

operation. Mainly three types of power plant are developed. 

1. Basic Rankine steam cycle 

2. Parallel powered hybrid cycle with superheating partly by GT exhaust 

3. Parallel powered with parallel steam generation and preheating the Air and Feed water 

preheating by flue gas from the gas fired boiler. 

1. Subcritical 

2. Supercritical 



 

 

 

3. Ultra critical 

 

 

 

                                        Figure 16: Designed gas-fired combined cycle Model 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 17: Fully gas fired combined cycle with superheating partly done by the gas turbine 

exhaust  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 Simulation Specification 

Gas fired boiler 

Efficiency 87% 

Flue gas recirculation 7% 

SH Pressure 250 bar 

SH temperature 625 C 

Primary Air Fan power 1.147 MW 

Steam generation 27.1148 KG/s 

Cycle efficiency 51.50% 

 

Gas turbine-25 MW 

Steam turbine- 28 MW 

 

Gas Turbine 

Compressor Isentropic Efficiency 0.82 

Compressor Mechanical Efficiency 0.96 

Combustor temperature 1500 C 

Pressure ratio 01:16 

GT exhaust temperature 563 C 

 

Steam Turbine  

HP isentropic Efficiency 0.96 

IP Isentropic Efficiency 0.96 

LP isentropic Efficiency 0.9 



Generator Mechanical Efficiency 0.98 

 

Heat Exchangers  

Pinch Point temperature 25-30 C 

Pressure drop 1 bar 

Inlet cooling water 25 C 

Outlet cooling water 30 C 

 

 

Steam cycle 

Feed water tank 8.6 bar 

HP ST inlet pressure 250 bar 

IP ST inlet pressure 100 bar 

LP  ST inlet pressure 40 bar 

Condenser Pressure 

.0732 

bar 

Auxiliary equipment efficiency 0.96 

 

 

 

 

 

 

 

 

 

 

 

 

 



11.1. Diagram of a Power plant 

 

Figure 18: Schematic diagram of Integrated Plasma Gasification Combined Cycle. 

 

5. Results: 

1. Fuel Characteristics: 

Results of the Fuel Analysis: 

The Fuel analysis of the Municipal Solid Waste (MSW) was carried out to study the feasibility of 

the waste to act as a fuel for energy recovery. The analysis was carried out in following methods. 

1. Moisture analysis 

2. Calorific analysis 

3. Proximity analysis 

Trichy being the tropical country the precipitation rate is on the higher side. The region receives 

an average annual rainfall is around 900 mm. Due to this the moisture content in the solid waste 

is tend to vary in the seasons. From the physical compositions analysis organic waste contribute 

to the moisture content and with the rainfall the moisture content in the waste becomes a serious 

problem of utilizing the waste as fuel. For this the waste was collected in three samples by 

quartering method. Three samples of Fresh sample, 2 months old and 4 months old were 



collected and were subjected to moisture analysis. The moisture content in the fuel was varying 

from 8 % to 36 % with the fresh sample had the higher moisture content.  

 

                     

 

Figure 19: Moisture analysis of the Solid Waste for the samples 

Calorific Analysis: 

The three samples were subjected to the calorific analysis were the Lower heating value of the 

sample varies from 9 MJ/Kg to 15 MJ/Kg. The varying trend was noticed in all three samples 

were old sample was contributing with higher LHV value and lower moisture content. The main 

reason behind the higher LHV value of older sample due to the hot atmospheric conditions of 

the area were the moisture is lost in the period of time. The Annual average temperature in 

Trichy is around 33℃.  

                              

Figure 20: Moisture Analysis of the Samples 
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Proximity Analysis 

The sample was subjected to proximity analysis to determine the carbon and volatile matter in 

the Solid waste. Two samples were taken and the proximate analysis was carried out to determine 

the volatile matter and the ash content in the solid waste. The following are the results. 

Proximate analysis 

Contents Sample 1 Sample 2 

Moisture content % 4,04 5 

Volatile matter % 60 56,84 

Ash content % 7,89 2,434 

Fixed carbon % 28,07 35,73 

 

Fixed carbon is the carbon remaining on surface as charcoal. From the two samples the fixed 

carbon amount present is in the range of 25-38 %. The higher the percent of the fixed carbon 

longer the detention time required for the complete combustion of the sample  

Table also shows that the percentage of the ash content is less than the 10 % in the samples. The 

volatile matter in the sample is around 60 % percent due to the presence of the plastics, and the 

organic matter. The main concern in this is the segregation of the metals which contribute to the 

high percent of the fixed carbon.  

 

 

Results from Gasifier Model: 

Under the simulation conditions the following are the Volume basis of Syn-gas. 

                                                               Syn-gas composition 

Volume  % 

  Wet Dry 

  H2O 9.901508 0 

  CO 24.71448 27.43356 

  CH4 0.033139 0.036785 

  CO2 21.16438 23.49288 

  H2 2.493393 2.767715 

  NH3 0.002787 0.003094 

  N2 41.19977 45.73255 

  O2 1.92E-18 2.14E-18 

  C 0 0 



  S 0 0 

  H2S 0.481801 0.534809 

  HCL 0 0 

  CL2 0 0 

  C2H4 6.22E-08 6.9E-08 

 

 

 

 

The following are the syngas composition of volume basis at different Equivalence ratio. 

 

 

 

 

 

 

 

 

 

Equivalence ratio vs Molar basis 

 

ER 0.21 0.23 0.25 0.3 

  H2O 10.29011 11.05981 11.08907 12.29868 

  CO 24.25119 23.53144 21.5206 19.608 

  CH4 0.013532 0.002687 0.000578 2.42E-05 

  CO2 20.4543 19.44101 17.59563 16.27199 

  H2 2.365308 2.151426 1.847724 1.452432 

  NH3 0.002211 0.001454 0.000929 0.00039 

  N2 41.87357 43.41781 42.38448 45.27601 

  O2 1.07E-17 2.32E-16 3.49E-15 1.08E-12 

  C 0 0 0 0 

  S 0 0 0 0 

  H2S 0.469839 0.452408 0.412231 0.377509 

  HCL 0 0 0 0 

  CL2 0 0 0 0 

  C2H4 2.25E-08 3.56E-09 6.2E-10 1.61E-11 



                          

                                        Figure 21: Equivalence ratio vs Molar basis of gasifier 

The effect of gasifying medium on composition of syn-gas is shown above.  Figure represents the 

distribution of syn-gas, as the equivalence ratio is increased, production of CO2 and water is 

increased. 

 

          

                                  Following are the reactions takes place  

       

                                              𝐻2 + 1
2⁄ 𝑂2 → 𝐻2𝑂 

 

                                              2𝐶𝑂 + 𝑂2 → 2𝐶𝑂2 

 

 

 

 

 

 

Equivalence ratio vs Lower Heating Value 

 



                         

                                          Figure 21: Syngas LHV value vs Equivalence ratio 

 

Figure above shows the LHV value of syn gas variable Equivalence ratio. As discussed before with 

increase in CO2 and water due to increase in equivalence ratio has direct impact on the LHV value 

of syngas. Decrease in calorific value for increase in ER is due to increase in production of CO2 

and water. 

                      

                                  Figure 22: Cold Gas efficiency vs Equivalence ratio 

Figure above shows cold gas efficiency distribution to the varying equivalence ratio. It’s attributed 

to the increase in production of CO and H2. 
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           Temperature in the gasifier does not have a considerable effect on the composition of Syn-

gas. A principle reaction that determines syngas composition is Water Gas Shift reaction and 

boudouard reaction, 

 

                                                             𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2                    − 41 𝑀𝐽/𝐾𝑚𝑜𝑙 

 

                                                            𝐶 + 𝐶𝑂2 ↔ 2𝐶𝑂                                  +  172 𝑀𝐽/𝐾𝑚𝑜𝑙 

 

The efficiency of the gasifier will decrease if the temperature of the gasifier is reduced as it is 

necessary to generate enough heat to sustain the pyrolysis reaction. The temperature of the 

gasification is about 1000 C. Major reactions in the gasification process is  

 

       Partial oxidation                         𝐶 + 1
2⁄ 𝑂2 ↔ 𝐶𝑂                                − 111 𝑀𝐽/𝐾𝑚𝑜𝑙                     

 

      Total oxidation                            𝐶 + 𝑂2 →  𝐶𝑂2                                      + 393.8 𝑀𝐽/𝐾𝑚𝑜𝑙  

 

                    

                            Figure 23: Gasification Temperature vs Molar basis 

 

As the equivalence ratio decreases the quality of the gas increases attributed to the decomposition 

of tar, since the tar cracking and steam reforming reactions are more favourable at higher 

temperatures. In accordance with Le Chatelier’s principle higher the temperature, favours the 

reactants in exothermic reactions, so the water gas shift reaction shifts towards left for more 

production of carbon monoxide in expense of  𝐻2.  

 

                                                        𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2                             + 131.3 𝑀𝐽/𝐾𝑚𝑜𝑙 
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                                                        𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2                      + 206 𝑀𝐽/𝐾𝑚𝑜𝑙  

 

Following reactions are favoured at higher temperature since endothermic reactions are favoured 

at high temperatures. As the figure above shows as the temperature increases production of Co 

and H2 increases since at high temperatures carbon dissociation reaction is favoured. Followed by 

methane decomposition reaction is favoured leads to decrease in the calorific values of Syn-gas.  

 

Results from Combined cycle simulation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Process integration: 

Superheat pressure integration: 

Parallel powered preheating of air by GT exhaust 

Ultra Critical specification Optimized results 

MSW Fuel I/P 15.14 Kg/s 

MSW calorific value 5 MJ/Kg 

NG Fuel I/P 1.533 kg/s 

NG Calorific value 49.1 MJ/kg 

Power O/P 

25 MW-GT 

28.84 MW- LP ST 

8.22 MW IP ST 

9.91 MW HP ST 

     

Condenser duty 61.364 MW 

Pump power 17.5 KW 

Boiler feed pump 1.2 MW 

Boiler LP 4 stages  

Pressure  

P1 8.6 bar 

P2 2.9 bar 

P3 1.2 bar 

P4 0.2 bar 

Mass extractions kg/s 

m1 2.572 

m2 4.245 

m3 0.333 

pass out steam 26.583 



The simulation focuses on the steam parameters of the power plant, the configuration was 

designed for three parameters1. Subcritical 2. Supercritical 3. Ultra critical. Following are the 

steam parameters configured in the design and the increase in efficiency is observed. The 

efficiency of the power plant reached as high as 48 % for the ultra-critical pressure parameters 

since the increase in pressure increase the enthalpy of the steam. Which in turn increases the 

energy available for expansion in power plant.  

Superheat pressure vs 

Efficiency 

Bar Efficiency 

175 44.86 

190 45.506 

195 45.719 

200 45.92 

230 47.02 

240 47.36 

250 47.69 

 

   

                                     

                                           Figure 24: Boiler pressure vs Thermal Efficiency 
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The design is analysed for the superheat temperature of the steam generated from the boiler. The 

increase in the superheat temperature increases the enthalpy of the steam generated for the 

expansion. The configuration is analysed for the temperature for 550 C to 625 C from the 

efficiency of improved from 41 % to 42 %.                

 

               

 

                              

       

 

 

                                  

                                    Figure 25: Superheat steam temperature vs Thermal efficiency 

Feed water temperature analysis: 

The work focuses on the temperature analysis of the feed water. The hat losses of the thermal 

power plant mainly occurs on the condenser, feed water and flue gas energy. The utilization of 

the flue gas is used to superheat the steam generated from the boiler. In this configuration the 

flue gas and the gas turbine exhaust were combined for pre-heating of the primary air and the 

feed water. The improvement in the efficiency of the power plant was increased from 38.6 % to 

40.63 % from utilization of the flue gas energy. 
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Superheat temperature vs Efficiency 

Temperature C Efficiency 

550 40.9 

570 41.05 

580 41.1 

625 41.3 



Feed water temperature vs efficiency 

Feed water temperature, C Efficiency 

200 38.6 

240 39.23 

260 39.603 

280 39.93 

300 40.32 

310 40.63 

  

                              

                              Figure 26: Heat exchanger temperature vs Thermal efficiency 
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                              Figure 27: Feed water temperature vs thermal efficiency 

Power plant Simulation Results 

 

Simulation results from , GT+Syngas 

Configuration 

GT share of Total 

power 

P-GT 

(MW) 

P-ST 

(MW) 

Superheat, 

C Efficiency,% 

Fuel flow 

Syngas, 

Kg/s 

Fuel flow 

NG ,Kg/s 

Syn-gas fired boiler 

Subcritical 0 0 50 500 34.6 36.4 0 

Supercritical 0 0 50 580 36.76 36.76 0 

Ultra critical 0 0 50 625 38.139 32.774 0 

Fully fired cycle with superheating partly in GT exhaust 

Subcritical 46.30% 25 28.91 500 40.54 13.26 5.591 

Supercritical 48.03% 25 27.04 580 41.67 13.1 5.591 

Ultra critical 45% 25 31.71 625 42.03 14.926 5.591 

Parallel powered cycle with superheating partly in GT exhaust 

Ultra critical 34.73% 25 46.974 625 49.2 15.14 1.533 
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The Reference: Power Generation 

 

 The principle schematic diagram of an Incineration plant for power generation. The values are 

the reference from industry. The calculations of the power generation and efficiency are 

calculated in appendix. 

 

 

                            

                   Figure 28: A reference outline of an incineration plant for Power generation 

 

 

Power generation estimation: 

                      

                      Contents 

Power generated 

(MW) 

Annual power generation 

(GWh ) for 8000 hrs 

Power generation          10-16              80-128  

Power generation in 

Back pressure mode 

         10.38 

         47 

            83 

            376 

Hybrid cycle in 

Electricity mode 

         50             400  

Hybrid cycle in Back 

pressure mode 

         50 

         57.625 

           400 

           461 

 

 

 

 



6. Law System 

 

Waste management in India is still in a developing stage the country lacks in the proper solid 

waste management system and laws implemented. So far the waste collected is processed in form 

of Landfills and there are no existing guidelines in disposing the waste. In order to setup an 

Incineration plant there is no existing policy guidelines developed by the government. We 

adopted the laws and the policy guidelines developed for the Setting of Thermal Power plant. 

The highest Authority for setting up a project in India is the Government of India and the State 

Government. For starting a project the process is in two stages. First the proposal of the project 

with the technologies and Local authority from the State government. There are sixty five 

clearances required to setup a power plant in India. The following are the clearances required for 

the power plant. 

 

15.1 Policy Guidelines for Thermal Power plants: 

All the Thermal Power Projects require Environmental clearances from the Ministry of 

Environment and Forest (MoEF), Government of India. Based on the pollution potential, the 

projects are categorized into category A and Category B.  

 

 

 Category A: All TPP development projects that are 

- 500 MW (coal/lignite/naphtha and gas based) 

- 50 MW (Pet-coke diesel and all other fuels including refinery residual oil waste 

except biomass) 

- 20 MW (based on biomass or non-hazardous municipal solid waste as fuel) 

 

 

Category B: All TPP developmental projects that has 

-  500 MW (coal/lignite/naphtha and gas based)  

-  50 MW or ≥ 5 MW (Pet coke, diesel and all other fuels including refinery 

Residual oil waste except biomass) 

- 20 MW > 15 MW (based on biomass or non-hazardous municipal solid waste 

as fuel). 

 

 



 

 

Figure 32: Clearences required for Thermal power Project in India 

 

 

 



 

 

Figure 33: EIA guidelines for the Projects in Category A [19]. 

 

 



 

 

Figure 34: EIA guidelines for the Projects in Category B[19]. 

 

 

 

 



Public Hearing 

 

After the EIA Study the report submitted to the local public for their opinion on the project for 

the Environmental impacts. The public hearing is not the final authority in decision making for 

the project.  All Category A and Category B projects require public hearing except the following: 

- Industrial estates and SEZ and EPZ which has been given Environmental 

clearance. 

- Expansion of roads and Highways, which do not involve land acquisition. 

- All Category B projects. 

 

Appraisal 

 

Appraisal, detailed scrutiny by the Economic Advisory Council or SEAC of the application and 

final EIA report, including the outcome of the public consultation. The EAC will recommend 

and advise the Central government for the project development. The EAC will further scrutinize 

the report in terms of ToR at the scoping in the EIA report and the concerns expressed in the 

public hearing. The EAC will prepare a report for the central government on the decision of the 

approval for the project development. 

 

Emission standards: 

The environmental standards in India are set up by the Central Pollution Control Board. The 

following are the emission standards for the Thermal Power Plants in India. Since there is no 

incineration systems in India the emission standards of the Thermal power plants were 

considered. [1] 

 



 

 

Figure 35: Emission standards for Thermal power plants in India [7] 

 

 

 

Flue gas Treatment 

 

The significant disadvantage of the Waste incineration plant is the toxic flue gas from the 

combustion of the solid waste. The Solid waste emissions are to be treated to meet the guidelines 

emission standards. The cost of the flue gas treatment is around 20% of the total equipment cost 

of the power plant. Generally the flue gas treatment combines various cleaning process for 

individual pollutants, the individual cleaning systems are adopted around the world. The main 

emissions from the waste incinerations are  

1. acid gases,  

2. dioxin  

3.  Fly ash 

4.  NOx emission  



Except NOx which is generated due to the combustion with air. The flue gas emissions are 

better cleaned using the individual emission cleaning systems. Following are the process 

employed for the gas cleaning, wet scrubbing is the most efficient process in separation of the 

acid gases from the flue gases. 

 Wet scrubbing 

 Spray absorption / drying 

 Conditioned dry adsorption 

 Dry absorption  

1)  

 

                       Figure 36: Flue gas treatment system for the incineration plant [10]. 

NOx emission  

The NOx is generated in the combustion of the solid waste with air at the temperature of around 

400℃. NOx emissions removal are performed by employing of selective non-catalytic reduction 

(SNCR) already at the end of the firing system or by a selective catalytic reduction (SCR) process 

downstream the acid gas removal stage. 

 

 SNCR 

 SCR   



Selective catalytic reduction (SCR) 

This technique is the process of converting Nitrogen oxides to diatomic nitrogen and water with 

adding of catalyst to the flue gas stream and the catalyst being urea, Aqueous Ammonia. The SCR 

is operated in the temperature range of 160 ℃ to 260℃. Ammonia hydroxide is used as the catalyst 

added in the downstream of the flue gas. The system has the NOx emission of around 95%.  

Selective non-catalytic reduction (SNCR) 

Is a process to reduce NOx emissions in the thermal power plants using coal, waste and 

biomass. The Ammonia is injected into the flue gas stream at the temperature of around 1000 C. 

The Resultant product is molecular Nitrogen, Carbon dioxide and Water. The main disadvantage 

of the system is that the NOx reduction level efficiency is around 40% compared to the Selective 

Catalytic Reduction. 

Heavy metals and PCDD/PCDF removal 

The metals in the solid waste will be incinerated at very high combustion temperature in the 

furnace, which later condenses settles with the dust particles which can be separated by the bag 

filters. The formation of the mercury whole new problem because it forms chloride particle of 

the salt. In order to separate the mercury from the furnace Sodium sulphate is sprayed in the flue 

gases stream to form inert mercury sulfide. The sulfide is removed in a downstream by a 

particulate filter.  

The separation of dioxins and furans can be separated by using following technologies. 

 Entrained flow adsorption 

 Activated carbon fixed bed technology 

Activated carbon reactor (ACR) 

ACR removes almost all remaining particulates, dioxides of sulfur, Hydrochloride and the 

organic pollutants. The reactor is filled with pure granular activated carbon. Acids and organic 

pollutants are absorbed in the inner surface of the carbon, and further collected by the surface 

filtration. 

 

Economics 

For the Waste incineration plant there is no specific guidelines for the Solid waste collection. At 

present Solid Waste Management system, the corporation collects10 Rs/household/month. The 

economic estimates were made with the reference of Thermal power plant.  

Cost of Electricity (Selling) by the Electricity producer = 2.5 Rs/kWh  

Cost of MSW collection/Kg from the city = 0.32 Rs/Kg  



Tax collected/captia = 10 Rs/month  

Cost of the Thermal power project in India = 0.96 Million $ / MW  

For 50 MW unit = 0.96*50 = 48 million US$.  

Revenue from the power generation = 19.23 million US$/yr.  

Payback period = Initial investment/revenue  

                          = 48/19.23 = 3 years 

 

7. Conclusion: 

Suitability of MSW as fuel 

In Trichy the heating value of the fuel is 10-16 MJ/Kg and moisture is in range as low as 10% to 

32%. This requires storage bunker system to let the excess water to drip out. Water dripping rate 

was carried out in the lab, results in decreasing the moisture content by 5 % improving the heat 

value by 1%. The solid waste is an excellent source of fuel for the incineration plant. The 

ultimate analysis results shows the amount of alkaline and the sulphur content in the waste is 

negligible which eliminates the generation of alkaline and sulphur dioxides in the flue gas 

emissions. 

 

Possible Technique for Waste Incineration with Energy Recovery 

 

The characteristics of the fuel, and the output products out of the incineration are vital in 

deciding the suitable technology for an incineration. The emissions standards for the plant has 

greater impact in deciding the technology. The combustion chamber of the furnace is decided by 

how homogenous the waste is. The moisture content of the waste is around 20% average and a 

stoke grate furnace would be an efficient solution for an incineration plant. As the results from 

the simulation it is economically viable to operate both the basic steam cycle as well as the 

combined cycle as the efficiency of the systems are around 28% and 42% efficiency.   

 

8. Future work 

The thesis work has shown the design and optimization of the Plasma integrated combined cycle 

and the efficiency improvements for the optimized power generation. The thesis has shown the 

design and the optimization method for the plasma gasification furnace for the production of 

high quality syngas. The results from the gasifier design projects the important of the plasma 

temperature and its impacts in the tar cracking of the syngas. The report has shown the 

integration of the heat exchangers and changes in the steam parameters of the plant increases the 



efficiency of the power plant, furthermore it increases the energy available for the power 

available in the turbine.  

The integrated designs in this report enhances the complexity of the system, would lead to the 

high capital costs of the power plant. Further research should carried out to properly estimate 

the cost and operability issues which arise with the integration projects suggested in this report.  

 

                 The main short comings of the thesis work is heat distribution in the gasifier, the 

future work should focuses on the heat analysis of the gasifier and design of the gasifier in terms 

of the real time applications. Another main short comings in terms of the power plant design 

should involve the CFD analysis of the gas fired boiler using Syngas as fuel. In design of the 

power plant the fuel of the syngas is at temperature of 1000 C but in Aspen Utilities the fuel is 

assumed to be at ambient conditions which is far from the reality of the power plant analysis. 
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10. Appendix 

 

Calculations 

 

Calculations have been done for Available Steam power, Conventional Power generation, Power 

generation using Combined Heat and Power. The estimates were calculated based on the values 

from Trichy. 

 

1. Available Steam power: 

 

LHV value of the Solid waste from Trichy = 10 MJ/Kg- 14 MJ/Kg 

M, Amount of fuel feed/sec = 5 kg/s 

Efficiency of Boiler, 𝜂𝑏 = 80% 

P, Pressure of the Superheated Steam = 40 bar 

T, Temperature of the Superheated Steam = 400℃ 

 

Available Steam = LHV*M*𝜂𝑏 

     = 40- 56 MW 

2 Power Generation 

 

Efficiency of the Generator 𝜂𝑔= 95%   (Estimated Value) 

Mechanical Efficiency 𝜂𝑚= 91%   (Estimated Value) 

Electrical Efficiency 𝜂𝑒𝑙= 28%   (Obtained from the optimized value) 

 

Power generation = 𝜂𝑔*𝜂𝑚*𝜂𝑒𝑙* Available Steam power 

       = 9.68 – 13.55 MW 

 

Annual Generation = 77-108 GWh 

 

3 Conventional Combined Heat and power Production 

 

Combined Heat Power system utilizes the heat released from the condenser for District Heating 

Cooling applications.  

 



Efficiency of the Generator 𝜂𝑔= 95%   (Estimated Value) 

Mechanical Efficiency 𝜂𝑚= 91%   (Estimated Value) 

Electrical Efficiency 𝜂𝑒𝑙= 18%   (Obtained from the optimized value) 

Heat efficiency 𝜂ℎ = 78%  

 

Power generation = 𝜂𝑔*𝜂𝑚*𝜂𝑒𝑙* Available Steam power 

       = 6.224 – 8.71 MW 

 

Heat generation = 𝜂ℎ* Available Steam Power 

                           = 31.2 – 35.88 MW  

 

Estimated Annual operating time 8000 hours 

Annual Generation = 49 -70 GWh 

 

4 Hybrid GT and ST combined cycle 

The hybrid gas and steam turbine combined cycle with the gas turbine cycle as its topping cycle, 

and steam cycle as its bottoming cycle, was optimized under three different conditions, with the 

focus on overall efficiency. The power share of the gas turbine and the steam turbine are varied 

and the cycle efficiency was calculated. The system efficiency was calculated for both cold 

condensing and backpressure mode. For cold condensing mode, the efficiency is defined as 

following 

 

 

𝜂𝑐𝑜𝑙𝑑𝑐 = (𝑃𝐺𝑇 + 𝑃𝑆𝑇)/𝑄𝐺𝑇 

 

Power Gas Turbine, 𝑃𝐺𝑇 = 25 MW 

Power Steam Turbine, 𝑃𝑆𝑇 = 25 MW 

Fuel input, 𝑄𝐺𝑇 = 114 MW 

     𝜂𝑐𝑜𝑙𝑑𝑐 = (25+25)/114  

               = 43.85 % 

      

     

And for the back pressure mode as seen below 

 

𝜂𝑏𝑝 = (𝑃𝐺𝑇 + 𝑃𝑆𝑇+𝑃𝐶)/𝑄𝐺𝑇 

 



 

Power Gas Turbine, 𝑃𝐺𝑇 = 25 MW 

Power Steam Turbine, 𝑃𝑆𝑇 = 25 MW 

Fuel input, 𝑄𝐺𝑇 = 114 MW 

Power of the Condenser, 𝑃𝐶 = 57.625 MW 

Efficiency, 𝜂𝑏𝑝 = 81 % 

 

 Combined Cycle Results: 

Gas Turbine 

Compressor Isentropic Efficiency 0.82 

Compressor Mechanical Efficiency 0.96 

Combustor temperature 1500 C 

Pressure ratio 01:16 

GT exhaust temperature 563 C 

     

Steam Turbine  

HP isentropic Efficiency 0.96 

IP Isentropic Efficiency 0.96 

LP isentropic Efficiency 0.9 

Generator Mechanical Efficiency 0.98 

  

  

Heat Exchangers  

Pinch Point temperature 25-30 C 

Pressure drop 1 bar 

Inlet cooling water 25 C 

Outlet cooling water 30 C 

  

Steam cycle 

Feed water tank 8.6 bar 

HP ST inlet pressure 250 bar 

IP ST inlet pressure 100 bar 

LP  ST inlet pressure 40 bar 

Condenser Pressure .0732 bar 

Auxiliary equipment efficiency 0.96 

 

 



 

 

 

 

 

5. Plasma Gasification Results: 

For Equivalence Ratio – 0.19 

 

 

 

 

 



 

 

 

 

 

 

 

For Equivalence Ratio – 0.19 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

For Equivalence Ratio – 0.21 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

For Equivalence Ratio – 0.23 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

For Equivalence Ratio – 0.25 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

        

        

     

        


