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Abstract 
Thermochemical technologies have been proven effective in treating municipal solid waste (MSW) 

for many years. China, with a rapid increase of MSW, plans to implement more environmental 

friendly ways to treat MSW than landfill, which treats about 79 % of total MSW currently. The aim of 

this master thesis was to find out a suitable thermochemical technology to treat MSW in Shanghai, 

China. Several different thermochemical technologies are compared in this thesis and plasma 

gasification was selected for a case study in Shanghai. A model of the plasma gasification plant was 

created and analysed. Other processes in the plant including MSW pre-treating and gas cleaning are 

also proposed. By calculating the energy balance, it is demonstrated that plasma treatment of 1000 

ton/day MSW with 70 % moisture reaches an efficiency of 33.5 % when producing electricity, which 

is higher than an incineration WtE plant (27 % maximum) and a gasification WtE plant (30 % 

maximum). Besides of the efficiency comparison, costs and environmental impacts of different 

technologies are also compared in this paper. The result indicated that given the characteristics and 

management situation of MSW in Shanghai, plasma gasification is a better choice to treat MSW in 

Shanghai. 

 

 

Keywords:  Waste to energy, thermochemical waste treatment, Shanghai, China, gasification, 

plasma gasification  
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1. Introduction 
China, with its rapid economic growth and urban expansion, has been noticeably improving the life 

style of its 1.3 billion citizens. However, it is also facing tremendous issues and unprecedented 

challenges in terms of producing colossal amounts of waste, as exemplified by the approximately 

178.6 million tons of waste produced in the year 2014 (National Bureau of Statistics of China, 2015). 

A major part of this waste, 79 % is landfilled, 20 % is incinerated while 1 % is composted. Also 

important to comment is that the amount of waste increases with around 4 % every year (Huang, et 

al., 2013). Therefore, a sustainable waste management will most likely include both energy recovery 

(“WtE or waste-to-energy”) and material recovery/recycling. Generally, there is no conflict between 

material recycling and energy recovery, because energy recovery process can convert the energy 

from the waste material into electricity or thermal energy. Countries with the most successfully 

reduced dependency on landfill (1 % and below) have the highest recycling rates in Europe, achieving 

this in combination with WtE (Swedish Institute, 2016).  

Aim and Objective 

The aim of this master project was to from a technical perspective design a WtE system in Shanghai 

based on a thermochemical conversion technology, e.g. gasification or incineration. The goal is to 

convert the energy gained from municipal solid waste into electricity. Choice of technology will be 

based on the feedstock provided and utilization of products generated, such as power, heat, cooling 

as well as possibly other energy carriers. 

  



4 

 

2. Literature Review 
In this part, a detailed description of the current situations of Municipal Solid Waste (MSW) 

management in Shanghai is described. Existing thermal technologies to treat MSW are also 

presented in this part. Finally, why plasma gasification is chosen for the case study is discussed.  

 Background 2.1.

As a fast developing and most industrialized city in China, Shanghai produced 7.42 million tons of 

municipal solid waste (MSW) in 2014, which is more than any other city in China (Chinadaily, 2015). 

With an average increase of 3.9 % per year, MSW is becoming a major environmental concern in 

Shanghai (Huang, et al., 2013). Shanghai’s Municipal Government has put a lot effort in treating MSW 

during the recent years. The amount of waste that requires any final treatment has been reduced by 

20 % from 0.82 kg per person per day in 2011 to 0.66 kg per person per day (People's Daily, 2015).  

2.1.1. MSW Generation and Composition  

In Shanghai, the composition of MSW is dominated by a high organic and moisture content, since the 

organic garbage (especially the kitchen waste) in MSW occupied the highest proportion at 

approximately 60 %. The amount of MSW generated in Shanghai in recent years is shown in Figure 1 

below. 

 

Figure 1: Generation of MSW in Shanghai from 2005 to 2014 (Shanghai Municipal Statistics Bureau, 2014) 

Waste Composition  

In Table 1 below, all the components and their percentage of MSW in Shanghai are listed.  
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Table 1: MSW Composition in Shanghai, 2013 (Luo, 2014) 

Material Percentage 

Paper 9.57 

Plastic 15.71 

Wood 2.69 

Cloth 2.30 

Kitchen Waste 58.37 

Fruit 6.60 

Metal 0.33 

Glass 2.53 

Stone 0.53 

Coal Ash 0.00 

Hazard Waste 0.05 

Others 1.31 

 

2.1.2. MSW Collection in Shanghai 

In Shanghai, the collection of MSW is divided into four groups (Eastday.com, 2012): 

Recyclable Waste:  including paper, plastic, glass, metal and cloth. 

Kitchen Waste: including leftover food, bone, vegetable and fruit etc. 

Hazardous Waste: including used battery, used bulb, used mercury thermometer and expired 

medicine etc. 

Other Waste: wastes that not mentioned above. For example: toilet paper, brick, pottery etc. 

However, the separation of waste is a relatively new approach in Shanghai and the public awareness 

of waste classification is not yet widely spread. The participation rate of the MSW classified collection 

needs to be improved. Sometimes garbage bins in residential areas have to rely on sanitation 

workers to do second-time classification, which leads to higher cost of waste treatment. 

The collection, transportation and disposal facilities in Shanghai also need to be standardized. There 

are a lot of problems in the residential areas, which are implementing waste separation. Many of the 

recycling stations do not meet the regulatory requirements. Such as classified waste collection 

container is missing, the classification tag is not obvious or is missing. Besides that, residential area 

renovation waste, bulky waste collection management are not standardized, some of the residential 

areas do not have special dump sites, the environment of some of the dump sites is poor and 

without obvious tag. (Jing, 2012) 

2.1.3. MSW Treatments in Shanghai 

During the year 2014, 7.42 million tons of MSW were generated in Shanghai and 7.06 million tons of 

them were treated. In which, 3.29 million tons went to landfill, 2.39 million tons were incinerated, 

0.37 million tons were treated by composting, 0.09 million tons were recycled, 0.88 million tons of 
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kitchen waste were treated, 0.037 million tons were treated by other methods. (Shanghai 

Environmental Protection Bureau, 2015) 

The most common ways to treat MSW in China (which can also be applied to Shanghai) is composting, 

incineration and landfilling. 

 Composting 

The process of composting is relatively simple and suitable for wastes that contain higher 

organic content. In European and American countries, the study of composting began earlier 

and it has reached the level of industrial applications.  

However, composting is not widely used in China. Some research institutions and enterprises in 

China have already started working in this area, and have made certain achievements in 

fundamental study and application study of composting (Wei, et al., 2000). In the waste 

situation in China, the content of perishable organic matter is relatively high. So technically, the 

application of composting technology can achieve a better treatment effect. But the 

disadvantage of composting is that it can not handle non-decaying organic and inorganic 

matters. Therefore, the volume reduction and detoxification level is low. Also the result of the 

application of composting in China being not satisfying is due to low efficiency of source 

separation, poor quality of composting fertilizer and small market demand (Baidu, 2014). 

According to a study by (Chen, et al., 2010), due to the declining of the demand of composting,  

the treatment capacity in 2006 in China decreased to about 9000 tons per day or 37 % of that in 

2001. And because of the problems of the source separating, the existing hazardous materials in 

the MSW in China can also contaminate the finished compost. It is likely that much of the 

contamination has already affected the organic fraction before the MSW is treated (Hoornweg, 

et al., 1999).  

 Incineration 

Incineration technology was firstly introduced to China in 1980’s, and developed rapidly in 

1990’s. According to China’s 12th 5-year plan, by the end of 2015, there should be at least 300 

incineration plants in China, which can deal with 310,000 tons of waste per day in total, which 

consists of 25.6 % of the total amount of waste generated in China per day (around 1.21 million 

tons per day). Besides that, by the end of 2015, incineration should treat 35 % (48 % in the east 

coast part of China) of all the MSW in Chinese cities. (The Central People's Government of China, 

2012)  

However, during the past several years, some existing and planned incineration plants received 

strong protests from the residents nearby, due to the low emission standards of those plants, 

poor management system, poor government supervision and no public information. Also the 

exceeding emission of dioxin has caught many attentions in the society. This resulted in a series 

of not-in-my-back-yard protests against the construction of new incineration plants in some 

cities over the past few years. For example, in May 2014, thousands of people in Hangzhou 

protested against the building of a large incineration plant, which was to be located in a village 

25 kilometers away from the city. The capacity of the incineration plant was designed to be 

5,600 tons per day, which could be used to treat about half of MSW generated daily in 
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Hangzhou. But the residents feared that such large capacity might cause severe damage to the 

environment and thus put their health at risk. As a result, the government of Hangzhou had to 

postpone the construction of the incineration plant (Cao & Wang, 2014). Another problem with 

incineration plants in China is the handling of wastes generated during the incineration 

processes. For example slags and fly ashes. Most of the incineration slags are used to make 

bricks for construction, but effective ways to deal with fly ashes have not yet been found. 

(People.cn, 2015) 

On the other side, some newly built incineration plants are doing better by not only persuing 

“environmental friendly” but “social friendly” as well. They have higher emission standards and 

the real time data of incineration process can be found online. For example, Gaoantun 

incineration plant in Beijing opens to public visitors two days per week. But to meet higher 

emission standards means more investments. Without subsidy from the government, the 

electricity generated from incineration plants is much more expensive compare to the electricity 

generated from coal-fired power plant in China (Li, 2013). Although the cost of incineration is 

higher comparing to landfilling, it is more environmental friendly. The cost and environmental 

impact comparison of different technologies will be discussed in section 4.4. 

 Landfilling 

Landfilling is the simplest way to treat MSW by operation. In the year of 2012, 72 % of the total 

amounts of MSW in China were treated by landfilling. (Dai, 2014) Landfilling is used to handle all 

kinds of waste in China. However, it occupies a large area. In the meantime, there is a chance of 

secondary pollution. Such as the leachate of waste can contaminate groundwater and soil; the 

methane gas produced by waste fermentation can cause fire and explosion; and the emissions 

of the methane gas into the atmosphere can cause the greenhouse effect. Some cities in China 

have already been aware of this problem. They established some high-level sanitary landfilling 

sites, which solved the problem of secondary pollution. However, the construction investment 

and operating costs are rather high. And the most critical part is the limited capacity of the 

landfilling site. Once a particular site is full, new investment shall be made and new land will be 

occupied. (Baidu, 2014) 

The advantages and disadvantages of the current MSW treating methods in Shanghai can be 

concluded in Table 2: 

Table 2: Pros and cons of the current MSW treating methods in Shanghai 

 Advantages Disadvantages 

Landfilling 1. Low investment; 
2. High capacity; 
3. Fast speed of disposing MSW. 

1. Occupies a large area; 
2. Leachate of waste can contaminate 

groundwater and soil, causing 
secondary pollution; 

3. The emissions of the methane gas into 
the atmosphere can cause the 
greenhouse effect. 



8 

 

Composting 1. Only occupies a small area; 
2. Low investment and good 

economic benefit and 
environmental benefit. 

1. Building composting plant near city can 
affect residences nearby(smell, dust); 

2. The market demand is not high since 
fertilizer is cheaper and easier to use; 

3. The heavy metal or hazardous waste in 
MSW may   contaminate the compost. 

Incineration 1. Only occupies a small area; 
2. High waste volume reduction; 
3. Less emissions to soil and 

water; 
4. It won’t be affected by 

weather. 

1. High investment comparing to the 
other two methods; 

2. The heating value of the MSW can not 
be too low; 

3. May cause pollution (e.g. dioxin) to the 
environment. 

 

2.1.4.    Efforts of Shanghai Government during the Year 2013 

According to Shanghai Environmental Bulleting of 2014 (Shanghai Environmental Protection Bureau, 

2014), the government has made a lot of efforts concerning treatment of MSW in the year 2013: 

 Phase-one construction of Laogang Centre for Utilization of Renewable Source of Energy was 

finished; 

 

 The project of pipelines for emergency discharge of percolating water in Laogang and the 

project of inland waterway in Laogang were completed; Construction of Tianma and Fengxian 

Centers for Utilization of Renewable Source of Energy have been initiated;  

 

 The expansion project of the platform for regional collection of waste in Jinqiao Export 

Processing Zone was accomplished so that a professional transport system of hazardous waste 

was established.  

2.1.5.    Conclusions for the Background Part 

With the fast development of China in recent years, the amount of MSW also increases rapidly over 

the years. Shanghai, the financial centre of China, is facing a serious waste management problem. 

How to solve this problem and reduce the damage dealt to the environment at the same time is 

becoming a priority issue. With the vacant land in Shanghai becoming more and more limited, the 

government is encouraging applying thermal technologies instead of landfilling, which is the 

dominant method nowadays. Different thermal technologies and their pros and cons will be 

discussed in the following section. 

 Different Thermal Technologies for MSW Treatment 2.2.

The most common three thermal technologies for waste treatment are: incineration, pyrolysis, and 

gasification. The differences of the three methods can be seen in Figure 2: 
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Figure 2: Differences between Pyrolysis, Gasification and Incineration (EMIS, 2010) 

Incineration, gasification and a new technology: plasma gasification will be introduced and discussed 

in this section. Pyrolysis will not be discussed because it is more suitable for treating waste plastics 

and tires rather than treating of MSW.  

2.2.1. Incineration 

Incineration, the combustion of organic material, such as waste with energy recovery, is the most 

common WtE implementation. Incineration transforms heterogeneous wastes into more 

homogeneous residues (flue gas, fly ash, and bottom ash) with the primary benefit of substantial 

reduction of the waste’s weight (up to 75 %) and volume (up to 90 %) (Cheng & Hu, 2010). 

During incineration, MSW is combusted in a specially designed chamber at high temperature (> 850° 

C). The solid residues can be sent to landfills or cleaned up and used off-site for certain construction 

purposes (Cheng & Hu, 2010). Most modern incineration plants combine heat recovery together with 

power generation to recover the heat energy in the waste (Environmental Protection Department of 

Hong Kong, 2015).  

A typical incineration flow chart can be seen in Figure 3 below (Environmental Protection 

Department of Hong Kong, 2015): 

Combustion - Waste is continuously fed into the furnace by a crane. The waste is combusted in the 

furnace at a high temperature for more than 2 seconds, where air is continuously supplied to ensure 

complete combustion, preventing formation of carbon monoxide. The temperature window and 

residence time is also controlled to minimize dioxin formation.  

Boiler/ steam turbine – After the combustion process, the heat produced is used to generate steam 

in the boiler. Then the steam is used to drive a turbine which is designed to generate electricity.  The 

heat can also be used to provide heat to other facilities, e.g. heating nearby buildings in the winter. 

Exhaust gas cleaning - The exhaust gas from the boiler needs to be cleaned so as to prevent pollution 

to the environment. The exhaust gas may contain acidic gases (sulphur oxides, hydrogen chloride), 

heavy metal, dioxins, dust and fine particulates, and nitrogen oxides. The gas cleaning system 

therefore includes several steps to remove all possible pollutions. 

Ash residues - The ash residues from incineration generally include bottom ash from the furnace and 

fly ash from the exhaust gas cleaning system. The bottom ash can be disposed at landfill sites. It may 

also be used as construction materials. Fly ash is typically disposed at landfill sites. (Environmental 

Protection Department of Hong Kong, 2015) 
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Figure 3: Typical Incineration Flow Chart (Environmental Protection Department of Hong Kong, 2015) 

The heat produced in incineration can be utilized in the following ways (Department for Environment, 
Food & Rural Affairs of UK, 2013):  

 Generation of Power (electricity),  

 Generation of Heat,  

 Generation of Heat and Power (Combined Heat and Power) 

 The different efficiency and use of the three methods mentioned above can be shown in Table 3. 

Table 3:  Examples of Energy Efficiency for Incineration (Department for Environment, Food & Rural 

Affairs of UK, 2013) 

Outputs Efficiency Use 

Heat Only Up to 80-90 % thermal efficiency 

Local district heating for buildings 

(residential, commercial) and or for 

industrial processes. 

Electricity 14 %-27 % 
Can be supplied to national grid for 

sale and distribution. 
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Heat and Power 
Dependent on specific demand for 

heat and power. 
Combination of above. 

 

From the table above it can be seen that it is more efficient for an incineration plant to recover heat 

from MSW compared to electricity. However, current local heat distribution for buildings in Shanghai 

is not viable, because most of the buildings in Shanghai do not use district heating as indoor heating 

method. Neither is the government planning to distribute heat for buildings. (People.cn, 2013) The 

residences in Shanghai typically use air conditioner or electrical heater as indoor heating methods 

when it is cold. Both methods are driven by electricity. So treating MSW with incineration technology 

in Shanghai is not an optimized option. 

2.2.2. Gasification 

Theory 

In gasification, oxygen is added but the amounts are not sufficient to allow the full combustion to 

occur. The temperatures of the process are typically above 650 °C. The main product of gasification is 

raw gas, which contains carbon monoxide, hydrogen and methane, carbon dioxide, H2O, ashes, 

hydrocarbons and inorganic gas impurities such as HCN, H2S, COS and NH3. The gas net calorific value 

(NCV) is typically between 4 -10 MJ/Nm3, depending on the technology and gasifying agent (air, 

oxygen, CO2, H2O or combinations of these) applied. The raw gas can be combusted to produce 

electricity or further processed to manufacture chemicals, fertilizers, liquid fuels, substitute natural 

gas (SNG), or hydrogen (Department for Environment Food and Rural Affairs of UK, 2013). The 

composition of waste is important to gasification, because gasification can only convert organic 

wastes. Waste gasification will therefore be most successful in communities where there is good 

recycling practice recycling non-combustible and combustible wastes  (Zafar, 2009). A typical 

gasification process is shown in Figure 4 below: 

 The feedstocks are sent to the reactor after pre-treatments (shredding, drying etc.) if needed.  

 Gasification is conducted using equipment known as "gasifiers". At a high temperature (usually 

above 650 °C) and with a controlled amount of oxygen supply, the feedstocks are converted to 

the raw gas. 

 The slags generated during the gasification process are collected at the bottom of the gasifier 

and then treated properly (e.g. landfill). 

 The raw gas after the gasifier needs to be cleaned because it contains impurities. Depending on 

the feedstock, it may contain acid gas (e.g. sulfur, nitrogen), particulate matter, tar and so on.  

 After that, the raw gas can be used to generate electricity, produce combined heat and power 

(CHP), or produce synthesis gas (syngas). 
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Figure 4: The Gasification Process (Gasification Technologies Council, 2015) 

Technology 

Currently, there are several types of gasifiers that are available for commercial use: fixed bed, 

fluidized bed, entrained flow and plasma.  

 Fixed Bed Gasifier： 

There are mainly two types of fixed bed gasifiers: counter-current gasifier (updraft) and co-current 

gasifier (downdraft). Their reactors are shown in Figure 5. 

 

Figure 5: Fixed Bed Gasifiers (Warnecke, 2000) 
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The counter-current gasifier (updraft) is the simplest and oldest kind of gasifier. In this type of 

gasifier, air comes in at the bottom and product gas goes out at the top of the gasifier. The fuel is fed 

at the top of the gasifier. Different reaction zones in the gasifier are shown in the left side of Figure 5. 

The feedstock and the reactive material flow in opposite directions in counter-current gasifier. 

(Enggcyclopedia, 2015) 

The major advantages of this type of gasifier are its simplicity, high charcoal burn out and internal 

heat exchange that lead to low temperature of the product gas and high efficiency of the equipment. 

Major drawbacks result from the possibility of "channelling" in the equipment, which can lead to 

oxygen break-through and dangerous, explosive situations and the necessity to install automatic 

moving grate. (Enggcyclopedia, 2015) 

In the co-current gasifier (downdraft), the feedstock and the reactive material flow in the same 

direction. The fuel is also fed at the top of the gasifier but the airflow is in the downward direction. 

Different reaction zones in the gasifier are shown in the right side of Figure 5. 

The main advantage of downdraft gasifier is that the amount of tar in the product gas is much lower 

than updraft. Disadvantages are: it is rather inflexible in utilizing different feedstocks; low density 

feedstock gives rise to flow problems and excessive pressure drop;  it gives lower efficiency, since 

there is no provision internal exchange compare to updraft gasifier; the product stream also has low 

calorific value. (Enggcyclopedia, 2015) 

 Fluidized Bed Gasifier: 

There are mainly two types of fluidized bed gasifiers as well: bubbling fluidized bed (BFB), and 

circulating fluidized bed (CFB). Their reactors are shown in Figure 6. 

 

Figure 6: Fluidized Bed Gasifiers (Warnecke, 2000) 

In a Bubbling Fluidized Bed (BFB), the bed material is made of solid particles often a sand material 

such as silica sand. The gas velocity should be high enough in order to lift the solid particles. So the 

bed is expended and caused to bubble like a liquid. Typically, the chamber of the reactor of the BFB is 

designed in a cylindrical or rectangular shape. In this way the contact between the gas and solids can 

help drying and size reduction. Typical desired operating temperatures of BFB range from 900° to 

1000 °C. (Angelova, et al., 2014) 
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A circulating fluidized bed (CFB) is differentiated from a bubbling fluid bed in that there is no distinct 

separation between the dense solids zone and the dilute solids zone. Some of the particles are blown 

out of the bed. A collector can be implemented in order to recycle the particles and return them into 

the bed. The capacity to process different feedstock with varying compositions and moisture 

contents is a major advantage of CFB.  (Angelova, et al., 2014) 

Thermal Capacities and Challenge 

For treating MSW, the thermal capacity of different gasifiers also needs to be taken in to 

consideration. Table 4 shows the thermal capacity ranges for the four types of gasifiers discussed 

above. 

Table 4: Thermal Capacity of Different Gasifiers (Zafar, 2009) 

Gasifier Fuel Capacity 

Downdraft 1 kW – 1 MW 

Updraft 1.1 MW – 12 MW 

Bubbling fluidized bed 1 MW – 50 MW 

Circulating fluidized bed 10 MW – 200 MW 

 

A key issue with gasification is the problem related to the formation of tar. The deposition of tars can 

cause many issues for operating for example blockage. Many plant failures and inefficiencies at some 

pilot and commercial scale facilities were also caused by the formation of tar. In order to solve this 

problem, some processes which are sometimes referred to as ‘raw gas clean up’ or ‘polishing’ may be 

applied to ‘crack’ the tars and clean up the raw gas after the gasifier and prior to the energy recovery 

systems. These processes could increase the energy recovery efficiency of gasification. The other 

main product from the gasification process is a solid residue of non-combustible materials (ash) 

which contains a relatively low level of carbon. (Department for Environment Food and Rural Affairs 

of UK, 2013) Recently, a new type of gasification technology called plasma gasification is showing the 

potential that it can produce a no tar or a very low tar containing raw gas (Talebi & Goethem, 2014). 

It can also handle a wide range of wastes which is suitable for Shanghai due to its relatively poor 

waste classification. Introduction to plasma gasification is in the following sub chapter. 

2.2.3. Plasma Gasification 

Plasma gasification is a relatively new technology which can be used to convert carbon-containing 

materials into fuels (raw gas) which can be used to generate power or some other useful products 

(e.g. synthesis gas). Unlike conventional gasification, in plasma gasification the waste is heated with a 

plasma arc (up to 10,000 °C) to create raw gas and vitrified slag. (Dodge, 2009)  

Plasma is an ionized gas that is formed when an electrical discharge passes through a gas. When 

applied in a gasification plant, inside the gasifier, plasma torches and arcs generate intense heat. This 

extreme heat maintains the gasification reactions, which break apart the chemical bonds of the 

feedstock and converts them to a raw gas. The high temperature can even increase the rate of the 

reaction, making gasification more efficient. (Gasification Technologies Council, 2015) 
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Figure 7: Sketch of a Plasma Gasifier (Westinghouse, 2015) 

Gas Treatment after the Gasifier 

Raw gas is cooled down after the gasifier. Before entering the gas turbine, several steps need to be 

applied to clean the raw gas. Gas cleaning steps should be based on the source and composition of 

the waste. The raw gas mainly contains: H2, CO, CO2, H2O, and N2 and based on the feedstock it may 

contain: HCL, H2S, NOx, SOx, heavy metal etc. The Alter NRG company provides an example of gas 

cleaning process for a typical MSW treatment plant (Alter NRG, 2015): Raw gas is cooled through a 

caustic venturi quench scrubber and scrubber system and then it goes to a wet electrostatic 

precipitator (WESP).  The venturi quench and WESP can serve a purpose to remove the particulate 

matter in the raw gas and also convert chlorine within the raw gas into salt as well.   After that, the 

raw gas goes through different gas cleaning processes in order to remove chlorine, sulphur, lead, 

cadmium, zinc and mercury.   

Waste Treatment after the Gasifier 

Inorganic materials in the feedstock are melted in the gasifier. Due to differences in density, they are 

easily separated into two layers: a metal and a glassy silicate layer. The metal layer can be recycled as 

metal alloys, while the glassy product can be used in different commercial applications, including 

concrete aggregate, roadbed construction etc. (PEAT International, 2008)  

Examples of Facilities Using Plasma Gasification Technology 

An example of WtE facility, using plasma gasification, is the EcoValley plasma gasification facility 
located in Utashinai, Japan on the island of Hokkaido. The facility processed up to 220 tons-per day of 
MSW or up to 165 tons per day of a 50/50 mixture of MSW and auto shredder residue. Until 2010, it 
had been successfully processing MSW with plasma for over seven years. A process flow picture of 
the facility is shown in the picture below. (Willis, et al., 2010) The plant was closed due to lack of 
feedstock (loss of long term feed contracts). (Westinghouse Plasma Corp., 2015)  
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In addition, two large renewable energy plants (approximately 50 MW per plant), using plasma 
gasification technology, are under construction in Tees Valley, UK.  (Air Products and Chemicals, Inc., 
2015) 

 

Figure 8: Process Flow Figure for EcoVally MSW and ASR Gasification Facility 

Advantages of Plasma Gasification 

The main advantages of plasma technologies for waste treatment are (Gasification Technologies 
Council, 2015): 

 It unlocks the greatest amount of energy from waste. 

 Feedstocks can be mixed, such as municipal solid waste, biomass, tires, hazardous waste, 

and auto shredder waste. 

 It does not generate methane, a potent greenhouse gas. 

 It is not incineration and therefore does not produce leachable bottom ash or fly ash. 

 It reduces the need for landfilling of waste. 

 It produces raw gas, which can be combusted in a gas turbine or reciprocating to produce 

electricity or further processed into chemicals, fertilizers, or transportation fuels—thereby 

reducing the need for virgin materials to produce these products. 

 It has low environmental emissions. 

 Comparing to traditional gasification, it doesn’t generate tar during the gasification process. 

Disadvantages of Plasma Gasification: 
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 It has not been proved in large scale plant, so there might be some drawbacks that are not yet 

known. 

 The initial investment is very high. 

 Plasma torches consume a lot of power. 

 Conclusions from Literature Review 2.3.

From the discussion above, it can be seen that among the current existing MSW treatment methods 

in Shanghai, incineration is more suitable than landfilling and composting. Composting has too small 

market in Shanghai and the MSW in Shanghai contains hazardous waste and many inorganic 

materials. Landfilling causes a lot of environmental problems such as release of methane and toxic 

gas, toxins leaking into soil and ground water causing contamination, and it occupies a large amount 

of land and will eventually reach their capacity in the nearby future, implying new sites to be used.  

However, comparing to other thermal technologies like different types of gasification, incineration 

has many drawbacks such as the formation of dioxin and toxic ashes that still can end up in landfills. 

Since the citizens in Shanghai protested incineration plants many times, it also has social problems. 

More detailed comparisons of different thermal technologies are done in section 4.4 of this paper. 

Plasma gasification has many advantages over traditional gasification: it does not have tar-related 

problems and the fuel can be more flexible. Since the sorting of MSW in Shanghai is not managed so 

well, it may contain hazardous waste and many inorganic materials. It would therefore be better to 

choose plasma gasification to treat MSW in Shanghai, since the ashes is environmentally friendly and 

can be utilized. 

So based on the characteristics and the situation of management of MSW in Shanghai, a WtE facility 

using plasma gasification technology is a better option to treat MSW. A detailed case study and 

analysis are discussed in Chapter 4 of this paper. 
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3. Methodology 
In this section, the methods used in the thesis are presented. 

 Case Study 3.1.

In this paper, a case study of Shanghai is carried out. The proper position of the waste treatment 

plant is selected. A model of the plant is also created, as well as a background of the MSW status in 

Shanghai is described. Such a case study is an easy method for the reader to understand. The data 

used in case study are gained from literature review through Scopus data base from KTHB, a Chinese 

paper database search engine, interviews during a study trip to Shanghai, and Internet search engine.  

During the study trip to Shanghai, interviews were carried out with Prof. Yonghao Luo from Institute 

of Thermal Energy Engineering of Shanghai Jiaotong University, Prof. Shanping Chen: CTO of 

Shanghai Institute for Design and Research in Environmental Engineering, and Prof. Jingcheng Xu: 

vice dean of College of Environmental Science & Engineering of Tongji University, respectively. They 

provided some up-to-date data of the MSW of Shanghai as well as insights of the development of 

waste treatment in Shanghai. 

 Analysis and Calculation 3.2.

Based on the ultimate analysis of the MSW in Shanghai, the gas composition after the plasma gasifier 

is predicted and analysed using mass balance. The heat exchange process is calculated by the 

equation of specific heat and the table of superheated vapour properties for steam. 

The energy cost and gain from different processes of the gasification plant is calculated. Energy 

balance gives the reader a clear idea of the energy flow and the energy input and output of the 

system as well. Based on the energy balance, energy efficiency of the plant is also calculated. 

Besides that, comparison among incineration, traditional gasification, plasma gasification, and 

landfilling in terms of cost, efficiency, and environmental impacts are also analysed. 
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4. Results and Discussion 
In this part, a case study is carried out to find out whether it is suitable for a plasma gasification plant 

to be built in Shanghai. 

 Selecting Case Site 4.1.

Case site was selected according to the population density and existing waste treatment plants. 

Population density in Shanghai 

Table 5: Population Density in Shanghai (Shanghai Municipal Statistics Bureau, 2011) 

District Population (ten 
thousand 
people) 

Percentage of 
total 

population % 

Total area 
(square 

kilometer) 

Population 
density(people/square 

kilometer) 

The whole city 2301.92 100 6340.50 3631 

Urban districts 698.63 30.4 289.44 24137 

Hunagpu 
District 

42.99 1.9 12.41 34641 

Luwan District 24.88 1.1 8.05 30907 

Xuhui District 108.51 4.7 54.76 19816 

Changning 
District 

69.06 3.0 38.30 18031 

Jing’an District 24.68 1.1 7.62 32388 

Putuo District 128.89 5.6 54.83 23507 

Zhabei District 83.05 3.6 29.26 28383 

Hongkou 
District 

85.25 3.7 23.48 36307 

Yangpu District 131.32 5.7 60.73 21624 

Suburban 
districts 

1084.99 47.1 2316.35 4684 

Minhang 
District 

242.94 10.5 370.75 6553 

Baoshan 
District 

190.49 8.3 270.99 7029 

Jiading District 147.12 6.4 464.20 3169 

Pudong New 
Area 

504.44 21.9 1210.41 4168 

Outer 
suburban 
districts 

518.30 22.5 3734.71 1388 

Jinshan District 73.24 3.2 586.05 1250 

Songjiang 
District 

158.24 6.9 605.64 2613 

Qingpu District 108.10 4.7 670.14 1613 

Fengxian 
District 

108.35 4.7 687.39 1576 

Chongming 
District 

70.37 3.0 1185.49 594 
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Location of Plant 

According to Table 5, the population density is far less in suburban districts. The distribution of 

different districts in Shanghai is shown in Figure 9. There are two waste incineration plants already 

existing in Pudong New District (in the east of the urban area) and Jiading District (in the suburban 

area northwest to the urban area and very close to the urban district Putuo), respectively. There is 

also a huge landfill site called Laogang located in the southeast of Pudong New District near the 

Pudong International Airport.  

The new plant should be located in Minhang District (marked in blue colour in Table 5). Because the 

urban districts are too crowded in Shanghai, and since the existing two MSW incineration plants 

(Jiangqiao in Jiading District and Yuqiao in Pudong New District) have received many protests from 

the nearby neighborhoods because of bad smell, etc. Since most of the wastes in Shanghai are 

generated in the urban area, a plant localized in the suburb area but not too far from the city center 

(urban area) could be a good choice of the new plant. Considering the location of the existing two 

MSW incineration plants, the new plant should locate in the area to the southwest of urban districts. 

Comcluively, Minhang District is proposed as a suitable site for a plant. 

 

Figure 9: Map of Shanghai Districts (China Tourist Maps, 2013) 
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The locations of the existing three MSW treating plants in Shanghai (Jiangqiao, Yuqiao, and Laogang) 

are marked in red in Figure 9. The proposed location of the new plant is marked in blue in Figure 9. 

 A Model Case Study of a Gasification Plant 4.2.

In this part, a model of a gasification plant is built. Based on the characteristics and ultimate analysis 

of the waste in Shanghai, mass balance is used to predict the raw gas composition. Furthermore, a 

gas cleaning system is proposed to remove fly ash, particles and acid gas in the raw gas. Last but not 

least, power consumed or gained in different processes is calculated in order to do the energy 

balance in Section 4.3. 

4.2.1. Model of MSW Treatment Plant Using Plasma 

Gasification 
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Gas Cleaning Unit

Combustion 
chamber of 
gas turbine
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Figure 10: A Flow Chart Model of a Plasma Gasification Plant in Shanghai 

The flow chart model of a plasma gasification plant is shown in Figure 10. MSW are transported to 

the plant and shredded to smaller size so that it is more suitable for gasification reaction. Then the 

drying process will reduce the moisture content from 70 % to 30 %. After that, the gasification 

process occurs where the feedstock is converted to raw gas. The inorganic portion of the feedstock 

exits through a tap hole at the bottom of the gasifier as slag. The raw gas goes through a heat 

exchanger and is cooled down from 1000oC to 150oC. The raw gas is then sent to the gas cleaning 

unit which consists of a baghouse filter, water quencher, and a scrubber. After the raw gas is cleaned, 

it is combusted in a gas turbine. A combined cycle is used to convert the energy of the raw gas to 

electricity.  

The input of MSW is 1000tpd, which is about 42 tons per hour. Details of different processes and why 

they are chosen are described in the following subsections. 
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4.2.2. Waste Characteristics 

In this part, the characteristics of the MSW in Shanghai are described and discussed such as the 

moisture content, particle size, ultimate analysis, and the lower heating value. 

Percentage of moisture in MSW 

According to a study by (Sun, et al., 2008) the percentage of moisture in MSW in Shanghai is very 

high as shown in Table 6 below. So a drying process should be added as a pre-process before treating 

of the MSW in order to reduce the moisture to 30 %. 

Table 6: The percentage of moisture in MSW in Shanghai (Sun, et al., 2008) 

 Moisture percentage of 

organic MSW 

Moisture percentage of MSW 

except organics 

MSW with particle size from 

40 to 120mm 

84 60.1 

MSW with particle size from 

8 to 40mm 

76.7 NA 

 

Particle sizes of MSW 

The study by (Sun, et al., 2008) also estimated the particle size of MSW in Shanghai by experiments. 

The result is shown in Table 7. 

Table 7: Size of MSW in Shanghai (Sun, et al., 2008) 

MSW’s Particle Size Percentage of MSW 

Larger than 120mm 15.7 

40 to 120mm 43.5 

8 to 40mm 35 

Smaller than 8mm 5.8 

 

According to a report by (Willis, et al., 2010), the EcoValley plasma gasification plant in Utashinai, 

Japan used a shredder to reduce the size of the feedstock to 2.5 inches which equals to 63.5 mm. So 

the MSW in Shanghai need to be shredded as well before they are treated. 

Ultimate analysis of MSW 

According to a study by (Zhou, et al., 2014), the ultimate analysis of MSW in Shanghai in the year of 

2005 can be seen in Table 8, and the lower heating value of the waste is 6650 kJ/kg. 

Table 8: Ultimate Analysis of MSW in Shanghai, 2005 

C (%) 55.75 

H (%) 7.54 

O (%) 34.57 

N (%) 1.87 

S (%) 0.27 
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In 1 kg of MSW, the amount of elements and their moles can then be calculated in Table 9. 

Table 9: The Number of Moles of Different Elements in 1kg MSW in Shanghai 

1 kg MSW in Shanghai 

C 557.5g 46.46 mole 

H 75.4g 75.4 mole 

O 345.7g 21.6 mole 

N 18.7g 1.34 mole 

S 2.7g 0.084 mole 

 

Since sulphur accounts for only a very small proportion and will be removed during the gas cleaning 

process, it will be ignored in the calculations of mass balance later. 

4.2.3. Effluent Gases Cleaning Systems 
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Figure 11 Flow Chart of the Gas Cleaning System 

From Table 8, it can be seen that the MSW in Shanghai contain sulphur and nitrogen. After the 

gasifier, sulphur may form SOx in the raw gas; the nitrogen from waste and air added in the 

gasification process may form NOx in the raw gas. These acid gases can cause corrosion and erosion 

in the system. Moreover, if NOx and SOx are not removed in the gas cleaning and are emitted to the 

atmosphere, they can be captured by moisture to form acid rain. Acid rain can severely affect certain 

ecosystems, some part of our economy as well as public health (U.S. EPA, 1999). There are also 

particulates in the raw gas, which also need to be removed. Particulates that are 10 micrometers in 

diameter or smaller can cause health problems, because those particles can pass through the throat 

and nose and enter the lungs. Once inhaled, these particles can affect the heart and lungs and cause 

serious health effects (U.S. EPA, 2015). 

The gas cleaning systems eliminate acidic gases and suspended particulates prior to the gas entering 

the combustion chamber of the gas turbine. For this purpose, a baghouse filter, water quencher, and 

scrubber are installed in series.  

After steam generator, the temperature of the raw gas drops from 1000 oC to around 150 oC. Then it 

enters the baghouse filter. The filter captures and removes small particles from the gas. Ca(OH)2 

powder is injected into the front of the bag filter in order to remove acidic gases and increase the 

efficiency of particulate capture. (Byun, et al., 2010) 
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The water quencher and scrubber are located at the outlet of the baghouse filter. The water 

quencher can cool the gas to around 30 oC quickly. NaOH solution (40 %) is used in the water 

quencher, which can clean the acid gas. The scrubber is designed to remove the rest of the acid gas 

in the raw gas. The scrubbing solution is controlled at pH 9.0, and is also recirculated. (Byun, et al., 

2010) 

4.2.4. Slag and Treatment 

The inorganic portion of the feedstock material (metals and ash) are melted during the gasification 

process due to high temperature exits as a molten slag through a tap hole at the bottom of the 

reactor. Because of density differences, the metals will concentrate at the bottom of the collector 

while the slag will float on it. (Willis, et al., 2010) The metal layer can then be recycled as metal alloys, 

while the glassy product of slag is non-hazardous and non-leaching which can be used in different 

commercial applications including concrete aggregate, roadbed construction etc. (Westinghouse 

Plasma Corporation, 2013) 

4.2.5. Mass Balance Calculation 

According to a study by (Mountouris, et al., 2006), in the raw gas after the gasifier, the percentage of 

CO and CO2 in the raw gas is around 18 % and 6 % respectively (30 % moisture in the MSW after 

drying). The ultimate analysis of the feedstock in that paper by Mountouris et al. is (C: 54.8, H: 8, O: 

33.4, N: 3.8), the moisture content consists of 30 % w/w after drying, and the amount of oxygen 

added equals to 0.3 mol / mol dry waste.  

The ultimate analysis of the waste in Shanghai can be found in Table 8: (C: 55.75, H: 7.54, O: 34.57, N: 

1.87, S: 0.27), which is very close to the data of the study by Mountouris et al. (Mountouris, et al., 

2006). Same condition (the moisture content consists of 30 % w/w after drying) is used to do the 

mass balance.  Since the feedstock and moisture content is similar, assume the percentage of CO and 

CO2 in the raw gas is around 18 % and 6 % respectively. 

The mass balance calculation is based on Carbon balance before and after the gasifier. 

Considering 1 kg waste, the reaction before and after the gasifier can be shown in the equation 

below and all the units in the equation is mole: 

       CXHYOZ + aH2O + bO2 + 3.71bN2 = n1H2O + n2H2 + n3 N2 + n4CO + n5CO2                 (Eq 4.1) 

In the equation above, X Y and Z are moles of elements from MSW based on ultimate analysis and 

their values (C = 46.46, H = 75.4, and O = 21.6) can be found in table 8.  

a equals to the moles of water in 1kg  MSW. Since the moisture content is 30 %, a = 1000 g * 30 % / 

18 g/mol = 16.67 moles. 

b equals to the moles of O2 from air added in the process. Air can be considered with 78 % nitrogen 

and 21 % oxygen.  So in the meantime, 3.71b moles of N2 from air are added in the process as well. 

n1, n2, n3, n4, and n5 equals to the moles of different gas composition after the reaction. 
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Carbon balance:  

Before reaction: X = 46.46 

After reaction: n4 +n5 = 46.46. Since the percentage of CO and CO2 in the raw gas is 18 % and 6 % 

respectively, n4 : n5 = 3 : 1. It can be calculated that n4 = 34.845, n5 =11.615. Then the amount of 

oxygen from CO and CO2 after the reaction is 46.46 * 3 / 4 + 46.46 * 1 / 4 *2 = 58.075 moles. 

Nitrogen balance: 

Before reaction: 3.71b * 2 = 7.42b 

After reaction: Since CO and CO2 consist of 24 % of raw gas, the rest of gases consist of 76 % of raw 

gas which means moles from the rest of the gases equals to (moles of CO + moles of CO2) / 24 % *76 % 

= 46.46 / 24 % *76 % = 147.12 moles. 

So the nitrogen amount after reaction can then be shown as: 2 * (147.12 – n1 –n2). 

According to nitrogen balance, we get: 

b = (147.12 - n1 - n2) / 3.71 

Oxygen balance: 

Before reaction: 21.6 + a + 2 * (147.12 - n1 - n2) / 3.71 

After reaction: n1 + 58.075 

According to oxygen balance, we get: 

220.77 = 5.71n1 + 2n2 

Hydrogen balance: 

Before reaction: 75.4 + 2a = 108.74 

After reaction: 2n1 + 2n2 

According to hydrogen balance, we get: 

108.74 = 2n1 + 2n2 

By solving the two linear equations in two unknowns from oxygen and hydrogen balance, the gas 

composition of the raw gas is shown in Table 10: 
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Table 10: Gas Compositions and Volumes after gasifier 

Gas Vol % 

CO2 6 

N2 47.91 

CO 18 

H2 12.49 

H2O 15.90 

4.2.6. Energy Balance Calculation 

In this part, the energy cost and gained from different processes is calculated: System energy input is 

determined by MSW’s HHV and the plant capacity. Calculation of shredding machine’s power 

consumption is based on plant capacity and the model of machine. Power consumption of the drying 

process is assumed according to another paper. Heat from gas cooling, heating value of the raw gas, 

and power consumption of plasma torches are also calculated and discussed. 

MSW Energy Input 

The capacity of the plant is 1000 tpd, which is 41.67 tons per hour. 

Based on the ultimate analysis of the MSW in Table 8, the high heating value (HHV) of the MSW can 

be calculated by Dulong Formula (Enggcyclopedia, 2015):  

HHV in MJ/kg = 33.86 × C + 144.4 × (H ‐ O / 8) + 9.428 × S                  (Eq 4.2) 

Where C, H, O and S are the mass fraction obtained from ultimate analysis. 

According to Eq.4.2 and the ultimate analysis in Table 8, the HHV of the MSW in Shanghai equals to 

23.55 MJ/kg 

Therefore, the energy input from the MSW can be calculated: 

Energy input = 23550 * 103 J/kg * 41.67 * 103 kg / 3600 S = 272.59 MW 

Shredding Machine Power Consumption 

A German company WEIMA has different models of shredders to shred MSW. One of their product 

types called PowerLine is suitable for this plant. The details are shown in Figure 10. The output 

particle sizes of the PowerLine shredder are between 30 to 100 mm. Based on the output 

requirement which should be at least 41.67 tons per hour, three WPL 3000/800 shredders should be 

used in the plant. If each shredder applies the output of 14 tons per hour and assumes the output 

ability has a liner relationship with the driving power and compact drive is used, the driving power by 

calculation is 339 kW. The operation needs three shredders, so the total energy consumption by 

shredders is 339*3 ≈ 1 MW. (WEIMA, 2013) 
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Figure 12: Details of Shredding Machine (WEIMA, 2013) 

Power Consumption of the MSW Drying Process 

In the study by Mountouris et al.  (Mountouris, et al., 2008), a model of sewage treatment plant 

using plasma gasification technology treats 250 tons per day. The thermal energy used in the drying 

process is 4.56 MW. The moisture percentages of initial and after drying are 68 % w/w and 26.7 % 

w/w respectively. Since the moisture percentage is close to the moisture percentage of MSW in 

Shanghai shown in table 5 and the capacity of the MSW treatment plant in this paper is 1000 tons 

per day, an assumption can be made that the drying process of the MSW takes 4 times as much 

energy as the sewage treatment plant which is 18.24 MW.   

Heat Calculation of Gas Cooling after Gasifier 

After the gasifier, the raw gas has a temperature of 1000oC, then it goes through a heat exchanger 

and the temperature drops to 150 oC. The amount of thermal energy transferred in this process can 

be calculated using this equation (without considering water): 

Q = cm ΔT 

Where: 

Q = the thermal energy transferred (J) 

m = the mass of the gas being treated (g) 

c = the heat capacity of the gas (J/goC) 
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ΔT = the change in temperature of the gas (oC) 

The heat capacity of the different gases in the raw gas is listed in Table 11: 

Table 11: Heat Capacity of the Different Gases in the Raw Gas 

Gas Heat Capacity J/kgoC 

CO2 840 

N2 1040 

CO 1040 

H2 14000 

 

For a given temperature and pressure, the molar volume is the same for all ideal gases. Hence, 

according to the composition of the raw gas in Table 10, the amount of moles and weight of each 

composition of the raw gas generated form 1kg MSW can be approximately considered as in Table 12: 

Table 12: Moles and Weight of Different Composition in the Raw Gas 

Gas Moles Weight (g) 

CO2 11.61 510.84 

N2 92,7 2595.6 

CO 34.85 975.8 

H2 24.8 49.6 

 

For cooling the raw gas from 1000oC to 150 oC, the thermal energy is transferred from two parts: the 

raw gas and the water steam in the gas. 

Part 1: Heat from the raw gas: 

Qtotal= Q CO2+Q N2+Q CO+Q H2     (Eq 4.3) 

 = cCO2mco2ΔT+cN2mN2ΔT+cCOmCOΔT+cH2mH2ΔT 

 = (840*0.51+1040*2.60+1040*0.9758+14000*0.05)*(1000-150) 

 = 4120147.2 J 

The plant treats 1000 tons MSW per day, which equals to 11.574 kg/s. 

The thermal energy input of the heat exchanger after gasifier from this part is 47.69 MW. 

Part 2: Heat from water steam in gas:  

According to the table of Superheated Vapor Properties for Steam (Ohio University, 2008):  

At P = 0.1 Mpa, enthalpy of 1 kg water steam at 1000oC is 4642.6 kJ/kg, at 150oC is 2776.6 kJ/kg. 

The difference is 1.866 MJ/kg. 

There is 30.78 mole H2O = 0.554 kg in the raw gas from 1 kg waste,  
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The thermal energy input of the heat exchanger from water steam: 0.554 * 1.866 * 11.574 = 11.96 

MW. 

So, the total thermal energy input to heat exchanger is: 47.69 + 11.96 = 59.65 MW. 

It is hard to determine the efficiency of the heat exchanger generally. According to (Fakheri, 2007), 

the efficiency of a heat exchanger can range from 40 % to 90 %. Assume at least the efficiency of 50 % 

is achieved in this model. Then around 30 MW thermal energy is used for the MSW drying process.  

Heating Value of Raw Gas 

According to a report by (Waldheim & Nilsson, 2001), The HHV of CO and H2 are 12.6 MJ/m3 and 

12.74 MJ/m3 respectively.  

HHV of the raw gas: 12.49 % * 12.74 + 18 % * 12.6 = 3.86 MJ/m3. 

The molar volume of an ideal gas at 1 atmosphere of pressure is 22.4 L/mol.  

In raw gas composition, CO + CO2 = 24 %. 1 kg waste contains 46.46 mole C. 

So total raw gas moles = 46.46 / 24 % = 193.58 moles. Since a part of water vapor is condensed out 

during the gas cleaning process, the actual moles of the gas after the cleaning process needs to be 

recalculated. 

According to the pressure dew point table, in standard pressure, the maximum amount of water in 

air in 30 g/Nm3. The water vapor consists of 15.9 % of raw gas according to Table 10, so the raw gas 

moles without water is 193.58 * (1 – 0.159) = 162.8 moles. Assume there are X moles of water vapor 

left in the raw gas, X can be calculated by: 

𝑋

[(162.8 + X) ∗ 22.4]
 = 

30

18

1000
 

X = 6.31 moles 

So the total amount of raw gas moles = 162.8 + 6.31 = 169.11 moles 

Gas yield = 169.11 * 23.63 / 1000 = 4 m3/kg.  

The feeding rate of MSW is 11.574 kg/s. 

So the energy input from the raw gas to the combustion chamber of the gas turbine is: 3.86 * 4 * 

11.574 = 178.7 MW. 

Power Input of Plasma Torch 

According to a report by (Circeo, 2009), a planned project in St. Lucie County, FL is going to use six 

plasma torches (power levels of 1.2 to 2.4 MW per torch) to treat 500 tpd of MSW.  Assume double 

amount of the energy of the torches is used in a 1000 tpd plant and the average power levels of the 

torches is 1.8 MW, the energy input of plasma torch should be 2 * 6 * 1.8 = 21.6 MW. 
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Gas Turbine and Steam Turbine  

After the second burning chamber, a combined cycle is used to cover the energy from the raw gas to 

electricity. A combined cycle uses a steam turbine and a gas turbine. Working principle of a combined 

cycle power plant is shown in Figure 13. (Wikipedia, 2015) 

 

Figure 13: Combined Cycle Power Plant (Wikipedia, 2015) 

According to Spakovszky (Spakovszky, 2002), if the efficiency of a steam turbine (Rankine cycle) 

equals to ηS and the efficiency of a gas turbine (Brayton cycle) equals to ηG, then the efficiency of 

combined cycle ηCC can be written as 

ηCC = ηS + ηG - ηSηG                                                                              (Eq 4.3) 

Eq 4.3 shows that combined cycle has higher efficiency than either of the single cycle alone. When 

combined, the Brayton cycle of the gas turbine and the Rankine cycle of the steam turbine 

complement each other to form an efficient combined cycle. The Brayton cycle of the gas turbine has 

a high source temperature and the heat generated can be conveniently used as the energy source for 

the Rankine cycle (Mohanty & Venkatesh, 2014). 

A single cycle gas turbine can achieve energy conversion efficiencies ranging between 20 and 35 

percent (U.S. Department of Energy, 2015). The efficiency is assumed to be 27.5 in the present 

calculation. 

A single cycle steam turbine has the efficiencies of around 35-42 % (Mohanty & Venkatesh, 2014). An 

efficiency of 38.5 is assumed in the present model. 

According to Eq 4.3, the efficiency of the combined cycle is therefore 55.4 % in the present model.   

Siemens claimed that the combined cycle power plants equipped with the latest Siemens technology 

achieved efficiency levels of more than 60 percent (Siemens, 2016). A similar result of the efficiency 

of combined cycle (can be reached over 60 percent, up to 65 percent) is presented in the study of 

Mohanty and Venkatesh (Mohanty & Venkatesh, 2014).  

Siemens has different models of gas turbines and steam turbines which are designed for waste-to-

energy plants. As shown in Figure 14 and 15. (Siemens, 2013) 
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Figure 14: Siemens Industrial Steam Turbines (Siemens, 2013) 

 

 

Figure 15: Siemens Industrial Gas Turbines (Siemens, 2013) 
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Since no data of detailed efficiencies of the turbines are found, we assume that the gas turbine has 

and steam turbine has 27.5 % and 38.5% efficiency, respectively, in the model as discussed above.   

After the combustion chamber, it’s hard to tell how much energy is generated by gas turbine and 

how much by steam turbine. Based on the assumption of the efficiency of the combined cycle which 

is 55.4 % as discussed in Section 4.2.6, the amount of electricity generated in this process can be 

assumed as 178.7 MW * 58 % = 99 MW. 

 Energy Balance 4.3.

After the energy calculation in the section 4.2 above, the energy balance of the plasma gasification 

plant model is shown in Figure 16 below. 
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Figure 16: Energy Balance of the Plasma Gasification Plant Model 

The overall electricity efficiency of the plant can be calculated: 99 / (272.59 + 1 + 21.6) = 33.5 %. 

 Feasibility Study 4.4.

Efficiency comparison: 

As described above, Shanghai does not have local heat distribution for buildings because most of the 

buildings in Shanghai do not use district heating as indoor heating method. So only the efficiency in 

power generation is compared in this part. 

Incineration: In the case of generating electricity, incineration plant can only use steam turbine. 

According to Table 3, the efficiency of a typical incineration plant when generating electricity is 14 % - 

27 %.  

Gasification:  According to a review by Arena (Arena, 2012), the efficiency of a gasification plant using 

steam turbine is 15 % - 24 %, using gas turbine is 20 % – 30 %.  
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Plasma gasification: in this case is calculated in section 4.3: 33.5 %.  

Landfill: according to the study by Wilson et al. (Wilson, et al., 2013), the efficiency of landfill gas 

recovery is only in the range of 5 % - 10 % as efficient as WtE conversion of thermal processes. 

Cost comparison: 

Based on a study by Wilson et al. (Wilson, et al., 2013), the running cost of a 250tpd air fed RDF 

gasification plant is around 112 US$ / Ton.  Running cost of a 3000tpd MSW incineration plant in 

Singapore is 52 US$ / Ton as proposed by Khoo et al. (Khoo, et al., 2006). Another paper (Ducharme, 

2010), studied and analyzed the cost of plasma gasification from different companies and the results 

are: 123 US$ / Ton (Alter NRG plant), 130 US$ / Ton (InEnTec plant), 149 US$ / Ton (Europlasma 

plant), 149 US$ / Ton (Plasco plant). Although the cost is still higher comparing to the air fed RDF 

gasification in Table 13, the difference is not so much. In the study by Byun et al. (Byun, et al., 2014), 

a 100tpd plasma gasification plant treating MSW is evaluated. The operation cost is estimated to be 

111 US$ / Ton. The average running cost of plasma gasification plants above is 132 US$ / Ton. The 

costs of different technologies are summarized in Table 13. 

Table 13: Cost Comparison of Different Thermochemical Waste Treatment 

Technology Plant Capacity (tpd) Operating Cost (US$ / ton) 

Incineration 3000 52 

Air Fed RDF 
Gasification 

250 112 

Plasma Gasification 100 132 in average 

 

Assume a larger plant has relatively lower unit cost; the air fed RDF gasification plant will have higher 

cost if it has the capacity of 100 tpd. Not mentioning if it use MSW instead of RDF fuel. The 

incineration plant will also have higher running cost if it has lower capacity. 

As for landfill, the processing costs for a sanitary landfill in China is around 8.41 US$ / ton (Qiu, 2012). 

It seems to be much cheaper comparing to those thermal processes. However, this solution is the 

least sustainable one because as mentioned in section 2.1.3, it has a chance of causing secondary 

pollution to the soil and groundwater. And Shanghai, together with many large cities in China, is 

running out of landfill space (The Economist, 2015). 

Environmental impacts comparison: 

Residues comparison: 

Residues from different technologies can be concluded in Table 14: 

Table 14: Residues from Different Technologies 
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Technology Residues 

Incineration around 20 % ash 

Gasification up to 5 % ash 

Plasma 
Gasification 

non-hazardous and non-
leaching slag 

Landfill NA 

 

The ashes from incineration and gasification can be toxic and they may still end up in landfill with the 

chance of causing secondary pollution. The slag from plasma gasification is non-hazardous and non-

leaching and it has commercial use as discussed earlier. Landfill is the least environmental way of 

disposing MSW under this criterion. 

CO2 emission: 

The study by Wilson et al.  (Wilson, et al., 2013) summarized that gasification produces about 1 kg of 

CO2 equivalent per kWh of generated power, while landfill produces approximately 2.75 kg/kWh and 

incineration releases approximately 1.6 kg/kWh of power generated. The report of Ducharme 

(Ducharme, 2010) mentioned that Europlasma claimed that the emission of CO2 by the plasma 

gasification is down to 0.2 kg/kWh produced. 

Other emissions: 

The study of Wilson et al. (Wilson, et al., 2013) showed that gasification emits much less NOx, SOx 

than incineration and landfill. In the case of particulate matter, it also emits less than incineration 

while a little bit more than landfill.  The results of the comparison are illustrated in Figure 17. 
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Figure 17: Comparison of NOx, SOx and Particulate Emission by Landfill Gas Capture, Gasification and 

Incineration (Wilson, et al., 2013) 

Another study by (Arena, 2012) compared the emission of different gasification technologies 

(including plasma gasification). The results can be seen in Table 15 below: 
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Table 15: Emissions from Different Gasification Technology (Arena, 2012) 

Company Nippon 
Steel 

JFE/Ther
moselect 

Ebara 
TwinRec 

Mitsui 
R21 

Energos Plasco 
En. 

EC 
Standar
d/Japan

ese 
standar

d 

Plant 
location 

Kazusa, 
Japan 

Nagasaki, 
Japan 

Kawaguch
i, Japan 

Toyohashi
, Japan 

Averoy, 
Norway 

Ottawa, 
Canada 

Gasifier 
type 

Down-
draft 
(Oxygen 
enriched-
air 
gasifiers) 

Down-
draft 
(Oxygen 
gasifiers) 

Internally 
circulatin
g fluidized 
bed (Air 
gasifiers) 

Rotary 
kiln 
gasifiers 
(Air 
gasifiers) 

Moving 
grate 
gasifiers 
(Air 
gasifiers) 

Plasma 
gasifiers 

Waste 
capacity 

200 tons/
day MSW 

300 tons/
day MSW 

420 tons/
day MSW 

400 tons/
day MSW 

100 tons/
day MSW 

110 tons
/day 
MSW 

Emissions, mg/Nm3 (at 11 % O2) 

Particulate 10.1 <3.4 <1 <0.71 0.24 9.1 10/11 

HCl <8.9 8.3 <2 39.9 3.61 2.2 10/90 

NOx 22.3 – 29 59.1 42 107 200/229 

SOx <15.6 – <2.9 18.5 19.8 19 50/161 

Hg – – <0.005 – 0.0026 0.0001 0.03/– 

Dioxins/fur
ans, n-
TEQ/m3N 

0.032 0.018 0.000051 0.0032 0.0008 0.006 0.1/0.1 

 

From Table 15, it can be seen that plasma gasification has similar environmental impacts as 

traditional gasification and all the technologies in Table 15 meets the European Committee Standard 

except for HCl emission from rotary kiln gasification. Shanghai has higher emission standards 

comparing to other cities in China. According to a report by Shanghai Environmental Protection 

Bureau, the emission standard for new incineration plant built after January 1, 2014 is the same as 

the European Committee standard listed in Table 14. This decision is effective until June 30, 2016. 

(Shanghai Environmental Protection Bureau, 2013)  

From the comparisons above, the conclusion can be made that plasma gasification has the advantage 

treating MSW in efficiency as an electricity generating WtE plant comparing to landfill, incineration 

and traditional gasification. It has similar emissions as traditional gasification but has lower emissions 

than incineration and landfill.  
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5. Conclusions 
According to the case study in section 4, plasma gasification offers an attractive and environmentally 

friendly option for the energy utilization and treatment of MSW in Shanghai. Apart from that, since 

the sorting and recycling systems of MSW in Shanghai still needs to be improved a lot, it is not ideal 

to treat MSW using other methods like incineration, traditional gasification and landfill for the 

existence of nonorganic waste and hazardous waste in the MSW in Shanghai. 

Although the plasma gasification technology is relatively new and most of the existing plant are non-

commercial demonstration plant, UK is building two 1000 tpd facilities (Tees Valley 1 and 2) using 

plasma gasification technology to treat MSW in Tees Valley located in the northeast of England. (Air 

Products and Chemicals, Inc., 2015) This shows that plasma gasification is ready to be used in large-

scale commercial plants. The future work can be collecting and analyzing relevant data from those 

two facilities in order to get more accurate data to see if plasma gasification is still a better choice to 

treat MSW in Shanghai. Also an Aspen model can be built in the future once more data are collected, 

so that the prediction of gas composition after the plasma gasifier and the total energy balance can 

be more accurate.  

One limitation of this thesis is about the cost comparison and analysis of different MSW treatment 

technologies. Due to lack of data, only the running cost of a 3000 tpd incineration plant, a 250tpd 

gasification plant and several 100 tpd plasma gasification plants are compared in this thesis report. It 

would be much more convincing if not only the running cost of the plants of different technologies 

are compared in the same size, but also including the investment cost of those facilities. Besides that, 

if different environmental impact indexes and social opinions (opinion value) of different 

technologies can be measured in monetary value, then a specific cost-benefit analysis (CBA) can be 

carried out for decision making of different stakeholders (e.g. government of Shanghai). 

Another point worth mentioning is that such a project like the scale of a 1000 tpd WtE plant will take 

decision makers at least several months or even years to discuss, not mentioning the time needed to 

build such plant. However, the analysis of this thesis report is based on present data and it is very 

hard to predict the MSW characteristics and management status in Shanghai in the future.  

Nevertheless, plasma gasification is an interesting technology that has the potential for future WtE 

application. It would be exciting to find out its performance in the new plant in UK. 
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