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Abstract 
 
This master thesis has been carried out at Industrial Ecology at Royal Institute of 
Technology, KTH, in cooperation with Swedish Environmental Research Institute, IVL. 
This thesis discussed the usage of the ash from coal incineration in Wuhai, Inner Mongolia, 
China by studying and analyzing the fly ash from the case plant, the North Power Company.    
 
In the first part, there are some background information about the study area, like Wuhai 
city and the case plant, the North Power Company. The study focused on the application of 
the fly ash as the fly ash is the main fraction of the ash from coal incineration. Besides, the 
current situation of the coal fly ash application in whole China including some regions in 
China like Shanghai and some applications of fly ash worldwide, are investigated. 
 
The chemical properties of the fly ash samples collected from the case plant have been 
analyzed in two main parts, the mass fraction and the trace elements. The concentrations of 
several metal elements in the fly ash that have the highest toxicity have been compared 
with that in the fly ash from Shanghai and the Netherlands. The leaching possibilities of the 
metals from the fly ash are also compared with related Chinese standards and European 
standards to see if the fly ash in the North Power Company has the potential to exceed the 
standards. According to the natural condition in Wuhai and the properties of the fly ash, the 
potential application areas for the fly ash from the North Power Company are: cement and 
concrete, bricks, ceramic, road construction and extraction of aluminum oxides.  
 
An evaluation of those possible applications have been made by considering the 
information from technology aspects, economical aspects, environmental effects, health and 
safety effects and social aspects. Using the fly ash in cement and concrete is the most 
suitable application among those potential applications, and the usage of the fly ash in 
ceramic production is not a good choice under the current situation. The other three 
applications are also suitable to use if some tests or pretreatments have been done. At the 
end, there are also some suggestions for future study and recommendations for the decision 
makers. Therefore, the order of the priority of those potential applications is as follows: 
Cement and concrete>Bricks and Extraction of aluminum oxides>Road 
construction>Ceramic.   
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1. Introduction 

1.1 General Introduction 
Coal is the major energy resource in China; widely combustion of coal to produce power 
and heat results in the extreme large amount of coal ash produced per year. China currently 
account for 25% of global coal ash production (see Figure 1). How to use the ash from coal 
incineration is a main problem that lots of coal power plants in China faced. The city 
studied in the thesis project is Wuhai, an industrial city in north part of China focus on the 
development of coal power industry. The case company is North Power Company that 
established in 2005 in Wuhai, which is willing to find better ways to use their fly ash.  

 
Figure 1. The Estimation made by O.Manz of worldwide 

annual production of ashes from coal and lignite (Brennan, 2003). 
 
 

1.2 Definition of Key Concepts 

• Coal ash is what’s left over after coal is burned in power plants to generate electricity 
(Alliantenergy, 2006). These materials known as coal combustion products or CCPs can 
be used as products or raw materials, primarily in the construction industry. The solids 
included in CCPs are fly ash, bottom ash and boiler slag. 

• Fly ash is a very fine powder-like particle, ranging in colour from tan to black. It's 
usually collected by electrostatic precipitators that prevent it from being released 
through the stacks of the plant; 

• Bottom ash is defined as the large ash particles (brown sand-like material) that 
accumulate at the bottom of the boiler.  It's usually ground down and sluiced to holding 
ponds; 

• Boiler slag is the molten inorganic material, black, shiny and angular. It is coarser than 
bottom ash, but is collected and contained in a similar manner (Alliantenergy, 2006). 

 

Unit: 106 ton 
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1.3 Scope and Purpose of the Study  

In this project, instead of studying the coal ash application for all the power companies in 
Wuhai, case study of a typical power company in that area will be used. The North Power 
Company in Wuhai is the target plant of the study and all the coal ash samples used in 
analysis section were collected from that company. The study focuses on the applications of 
fly ash which is the main composition of coal ash, usually about 70% of the total weight.   
 
The main aim of this thesis is to investigate different possibilities for fly ash usage that may 
be suitable to apply in Wuhai in future considering environmental, health, technical and 
economical factors. The project is a part of the plan that has the goal to minimize the 
industrial pollution in Wuhai. There are several main objectives in the study: at first to give 
a general background information of Wuhai city, current situation of fly ash production and 
fly ash applications in Wuhai and in other regions of China, then to analyze properties of 
the fly ash samples from North Power Company to know the chemical characteristics of the 
ash and study the environmental and health effects that may be caused by the usages of the 
ash, which will affect the choice of the fly ash application methods. After that, to make a 
summary for different applications of fly ash used worldwide, list some potential 
applications of fly ash for the North Power Company and make an evaluation for these 
applications by comparing the environmental, technical, economical and social effects. At 
the end of the study, to give a final conclusion and some suggestions of the fly ash 
applications for the North Power Company, and for other coal power plants in Wuhai have 
similar problems.  
 
The driving forces for this study are mainly from three aspects: from an economical 
consideration, to use coal ash can give high added value products which will bring 
economic benefits to the power plant and reduce the cost of coal ash deposition. In Wuhai, 
the normal price for coal ash landfill is about 10-12 Yuan/ton which equals to 9-11 SEK/ton 
(Quan H. M, 2006). In environmental aspect, to make good usage of coal ash will 
contribute to reduce the air pollution in Wuhai and prevent the potential harmful effects 
(heavy metals leaching and radiation of the coal ash) on aquatic system, soils and 
eventually human begins cause by direct landfill of coal ash. From a social consideration, 
the local residents will be aware of the harmful effects caused by unsuitable deposition of 
coal ash and the government also pays more attention to environmental issues. Wuhai 
government created Green City Projects which include the project to make bricks and 
pottery of fly ash in order to achieve the goal of sustainable development. 
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1.4. Method  
In this thesis, a number of different kinds of methods for information collection and analysis 
are used: literature study, field investigation and calculations. Following sections give a 
brief description of these methods. 
 

1.4.1 Literature Study  
Literature study is essential for all stages of this thesis. In the beginning stage of the thesis 
work, some literatures were studied about the general situation of fly ash production and 
applications to understand the basic concepts as a theoretical basis foundation. In the rest of 
the thesis work, the study focus on the literature provides detailed information about fly ash 
properties and each kind of fly ash applications, like the available technologies, and 
environmental and safety effects issues.  
 
Literature study is done by searching information through internet and literatures from 
bibliographic databases concerning fly ash applications. For English articles, related former 
studies and research articles are collected from various bibliographic databases, like 
Compendex through the library of KTH. The Chinese articles are gotten from Chinese 
databases, like Wanfang database.  
 
1.4.2 Field Investigation 
Only study the literature is not enough for fully understanding a problem, it is also 
necessary to study it at its location. In this study period, one visit to the North Power 
Company in Wuhai has been done. The visit at Wuhai and the North Power Company 
allowed for collecting first-hand information. During the field visit to Wuhai, following 
works were done, interview with experts from local environmental protection bureau, visit 
to related fly ash application companies, sample collection in the case company the North 
Power Company and communication with persons familiar with fly ash applications. The 
ash samples were transferred to Sweden and analyzed by an accredited analysis company. 
 
1.4.3 Calculation 
The purpose to come up with suggestions for fly ash applications can not be achieved 
without providing a priority of applications. This work can be done as follows: at first, 
analyze the property of fly ash by comparison with environmental standards and fly ash 
from other plants and areas. Then make a primary evaluation by selecting the possible 
applications and deleting the impossible ones. After that, study each of the selected 
applications according to the situation in Wuhai and North Power Company. Then 
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comparing these applications by following methods: there are several aspects that have 
effects on the application of fly ash; these are given a percentage by the importance of each 
aspect. In each aspect, a higher value is given for positive effects and lower value for 
negative effects. At the end, the percentages were multiplied with the value of each aspects 
and sum together to get the final value for these applications. Applications with a higher 
value mean that the priorities of these applications are higher than for those with lower 
values.    
 
1.5 Background  
1.5.1 General Information of Wuhai City 
 

 
Figure 2. Map of Inner Mongolia of China (Inner Mongolia Government, 2005)  
 
Wuhai is located in the southwestern part of Inner Mongolia of China, at the upper reaches 
of Yellow River. It is adjacent the Ordos Tableland in the east, and connects the Ningxia 
Province in the south (See Figure 2). The Baolan railway, as well as the national road No. 
110 and 109 pass through the region. The total area is 1754 km² and the population is 
450,000 (Inner Mongolia Government News Office, 2006).  
 
The climate of Wuhai is temperate continental climate, with distinctive four seasons, cold 
winter and hot summer. The annual average maximum daily temperature is 16℃, minimum 

3 ℃. There is a very big temperature difference between seasons, with the maximum 

temperature of 40℃ in summer, minimum of -37℃ in winter. Frost-free period is long, 

with 156-165 days of annual average frostless season and duration of sunshine is also long, 

Wuhai 
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with 312 hours of annual sunshine (Wuhai government, 2005). Those conditions fit the 
growth of some vegetable and fruit, especially the grape, but not suitable for large scale 
production of crops. The yearly rainfall in the city is 162mm, and the maximum 
evaporation capacity is 3375.7mm (Wuhai government, 2005). 
 
Wuhai City is abundant with natural resources including large mineral reserves. Its GDP 
increase 40 times than in 1950s’, and it has set up as industrial economic system with five 
main support industries: coal, chemical engineering, building materials, metallurgy and 
mechanic engineering (Wuhai government, 2005). Besides, Wuhai has a suburban 
agricultural system with production and deep processing of vegetables and fruits  
 
1.5.2 Contents of the Coal in Wuhai 

In Wuhai city, the coal production is 6 million tons per year and the coal is all from local 
coalmines. A lot of energy plants are built around the mining sites. The North Power 
Company also uses the coal from nearby coalmines. The distances between coalmines and 
coal power plants are from 2 km to 60 km, the average distance is 20 km (Quan, 2006).  
 
From industrial view, coal consists of unburned fraction and burnable fraction. In the 
burnable fraction, there are fixed carbon and substances that will become gases above some 
temperature. The unburned fraction includes the water content and the ash content. The ash 
content is mainly inorganic mineral containing elements like Si, Al, Ca, and Fe. Inherent 
ash in coal is a kind of inertia composition that forms during the formation processes of 
coal by mineral materials. Fly ash and bottom slag form during the combustion process by 
oxidization, decomposition and combination of inorganic and organic matters. According to 
Wang and Wu, 2004, when the coal contains high quantity of ash, this leads to higher 
amounts of fly ash to be used or disposed of and lowers the calorific value.   
 

Table1. Contents of the coal in Wuhai and other regions in China (Data from Quan, 2006 
and China Electricity, 2006) 

 Wuhai Northeast of 
China 

Guanxi, Sichuan 
Southwest of China 

Inherent ash by weight% 20-30 10-20 15-25 
Sulphurs% 0.6-2 <0.5 2-5 

Calorific value kcal/kg 4800-6300 - - 

The properties of fly ash depend to some content on the type of coal used and eventually 
have effluence on the application of fly ash. Therefore, it is better to study the type of the 
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coal used in Wuhai first. In Table 1, there are information about the contents of coal in 
Wuhai and other regions in China (Quan, 2006 and China Electricity, 2006). Usually, the 
most important indicators to evaluate the quality of coal are ash content and content of 
sulphurs. The coal produced in Wuhai has relatively high percentage of inherent ash (20%-
30%); the content of sulfur is from 0.6% to 2%, which is in medium level compare to the 
coal in other regions in China. In China, there is a classification for coal used to produce 
power. According to that classification (Wang F, Wu Z 2004), the coal in Wuhai mainly 
belongs to the Normal Inherent Ash Content Coal (Inherent ash 24%-34%) and Medium 
Sulfur Coal (Sulfur content 1%-3%).  
 
1.5.3 Fly Ash Production in Wuhai  

Enormous ash from coal incineration is produced every year in Wuhai. Table 2 shows that 
the annual amount of fly ash production was about 1.2 million tons in 2005 and the fly ash 
stored in ash storages was around 1.1 million tons in 2005. The major producers of coal ash 
in Wuhai are Inner Mongolia Menghua Haibowan power Ltd, Inner Mongolia Wuda power 
Ltd, North power Ltd Wuhai heat power plant, Inner Mongolia Huadian Wuda heat power 
Ltd and Wuhai Shenda power Ltd. Beside the fly ash produced per year, there is also a large 
amount of fly ash stored in certain places from last years waiting for utilization. 

 
Table 2. The annual output and storage of fly ash in Wuhai (2005).  

Data from Wuhai Environmental Protection Bureau (Quan 2006). 
Name of companies Annual output (ton) Storage (ton) 

Inner Mongolia Menghua Haibowan power Ltd 485*103 545*103 
Inner Mongolia Wuda power Ltd 250*103 245*103 

North power Ltd Wuhai heat power plant 210*103 190*103 
Inner Mongolia Huadian Wuda heat power Ltd 140*103 107*103 
Inner Mongolia Xishui Chuangye power Ltd 35*103 - 

Wuhai Shenda power Ltd 21*103 - 
Inner Mongolia Wancheng energy Ltd  

Qianfeng power plant 
4.5*103 - 

Inner Mongolia Huanghe Gongmao Group 
Wanteng steel Ltd 

- 
43*103 

Total 1145*103 1130*103 
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In North Power Company, the annual output of fly ash is 0.21 million tons per year and the 
stored fly ash is 0.19 million tons per year, about one fifth of the total output and storage 
amount in Wuhai. Beside the contents of the coal in Wuhai, the type of the boiler used to 
combust the coal and the ash collection systems also affect the fly ash property. The boiler 
used in North Power Company is coal-fired boiler (see Figure 3 below). Fly ash release 
from this type of boiler has low contents of carbon due to the completely combustion of the 
coal in boiler (Wang F and Wu Z 2004). The dry ash collection system is applied in North 
Power Company (see Figure 4 below); therefore the ash has lower content of water 
compare to ash from other types of ash collection system. 
 

   
Figure 3.Coal Fired System (Photo: Shiyu Sun)   
    

 
Figure 4.Dry ash collection system (Photo: Shiyu Sun) 
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2.  Current situation of fly ash application 
 
2.1 Introduction of Fly Ash Applications  
Dozens of years ago, people considered fly ash as waste material that increases disposal 
costs. The situation change in recent years, people recognize that fly ash is a valuable by- 
product capable of generating revenues. Fly ash has a variety of uses and can be used in the 
following fields:  

• Engineered fill  
Engineered fill includes highways and land reclamation, highway construction, flowable 
fills, flowable grouts and mortars (Sloss, 1999). Fly ash has several advantages as a fill 
material, principally its low unit weight and its ready availability in many areas. The 
disadvantages of fly ash as structural fill include its fine-grained, non-cohesive nature, so 
fly ash fills need to be paved or covered with a top layer of soil to prevent dusting, erosion 
and frost heave, and to encourage the growth of vegetation. Fly ash also has several 
physical and engineering properties that are advantageous in construction, including: 
relatively high shear strength; relative ease of handling and compaction.  

• Cement, concrete and mortar 
There are many successful applications of fly ash in cement, concrete and mortar. Indeed, a 
large proportion of the fly ash used in many countries is consumed in cement and concrete 
products such as ready-mixed concrete, concrete blocks, pre-cast concrete and grout. For 
many of these applications, the fly ash must meet some standardized physical and chemical 
specifications. Technical benefits arising from the incorporation of fly ash in cement and 
concrete, like improved resistance to alkali-aggregate reaction and lower creep and 
shrinkage. 

• Agriculture and fisheries 
Fly ash has been used as one composition of fertilizer for many years, and more recently as 
a soil amendment. The minerals and trace elements present in fly ash have been known for 
years to have a beneficial effect on some soils and vegetation. Its use in fisheries is less 
direct – in stabilized ash concrete as an alternative to the conventional concrete used to 
construct artificial reefs at sea. As Sloss 1999 stated the large-scale practice of constructing 
artificial reefs is only being considered seriously as an ash-management strategy in Japan 
and Chinese Taipei – countries where there is greater emphasis on marine resources and 
much less land for agriculture. Besides, research is also in progress in the UK and Italy and 
has confirmed the lack of adverse environmental effects (Sloss 1999).  
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• Secondary products  
Artificial or synthetic aggregates, bricks, ceramics and binder are examples of secondary 
products. They mostly replace conventional building materials. Aggregates can be made 
from fly ash with or without the addition of other materials by palletizing and sintering 
technology. Bricks are made from fly ash, lime and water and autoclaved at high pressure 
and temperature used in house construction.  

• Materials recovery  
Some fly ash treatment and separation processes can help recover individual metals such as 
aluminum and iron and minerals from fly ash. Fly ash can also be used to produce carbon 
for carbon black, industrial graphite or activated carbon (Sloss, 1999). Materials recovery 
from pulverized coal ash would therefore appear to be more appropriate for specific 
markets, rather than for the bulk use of ash as, for example, in the construction industry.  

• Pollution control  
Fly ash may be used to control environmental damage from waste materials by stabilizing 
them in an admixture or by constructing an impermeable liner or cover for the landfill. Use 
fly ash in water treatment by using the adsorptive capacity of fly ash. Water-soluble 
components of fly ash such as gypsum and lime release hydroxide ions and calcium during 
the mixing of fly ash with water, the hydroxide ions neutralize the hydrogen ions released 
from acidic wastes and the calcium ions remove phosphorus from wastewater.  
 
For different types of fly ash, the applications are also different. As Sloss (1999) stated high 
quality fly ash can be used as a replacement for cement in the manufacture of concrete, 
giving it improved strength, durability and resistance to chemical attack. Lower quality fly 
ash, because of its cement-like properties, can be used to stabilize loose, plastic soils. In 
order to have a comprehensive view of fly ash application in world wide, it is necessary to 
know the fly ash utilization situation in representative countries. According to Sloss 1999, 
for instance, in the Netherlands, about 30% of the power and heat is produced by coal. 
Since 1990, fly ash utilization rate has exceeded 100%, now fly ash is re-claimed from 
storage and import from other countries. To some extent, the situation is due to the Dutch 
legislation that prohibits fly ash disposal. Most of the ash is used in road construction and 
concrete block manufacturing. In Sweden, the coal ash production amount is small, about 
200 kt/year in 1996. About 40-50 kt of coal ash are used per year. The main applications are 
as fill in construction and road base, covering and stabilization of waste. At present, 
disposal of fly ash is prohibited and most of this is used as covering materials in landfill 
plants.  
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2.2 Fly Ash Application in China 

The fly ash application situation is better than before and the utilization rate of fly ash in 
China keeps increase at a steady rate, but varies from region to region and plant to plant. At 
present the average of utilization rate is 60 %, and the utilization rate in economically 
developed coastal area is higher than for areas inland (Zhao M. G, 2006). For example, in 
Shanghai, the utilization rate of fly ash has exceeded 100%; due to Shanghai having a 
shortage of construction materials and other resources and fly ash is a valuable commodity. 
In 2005, the total fly ash production had increased to 5350kt and the utilization rate was 
102.1% (see Table 3). The high rate of utilization in Shanghai is due to that the market for 
fly ash has being well developed in the area and legislation and tax incentives. 
 
From Table 3, it is easy to see that fly ash is mainly used in concrete and mortar, cement 
and road construction in whole China as well as in Shanghai city. The data for each kind of 
utilization in whole China in recent years is not available; therefore the trend of coal ash 
usage has been made by comparing the utilization percentages change in Shanghai. The 
usage percentage of coal ash in cement, concrete and mortar increased a lot during the last 
ten years, meanwhile the percentage of other utilizations decreased.  
 
Table 3. Fly ash production and utilization in China national and in Shanghai city (Sloss, 
1999 and Zhao.M.G, 2006). 

 1995 2005 

 National Shanghai 
Percentage 
in Shanghai 

% 
National Shanghai 

Percentage 
in Shanghai 

% 
Total production 
(kt) 99360 3861  120000 5350  
Total utilization 41450 3776  72000 5460  

Bricks 4150 183 4.8 - 56 1.0 
Concrete and 

mortar 475 12.6 - 2128 40.0 
Cement 

12440 
457 12.1 - 1304 23.9 

Road construction 12920 1799 47.6 - 1642 30.0 
Backfill 8450 537 14.2 - 313 5.7 
Other 3490 325 8.6 - 13 0.3 

Utilization rate, %  97.8  60 102.1  

In China, there are national measures and criterions of coal ash applications. For example,  
Management Measures for Comprehensive Utilization of coal ash, which is published on 
1994-01-11, which contains the contents of comprehensive utilization of coal ash in China 
and principle of comprehensive utilization of coal ash.  
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2.3 Fly Ash Application in Wuhai city 

The fly ash production in Wuhai is 1.1 million tons per year but only 22.5% (0.25 million 
tons per year) of the total quantity of coal is utilized (Quan, 2006). The utilization rate in 
Wuhai is much lower than the average utilization rate in China. In the North Power 
Company, current coal ash utilization rate is from 30% to 42%, but the expectant coal ash 
utilization rate is 70 % (Gao, 2006). The main way of utilization is cement production. For 
example, Mengxi Cement Company adds fly ash from Haibowan Power Company in their 
cement production. The added coal ash per year is from 20,000 to 30,000 tons. The annual 
output of cement is 150,000,000 tons (Zhang, 2006). The rest of the coal ash goes without 
any treatment directly from the power company for landfill in specific areas. 
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3. Property of the Fly Ash  
 

3.1 Chemical Composition  
The chemical characteristics of coal ash depend largely on the inorganic constituents of the 
parent coal and the combustion conditions. Usually four principal components are 
considered: major elements, trace elements, radioactive species and unburned carbon.  
 
In January 2006 and July 2006, field investigations have been done in Wuhai including the 
visit of North Power Company and Mengxi Cement Company. All the data in the following 
tables about the fly ash of North Power Company are from the analysis reports provided by 
Analytica AB. The original analysis result can be found in Appendix 1. They used standard 
analysis methods to determinate the mass composition and trace elements. In one of the 
tables below, there is the data of composition of coal ash used in cement production in 
Mengxi Cement Company, the coal ash originating from Haibowan Power Company in 
Wuhai, another main fly ash producer. 
 
3.1.1 Major Fraction  
 
From the Table 4 below, it is easy to find that Al2O3, SiO2 and Fe2O3 form the largest parts 
of the ash. More than 90% composition of the coal ash is consisted by these three fractions. 
The percentage of any of the other fractions does not exceed 3%. So the main composition 
of the ashes is characterized as being very high in SiO2 and Al2O3, with minor amounts of 
CaO, MgO, MnO, P2O5, K2O, Na2O, TiO2 and loss on ignition (LOI).  
 

Table 4. The mass fraction composition of fly ash from North Power Company (Data from 
Analytica AB) 
 

Sample TS 
% 

Al2O3 
% TS 

CaO 
% TS 

Fe2O3 
% TS 

SiO2 
% TS 

K2O 
% TS 

MgO 
% TS 

MnO 
% TS 

Na2O 
% TS 

P2O5 
% TS 

TiO2 
% TS 

LOI 
% TS 

January 
2006 99.1 45.9 0.922 3.17 46.0 0.710 0.316 0.019 0.170 0.206 1.34 2.5 

July 
2006 85.4 39.1 0.955 4.37 48.2 0.700 0.351 0.021 0.198 0.174 1.32 1.5 

Mean 
value 92.2 42.5 0.939 3.77 47.1 0.705 0.334 0.02 0.184 0.19 1.33 2 
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Usually, most of the fly ash produced in China is low calcium ash due to its low content of 
calcium oxide. In McCarthy’s classification method, when the content of CaO is less than 
10%, the fly ash belongs to low calcium fly ash (Wang F and Wu Z 2004). The ash from 
North Power Company is also included in this kind of fly ash as the content of CaO is 
around 1%.  
 
Table 5. The mass fraction composition of fly ash from Haibowan Power Company (Data 
from Zhang 2006) 
 

Date  Al2O3 (%) CaO (%) Fe2O3 (%) SiO2 (%) MgO (%) 

June 22 42.4 1.85 4.07 49.61 0.60 
June 30 41.3 1.68 4.26 49.30 0.66 
July 04 41.0 1.44 4.94 49.49 0.67 
Average 41.6 1.66 4.42 49.47 0.64 

North Power 42.5 0.939 3.77 47.1 0.334 

The compositions of coal ash are varied due to different kinds of coal and combustion 
approaches. By comparing Table 4 and Table 5, the main compositions of coal ash from 
different coal companies in Wuhai are found to be similar to each other.  This is because all 
the coal they used is produced in local coalmines. The combustion approaches are also 
similar, and therefore, the study of suitable applications of fly ash in North Power 
Company will help other coal power companies in Wuhai to find their potential ways to use 
their fly ash. 

3.1.2 Trace Metals 
The presence of trace metals in fly ash depends on the volatility of each trace metal and the 
surface area available. Fly ash may contain traces of arsenic, barium, beryllium, boron, 
cadmium, chromium, cobalt, copper, selenium, silver, strontium, tin, vanadium, zinc and 
other trace elements like mercury and lead. There appears to be an inverse relationship 
between some trace element concentration on a particle and the particle size. This is due to 
the proportionally greater surface area on smaller particles. These inorganic trace elements 
can condense or be adsorbed on the particulates in the flue gas as it cools, largely 
depending on the surface area available. Thus particle size is important, and the 
concentration of volatile elements and compounds generally increases as the particle size 
decreases. Trace elements may be divided according to their association with the organic or 
mineral fraction of the coal. Over 90% of the trace elements found in coal fly ash originate 
from the inorganic fraction. These include arsenic, cadmium, lead, mercury and zinc. Trace 
elements from the organic fraction include beryllium, boron, gallium, germanium and 
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titanium (Sloss, 1999).  
 
From Table 6, for the fly ash in North Power Company, the elements can be sorted out in 
three levels according to the amount of these different elements. Ba, Sr, Zr, and S, whose 
contents are more than 100 mg/kgTS1, are the major trace elements at the first level. 
Elements in the second level are those elements that have an amount between 10 mg/kg TS 
to 100 mg/kg TS. That is true for Cr, Cu, La, Nb, Ni, Pb, Sc, Sn, V, W, Y and Zn. The 
amount of As, Be, Cd, Co, Hg and Mo are less than 10 mg/kg TS, therefore they are called 
the third level elements. The pH value of the fly ash form North Power Company is 8.7; 
which means the fly ash is an alkaline ash. The concentration of chlorine is less than 0.1% 
in the fly ash. The chlorine concentration in the fly ash from North Power Company is in 
normal level compare to the chlorine level in the fly ash from plants in other area in China. 
In Shenhua and Zhungeer power plants, the concentrations of chlorine are 0.02% and 
0.03% (Wang F and Wu Z 2004).  
 
Table 6.The average concentration of trace elements in fly ash of North Power Company 
(Data from Analytica AB) 
Sample 
mg/kg TS As Ba Be Cd Co Cr Cu Hg La Mo Nb pH 

January 
2006 5.43 219 6.70 0.302 8.83 32.2 27.1 0.130 93.9 8.64 36.3 - 

July  
2006 10.4 236 6.23 0.24 9.26 44.6 31.1 0.083 103 9.06 32.2 8.7 

Mean  
Value 7.92 227.5 6.47 0.271 9.05 38.4 29.1 0.107 98.45 8.85 34.25 8.7 

             
Sample 
mg/kg TS Ni Pb S Sc Sn Sr V W Y Zn Zr Cl %

January 
2006 17.2 82.5 802 24.6 <20 424 83.8 <60 64.5 55.9 689 - 

July 
2006 22.9 83.1 800 21.1 <20 348 95.8 <60 65.6 53.8 640 <0.1 

Mean 
Value 20.05 82.8 801 22.85 <20 386 89.8 <60 65.05 54.85 664.5 <0.1 

                                                        
1 TS (Total Solid content in fly ash ): samples dried at 105℃. 
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Some bottom ash samples were also collected at the same time as the fly ash samples from 
North Power Company and they are the combustion residuals from the same coal. The 
particle size of fly ash and bottom ash is different and the difference can be seen by the 
naked eye. Bottom ash has larger particle size than fly ash. By comparing the analysis 
results of the bottom ash and fly ash of North Power Company in Table 7, it is obvious that 
the metal concentrations (except Ba, Cd, Zr) in the fly ash are higher than that in the bottom 
ash, though the difference in concentrations of the trace metals is not very significant. In 
former study of coal ash in China, the experts also find the similar results, that the 
concentrations of metals are higher in fine ash due to its larger surface area, more surface 
activity and higher adsorption ability (Zhao W. X and Fen H, 2002). 

 

 Table 7. Trace elements concentration in the fly ash and the bottom ash of North Power 
Company (Data from Analytica AB) 

 

 

Sample 

mg/kg TS 
As Ba Be Cd Co Cr Cu Hg La Mo Nb pH 

Bottom 
Ash 

<3 343 4.69 0.308 6.51 35.0 20.5 <0.01 88.0 <6 26.3 9.1 

Fly Ash 7.92 227.5 6.47 0.271 9.05 38.4 29.1 0.107 98.45 8.85 34.25 8.7 

             

Sample 

mg/kg TS 
Ni Pb S Sc Sn Sr V W Y Zn Zr Cl % 

Bottom 
Ash 

13.3 26.3 610 16.1 <20 306 70.5 <60 54.2 15.0 654 <0.1 

Fly Ash 20.05 82.8 801 22.85 <20 386 89.8 <60 65.05 54.85 664.5 <0.1 
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4. Environmental Effects  

Although the utilization of coal ash is encouraged now, some environmental effects will be 
caused by the improper usage of fly ash. Most fly ash has a particle size less than 100 μm, 

some of the particles with diameter less than 10μm float in the air. The finer part of fly ash 

will therefore make a contribution to the air pollution. Besides, trace metals in fly ash could 
disperse in the environment without proper control. Trace metals, though present as a 
relatively small fraction in fly ash, are of special interest, due to their cumulative build up, 
long life, and high toxicity to man, plants, and animals through air, water, and soil intake. 
Leaching of heavy metals from fly ash is a potential concern during ash disposal and 
beneficial use. According to Sloss 1999, trace elements and metals such as Sb, As, Ba, B, 
Cd, Cr, Co, Cu, Pb, Mg, Mo, Hg, Ni, Se, Ag, and Zn could be leached out from fly ash, 
resulting in potential surface water, groundwater, and soil contamination. 
 
 
4.1 Leaching Test Method 
Usually a laboratory-leaching test could be used to determine the potential mobility of trace 
metals. The leaching test has not been done for the fly ash from North Power Company. 
However, by comparing some former studies results in other areas in China, some 
conclusions about the trace metals from the fly ash in North Power Company can also be 
drawn. In Shanghai Yangpu Power Plant, some leaching tests have been done for the trace 
metals in their fly ash (Data from Wang F, Wu Z 2004). In China, there is a standard about 
the leachate toxicity of solid waste, Industrial solid waste pollution control standard 
GB5085-1997. The result of the test and the standard is shown in Table 8. 
 
The leaching test method used in China is GB 5086.2-1997 Test method standard for 
leaching toxicity of solid waste (SEPA 1997). The suitable procedure for fly ash leaching 
test is horizontal vibration extraction procedure. According to GB 5086.2-1997, the main 
steps of the procedure are as follows: at first 100g dry solid sample is weighted and the 
sample is put in 2 liter bottles. Then 1 liter distill water is added in the bottle and the 
sample is mixed with the water. After that, the bottle is covered and put in the horizontal 
vibration extraction equipment and vibrated for 8 hours. The frequency of the vibration 
equipment is 110 vibrations/minute. After the vibration, the bottle is stayed in the 
equipment and after 16 hours the bottle is taken out. The next step, the sample is filtered 
with filter prepared before. The liquid filtered out is the leaching liquid need to be analyzed 
by instruments later.   
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Table 8. Concentration of metals in the fly ash and leaching liquid from different plants. 

Trace Metal Pb Cu Cd Cr Zn Ni Hg As 

Yangpu fly ash* (mg/kg) 44.4 73.4 <3 66.6 70.6 58.2 0.034 1.2 

Yangpu Leaching liquid *(mg/L) 0.35 <0.3 Nd 0.42 <0.01 <0.1 <0.001 0.008 

North Power fly ash (mg/kg) 82.8 29.1 0.271 38.4 54.85 20.05 0.107 7.92 

Industrial solid waste pollution 

control standard GB5085-1997 

(mg/L) 

3.0 50 0.3 1.5 50 25 0.05 1.5 

Waste water release standard 

GB 89781996 (mg/L) 
1.0 - 0.1 1.5 - 1.0 0.05 0.5 

      Agriculture used water  

quality standard GB5084-1992 

(mg/L) 

0.1 1.0 0.005 0.1 3.0 - 0.001 0.05 

Surface water quality standard 

GB/T 14848-1993 (mg/L) 
0.1 1.0 0.01 0.05 1.0 - 0.001 0.04 

Fishing water standard GB5084-

1992 (mg/L) 
0.1 0.01 0.005 1.0 0.1 0.1 0.001 0.1 

* Data from Wang F and Wu Z 2004 

4.2 Comparison of Leaching Test Results to Different Standards 
Compare results of Yangpu Power Plant with the standard for Industrial solid waste 
pollution, the concentrations of these metals in leachate are all below the standard value. 
Therefore, the fly ash from Yangpu is harmless solid waste according to the Industrial solid 
waste pollution control standard GB5085-1997 (SEPA, 1997) in China. The concentrations 
of Cu, Cd, Cr, Zn and Ni of fly ash from North Power Company are less than that of fly ash 
from Yangpu, therefore these metal concentrations in leachate from North Power Company’ 
ash are also lower than that in leachate from Yangpu and also below the level of  Industrial 
solid waste pollution control standard GB5085-1997. Though the concentrations of Pb, Hg, 
As of the fly ash from North Power are several times higher than that of the fly ash from 
Yangpu, even multiple the concentrations of these metal in Yangpu fly ash’s leachate with 
the same times, the values are still below the values in Industrial solid waste pollution 
control standard GB5085-1997 in China. Therefore, the same conclusion can be drawn for 
the fly ash from North Power Company; the fly ash is harmless solid waste according to the 
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Industrial solid waste pollution control standard GB5085-1997 in China. Compared to the 
limits in Waste water release standard GB 89781996, As in the leachate of the fly ash from 
North Power Company may exceed the limit value as the concentration of As in the fly ash 
from North Power Company is 6.6 times higher than that in fly ash from Yangpu, when the 
concentration of As in Yangpu fly ash’s leachate multiply the same times, the possible 
concentration in the North Power fly ash’s leachate is about 0.53 mg/L, higher than the 
limit value 0.5 mg/L.  The similar situation also happened when compare the trace metal 
concentrations of North Power fly ash leachate with the limit values in Agriculture used 
water quality standard GB5084-1992, Surface water quality standard GB/T 14848-1993 
and Fishing water standard GB5084-1992, elements like  Pb, Cu, Cr, Hg, As will exceed 
the levels listed in these standards. Therefore, when the fly ash applications used in such 
areas, the effects need to be considered. 
 
From above, it seems that the fly ash in Wuhai is safe to use according to the Chinese 
standards for Industrial solid waste pollution control standard GB5085-1997. But is the fly 
ash still safe compare to that in European Standards? In order to answer this question, the 
leaching test method applied in European countries need to be compared at first. To 
determine the potential mobility of trace elements from the fly ashes, the leaching test DIN 
38414-S4 was usually applied. This DIN method requires the mixing of 100 g of solid 
material (dry weight) with a liter of distilled water in 2 liter bottles during 24 h (Moreno N. 
2004). The major and trace element contents in the leachate determined by means of ICP-
AES and ICP-MS. The method used here is very similar to the method used in China.  

Therefore the leaching test results from Moreno N in 2004 about the fly ash from European 
countries are comparable with the leaching test result from the fly ash in China. In Table 9, 
there are metal concentrations of the fly ash from Netherlands and the concentration of 
metals in the leachate of the ash. In Netherlands, the fly ash usually is utilized as a fraction 
in building materials (Sloss, 1999). There is one prevailing Decree on Building Materials 
(BsB) that prescribes a standardized leaching test for granular building materials. The 
leaching limits stated in this decree are based on the principle that through leaching from 
building materials the increase in concentration of any compound in the underlying soil 
should not be higher than 1% relative to a standard soil over 100 years calculated over the 
first 1 m, depth in that soil (Nugteren H. W. 2001). The liquid and solid ratio is 10/1. The 
unit of concentration of metals in leachate can be converted into mg/kg in solid matter. The 
Netherlands fly ash data is from the article of Moreno N. in 2004.  
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Table 9. Concentrations of metals in the fly ash and in the leachate from the Netherlands 
with the limit concentrations of metals in the ash leachate in the Netherlands (Data from 
Moreno N. 2004 and Analytica AB).  

Trace Metal Pb Cu Cd Cr Zn Ni Ba Mo Co V As 
North Power 

fly ash (mg/kg) 
82.8 29.1 0.271 38.4 54.85 20.05 227.5 8.85 9.05 89.8 7.92 

Netherland  

fly ash (mg/kg) 
54 154 2 196 153 377 2182 7 112 226 55 

Netherland fly 

ash leachate  

(mg/kg) 

0.032 0.341 0.007 1.727 0.439 0.158 1.878 2.431 0.027 1.048 0.307 

BsB limit 

(mg/kg) 
1.6 0.58 0.029 0.92 3.3 0.95 4.2 0.24 0.35 1.4 0.87 

In the Table 9 above, when the concentration of metals in the leachate from the ash from 
the Netherlands are compared with the BsB limit, for Mo and Cr, these two metals’ 
concentrations are above the limit values. The concentration of Cr is about two times higher 
than that value in the limit and the concentration of Mo is almost ten times higher than that 
the limit value. When the concentration of metals from the fly ash of North Power 
Company is compared with that in the fly ash from the Netherlands, it is obvious that only 
the concentrations of Pb and Mo are higher than that of the fly ash from the Netherlands. 
Though the lead concentration in North Power Company’s fly ash sample is higher, the 
possibility that the leachate of the fly ash from North Power Company exceed the limit 
value is very low as the limit value is about 50 times higher than that in the leachate of the 
fly ash from the Netherlands while the lead concentration in the fly ash sample from North 
Power Company is only 1.5 times higher that that in the Netherlands fly ash. But the 
situation is different when it comes to the Mo; the Mo concentration in the leachate from 
the fly ash from the Netherlands is already higher than the limit value, and the 
concentration of Mo in the fly ash of North Power Company is also higher than that of the 
fly ash sample from the Netherlands, so the Mo content in the fly ash from North Power 
Company is very likely to exceed the limited concentration. As Lenntech (2007) stated, 
Molybdenum (Mo) has effects on environment, essential to all species in tiny amounts can 
be highly toxic at larger doses. Animal experiment has shown that more than 10 ppm 
molybdenum causes fetal deformities.  
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From the above study, the trace metals of the fly ash from North Power Company is safety 
according to the Chinese Standard, but when the concentration of the fly ash compared to 
the limited concentration in some European countries, concentrations of some metals have 
very high possibility to exceed the limit, which means that the fly ash may not be suitable 
to use in that field. Therefore, it is better that similar leaching test experiments can be 
carried out for the fly ash from North Power Company in future study to confirm such 
possibility. Besides, according to Wang F, Wu Z 2004, the increase in the leaching ability 
of heavy metals at lower pH levels can be attributed to an increase in the intensity of attack 
on the ash mineral phases that contain these elements. The fly ash of North Power 
Company is alkaline fly ash that associated with high boron levels and exhibits extremely 
low pH-buffering capacity, therefore the ash in Wuhai is more sensitive to the change in pH 
value. If there is acid rain in this area, the possibility of metals releasing out will increased, 
but from the historical record of the weather and environmental monitoring, the rainfall in 
this area is very low only 162 mm per year and the pH value of the rain is usually above 5. 
Therefore, the pH value of precipitation in this area does not have large influence on the 
leaching ability of heavy metals of the fly ash. However, the pH of the rainfall may change 
if the sulfur dioxide emission from the power plants increased, the lower pH value may 
cause the leaching ability of the metals in the fly ash to change and concentrations of metals 
leached out becoming larger. 
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5. Health and Safety Problems 
Employees of coal power plants and people living nearby those plants as well as those who 
are involved in the transport and procession of fly ash can be exposed to the fly ash. If the 
concentrations of quartz, radioactive aspects, dioxins and PAHs in coal fly ash reach a 
certain level will cause some health problems to people exposed to them. The most 
important route for exposure to the fly ash is inhalation. When the diameters of the fly ash 
particles are less than 10 μm, those particles can be inhaled. It means that the particle will 
stay in the deep part of the lung and can not be breathed out of the lung. From the previous 
chapter, these finer particles also have higher metal contents; the metals may transfer from 
the lung to other organics and harm people’s health.  
 
In Netherlands, the Dutch health authorities have made a limitation of the concentration of 
inhalable pulverized fuel ash; the concentration of inhalable pulverized fuel ash should not 
exceed 10 milligrams per cubic meter. (Ruud M and Henk W, 2001). In China, there is no 
standard for the concentration of inhalable fly ash in air, because some studies have been 
done about biological activity and mutagenesis of fly ash in China, showing that the fly ash 
has very low biological activity and insignificant mutagenesis (Wang F and Wu Z 2004). 
However the workers in the power plant, especially people work near the ash collection 
system will be in an environment with pulverized ash containing more than the limitation 
value of 10 milligrams per cubic meter. Therefore, for those people some special actions 
need to be done in order to protect them from the serious particle pollution, like protection 
glasses and respirators. Besides, heavy metals also have possible effects on the health of the 
workers and local residents, for example, based on animal experiments, molybdenum and 
its compounds are highly toxic. Some evidence of liver dysfunction has been reported in 
workmen chronically exposed in a Soviet Mo-Cu plant. In addition, signs of gout have been 
found in factory workers and among inhabitants of Mo-rich areas of Armenia. The main 
features were joint pains in the knees, hands, feet, auricular deformities, erythema, and 
edema of the joint areas (Lenntech, 2007).  
 
Though it has not been shown whether the fly ash has significant potential to cause health 
and safety problems or not, the effects of some substances above need to be considered in 
the study of application of fly ash in North Power Company in Wuhai. The concentrations 
of quartz, radioactive aspects, dioxins and PAHs in the fly ash from North Power Company 
are not measured yet. For quartz and radioactive aspects, some information can be gotten 
from the average data about fly ash in China. The content of quartz is not very high from 
1% to 16%, and the average value is 6.4 % (Wang F and Wu Z 2004). The cost of the 
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measurements for organic compounds like dioxins and PAHs are very expensive and time 
consuming. In radioactive aspect, the radiation of building materials made by fly ash are 
considered due to some studies that show that about 40% of residents’ received radiation is 
from building materials, the average radiation level is lower than the national standard for 
building material GB6566-2001(Wang F and Wu Z 2004). China does not have related 
standards for the other substances mentioned above, some tests are suggested to be done to 
make sure that the level of these matters will not harm people exposed to the fly ash by 
referring to experiences from other countries.  
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6. Potential Utilization of Fly Ash from North Power Company  

In chapter 1 of this thesis, there is a simple introduction of different applications of fly ash 
used nowadays. The fly ash is applied in following fields: engineering fill, cement and 
concrete, agriculture and fisheries, secondary products, materials recovery and pollution 
control.  Above analysis shows that concentrations of some metals in the fly ash leachate have 
the possibility to exceed the standard water used for agricultural and fishing according to these 
situations, it is not recommendable to use fly ash in agriculture and fisheries. Also, the fly ash 
production in North Power Company is very large, about 0.2 million tons per year, which 
means the application in pollution controls is also not suitable due to the usage of the coal ash 
in this utilization is very small. Therefore, the potential applications of fly ash in North Power 
Company are in these fields: cement and concrete, engineering fill like road construction, 
secondary products like bricks and ceramic and material recovery like extraction of aluminum 
oxide. Each application will be studied in three aspects: technological aspect, economical 
aspect, environmental and safety aspect.  
  
6.1 Cement and Concrete  
In China, people have added fly ash in the cement and concrete production process since 1950 
as a substitution for raw materials due to its low price that reduce the cost of cement and 
concrete production. The added fly ash does not exceed 30% by weight during this period, 
because when it exceeds 30%, the endurance of the cement will decrease (Wang F and Wu Z 
2004). Today, more and more studies have been done for a higher amount of added fly ash in 
cement (50%-60% added fly ash). In this case, fly ash can be used as binder and that will 
replace/substitute the commonly used binder in cement and admixture. In construction work, 
where cementation binders are required, fly ash can be used and will give equal or improved 
properties as compared to cement binder.  

The common chemical reactions between fly ash and lime in the production process: 
SiO2＋xCa(OH)2＋(n－x)H2O＝xCaO·SiO2·nH2O 

(1.5－2.0) CaOSiO2·aq＋SiO2＝(0.8－1.5)CaO·SiO2·aq 

3CaO·Al2O3·6H2O＋SiO2＋mH2O＝xCaO·SiO2·mH2O＋yCaO·Al2O3·nH2O x<=2 ，y<=3 

Al2O3＋xCa(OH)2＋mH2O＝xCaO·Al2O3·nH2O x<=3 

3Ca(OH)2＋Al2O3＋2SiO2＋mH2O＝3CaO·Al2O3·2SiO2·nH2O 

 
From the above process, there are also technical benefits beside economical benefits arising 
from the incorporation of fly ash in cement, whether in addition to or as a part substitution for 
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cement, these may include: improved resistance to alkali-aggregate reaction; conversion of 
calcium hydroxide, the most soluble product of cement hydration, to more stable calcium 
silicate hydrate; improved water and gas tightness; lower creep and shrinkage; and favorable 
pore size distribution (Sloss, 1999).  
 
Fly ash was used in concrete due to that fly ash is a remarkable material that improves the 
performance of products it is added to. For instance, in making concrete, cement is mixed with 
water to create the “glue” that holds strong aggregates together. Fly ash works in tandem with 
cement in the production of concrete products. Concrete containing fly ash is easier to work 
with because the tiny, glassy beads create a lubricating effect that causes concrete to flow and 
pump better, to fill forms more completely, and to do it all using up to 10 percent less water. 
This because the tiny fly ash particles fill microscopic spaces in the concrete, and because less 
water is required, concrete using fly ash is denser and more durable. Fly ash reacts chemically 
with lime that is given off by cement hydration, creating more of the glue that holds concrete 
together. That makes concrete containing fly ash stronger over time than concrete made only 
with cement (Headwater Inc, 2006).  
 
There are several properties of fly ash that have some effects when the fly ash is applied in 
cement and concrete production, like unburnt carbon content and fitness. Loss on ignition 
(LOI), the term used to specify the amount of unburnt carbon, is generally related to the 
amount of carbon or unburnt coal constituents in the fly ash (Joshi and Lohtia, 1995). Factors 
such as boiler design, operating conditions or composition of the coal can lead to inefficient 
combustion. These will lead to unburnt carbon in the ash. However, for some fly ashes there is 
a significant difference in the carbon content and LOI, because other components in the fly 
ash may be volatile or may decompose on heating (Joshi and Lohtia, 1995). Carbon in fly ash 
is detrimental to the quality of concrete because it adversely affects air-entraining admixtures 
that are commonly used to impart desirable properties such as increased durability to the 
concrete. LOI is one of the most important parameters considered for fly ash use in cement 
and concrete applications. Higher content of unburnt carbon can adversely affect air-
entraining admixtures and can also cause discoloration of the final product. The presence of 
carbon means that the air-entraining admixture dosage must be increased, and the admixture is 
less effective. As a result, concrete manufacturers lose some quality control, especially with 
the extended mixing times that are common to ready-mix operations (Cochran and others, 
1995). In China, the standards of LOI for coal ash for cement and concrete use are shown in 
Table 10 and Table 11.  
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Table 10 Standards for Fly ash used in concrete mixing (Wang F and Wu Z 2004) 

Grade 
NO. Indicator Ⅰ Ⅱ Ⅲ 

1 Fineness (0.45 mm, %)  ≤12 ≤20 ≤45 
2 Ratio of water required, % ≤95 ≤105 ≤115 
3 Ratio of water content, % ≤1 ≤1 - 
4 LOI, % ≤5 ≤8 ≤15 
5 SO3, % ≤3 ≤3 ≤3 

Grade Ⅰfor Prestressed Concrete; Grade Ⅱfor Reinforced Concrete;  

Grade Ⅲ for short concrete. 

Table 11 Standards for Fly ash used in cement production (Wang F and Wu Z 2004)             

Grade 
NO. Indicator 

Ⅰ Ⅱ 

1 28d comp. strength2, % ≤75 ≤62 
2 Ratio of water content, % ≤1 ≤1 
3 LOI, % ≤5 ≤8 
4 SO3, % ≤3 ≤3 

Grade Ⅰ is the international standard; Grade Ⅱ is the former used national standard. 

 
Former study shows that fineness of particle has large effect on the activities of fly ash and 
will eventually influence the improvement of cement physical characteristics. Particle size 
determines the amount of surface area, which affects the rates of some chemical reactions and 
the extent of surface phenomena. Particle size distribution of fly ash is of particular interest 
when the material is used as a substitute for a portion of the cement in concrete and in soil-
stabilization mixtures. Particle size distribution may have an effect on properties such as: 
structure of the cement paste, permeability of the hard paste and rate of strength gain 
(Gutierrez and others, 1993). For example, it is generally accepted that fly ash with fine 
particles will participate more rapidly and completely in the cementations reactions of blended 
cement concrete than fly ash with coarse particles. Therefore, increased fineness generally 
implies increased reactivity; handling ability and higher compressive strengths in the final 

                                                        
2 28 d comp. strength %:  one of the indicators to test the strength of cement. Make a cement block with the size 
4cm*4cm*16cm, after protecting in water for 28 days test the compressive strength of the block. 
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product. It is better to use the finer fly ash in the construction field. To add a pretreatment 
process to make the fly ash finer before the cement and concrete production process is 
important. 
 
Compared to the standard in Table 10 and Table 11, fly ash from North Power Company in 
Wuhai: with a LOI of 2.5%, and a ratio of water content of 0.9% belongs to GradeⅠ. Fineness 

and SO3 content need to be measured in future to confirm the grade of the fly ash in Wuhai. 
May be this application in cement and concrete could be increased in future and apply in the 
high-added fly ash concrete and cement production. By using the fly ash in cement and 
concrete production, larger amount of fly ash can be consumed compared to other applications.  
 
Except the technological factors, from an economical aspect, fly ash is also a cost-effective 
resource when used in concrete production, because when fly ash is added to concrete, the 
amount of cement that is necessary can be reduced. The reduction of using cement brings both 
economical and environmental benefits by conserving energy and reducing emissions. 
Because fly ash use displaces cement use, it also reduces the need for cement production. 
Cement production is a major energy user and source of carbon dioxide emissions. For every 
ton of cement manufactured, about 6.5 million BTUs (1BTU=4186.8J/kg·K) of energy are 
consumed. For every ton of cement manufactured, about one ton of carbon dioxide is released 
(Headwater Inc, 2006). Experts estimate that cement production contributes to about 7 percent 
of carbon dioxide emissions from human sources. If all the fly ash generated each year in 
worldwide were used in producing concrete, the reduction of carbon dioxide released because 
of decreased cement production would be equivalent to eliminating 25 percent of the world’s 
vehicles (Headwater Inc, 2006). Besides, concrete itself is an environmentally sound material. 
Structures built from concrete last longer and require less maintenance than other materials. 
Concrete is also recyclable, with 45 to 80 percent of crushed concrete usable as aggregate in 
new construction (Headwater Inc, 2006). 
 
For example, in Nanjing Dazhi concrete company, the added cement price is 290 Yuan/ton, the 
added fly ash price is 80 Yuan/ton; the ratio of added fly ash is about 15%, the amount of 
cement needed to produce one cubic meter concrete is 0.45 ton (Guo F. F, 2004),. Therefore 
the direct economical benefit from replacing part of the cement with fly ash to produce 
concrete can be calculated in the following way: 
(Cement amount *cement price-fly ash amount*fly ash price)*the percent of added fly ash  
= (0.45*290-0.45*80)* 0.15= 13.5 Yuan/m3 
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It means that when the producer uses fly ash to replace 15% of cement in concrete production, 
the production cost can be reduced by 13.5 Yuan per cubic meter concrete.  
6.2 Road Construction 

Fly ash used in engineering fills instead of traditional filling materials. Use of fly ash in road 
construction is the most widely use since 1965. This application of fly ash has several 
advantages compare to other applications. At first, the cost of this application is less and can 
be applied more easily and quickly. There is no need to build a plant for the application and 
the application can be carried out when transport and some compress machine are provided. 
Secondly, the amount of fly ash consumed in the road construction is huge. In Shanghai, in 
average about 10 tons of fly ash are used as filling materials to build one kilometer of highway. 
Thirdly, the requirement of the quality of the fly ash used in road construction is not as high as 
that of the fly ash used in cement and concrete (Wang F and Wu Z 2004).  
 
In China, the fly ash has been used for road construction in some areas for years and the road 
show good result after some engineering test has been done. There are also detail regulations 
and standards for this application considering different types of fly ash (Wang F and Wu Z 
2004). The fly ash in North Power is dry ash that has low water content. When the engineering 
fill layer is in the underground water level, the trace metals in fly ash may have some effects 
on the underground water quality. In Wuhai, Yellow river is nearby which is the water supply 
for Wuhai city and the underground water connect to the Yellow River, if the underground 
water has been contaminated, water safety of Wuhai will not be guaranteed. However, in the 
background information of Wuhai very low precipitation is recorded, the possibility of hazard 
trace elements release out from the fly ash filling materials are lower than in areas with a 
larger amount of rainfall. Therefore, the application of fly ash in engineering fill is highly 
depended on the geological conditions, like the landscape, the rainfall amount and the fill 
locations. According to Wuhai’s situation, some leaching tests need to be done considering 
using fly ash in engineering fill field.  
 
6.3 Secondary Products 

• Bricks 

In the year 2000, the production amount of wall building material was 730 billion bricks and 
74% of them are clay solid brick (540 billion bricks). To make such kind of bricks about 
11532 acres of tithes are destroyed and 60 million tons of standard coals are consumed (Yin, 
W. X. 2004). The productions of clay solid bricks give high-level pollutions to the 
environment.  
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In order to change the situation, in the national tenth-five year plan of China, there is a new 
strategy for innovation of wall building materials. The strategy aims at eliminating the use of 
clay solid bricks as building materials of wall and encourages utilizing industrial solid 
residuals as raw materials to develop new kinds of building materials. Such new building 
materials should have several characteristics as follows: high strength, lightweight, energy 
saving, fireproof, and environmental friendly (The development and reform committee of 
China, 2005). Fly ash brick is one of the substitutes that comply with these characteristics and 
developed well in some parts of China. Since 1st January 2009, there will be two hundred and 
fifty six cities in China that prohibit the use of clay solid bricks for house buildings anymore 
(The development and reform committee of China, 2005) and Wuhai will be included in these 
cities.  
 
In Wuhai, there is a sustainable project that includes the green building construction in the 
Haibaowan district and also some other building constructions in the city, therefore a large 
amount of wall building materials will be needed. The uses of fly ash bricks seem a good 
choice for the city both from the social and economical aspects. The fly ash production 
amount is very large there and to use the local fly ash as raw materials to make bricks could 
save costs for transport and production. This choice is also a solution for the lack of wall 
building materials after 2008 due to the prohibition of using clay solid bricks. Dozens of years 
ago, the price of fly ash brick was much higher than clay solid bricks At present, the selling 
price of fly ash brick is around 0.23 Yuan/block (0.2 SEK) and the selling price of clay solid 
brick is about 0.22 Yuan/ block (0.2 SEK). Usually for producing one cubic meter of clay 
bricks, about 0.8 ton fly ash is consumed (Yin, W. X. 2004). The prices are almost the same 
due to the improved technology used in fly ash brick production and the building companies 
use fly ash bricks more and more widely more due to the accepted prices and better quality 
than the forced regulations. 
 
However, there are some advantages to use fly ash bricks in Wuhai, the environmental effects 
of the utilization of fly ash bricks also need to be considered here. The radiation level of the 
fly ash will affect the safety usage of the fly ash bricks when the bricks are directly used as the 
wall materials even if the bricks are covered with some other wall surface materials, the 
radiation still has the possibility to effect the people who live in such a building. When the 
building is run out of its life time and when they are distorted and become parts of the land 
surface, the leaching ability of heavy metals from the bricks also need to be considered in case 
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these metals are released into the aqua body and contaminate the surrounding soil. As the last 
chapter listed, some metals have the possibility to exceed the limit in some European countries 
in the field of the building material. So it is better to test the radiation level and leaching 
ability of heavy metals in the fly ash form local power plants before the final decisions are 
made. 
 
Fly ash bricks can be divided into two groups: sinter bricks and vapor pressure bricks. Sinter 
bricks use fly ash and clay as raw materials and the production processes include figuration 
and torrefy-burning. How to decrease the added amount of clay and increase the strength of 
the bricks are the main tasks in the study of sinter fly ash brick. Vapor pressure brick is a kind 
of solid brick that use fly ash and lime as raw materials and undergo press-figuration process 
and high-pressure vapor protection process. Engineering practices prove that the strength of 
vapor pressure bricks increased even after more than ten years’ use and can completely replace 
the use of clay solid bricks (Yin, W. X. 2004). 
 
The production of sinter fly ash brick will cause the second time air pollution due to its 
burning process. A study shows that the emission of SO2 from a sinter fly ash brick plant that 
use 65% fly ash in their process and annual production is 0.5 million bricks, is 20 times more 
than for the vapor pressure bricks plant that has same added percent and production ability 
(Yin, W. X. 2004).  
 
According to the situation above, vapor pressure brick is the trend of fly ash brick productions 
in future. The brick production factories in Wuhai also should use the new technology to 
produce vapor pressure bricks. The government pays more attention on introducing new 
building materials. There is also a national standard of fly ash brick production, Fly Ash Brick, 
JC 239-2001, including the classification of fly ash and technical limitation of fly ash 
application. One more thing is that the average temperature in Wuhai in winter time goes 
down to -37℃, some type of fly ash bricks may crack in such low temperature and therefore 

some brick quality test need to be done in field in Wuhai. 
 
 

• Ceramic 
 

The chemical composition of fly ash from North Power Company is similar to kaolin (a kind 
of fine white clay used for making ceramics) (see Table 12). Some amount of coal ash can be 
used in the production of ceramics to increase the strength of the ceramic. 
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Table 12. Comparison of main compositions of coal ash in Wuhai and kaolin in Jiangxi (Data 
from Analytica AB and Chen 2006). 

Sample Al2O3 
%  

CaO 
%  

Fe2O3 
%  

SiO2 
%  

K2O 
%  

MgO 
%  

Na2O 
%  

LOI 
% 

North 
Power 
coal ash  

42.5 0.939 3.77 47.1 0.705 0.334 0.184 2 

Kaolin 34.9 0.4 0.6 50.6 1.0 0.1 2.7 9.9 

 
Even if, there are some advantages to use fly ash in ceramics production, some barriers still 
exist when people use coal ash as raw material to make ceramic. One of the barriers is that the 
percentage of LOI in fly ash is less than kaolin, and the percentage of LOI is an important 
factor that affects the stability of material. Therefore the relatively low LOI value may be a 
problem when making ceramics with fly ash. Some technologies of fly ash ceramics are still 
in experiments stage but not available in the large production stage. For example, such 
experiments have been carried out in the laboratory in Sichuan Institute of Building Materials 
and Industry. People there make light density and pored ceramics by a mixture of following 
substances (Chen, 2006):  

(1) Fly ash with the chemical compositions (mass %) as follows: SiO2 50～68, Al2O3 20～35 , 

Fe2O3 2～7, CaO 0. 6～7, MgO 0. 2～2, Na2O 0. 1～20, K2O 0. 3～1. 5 , LOI 2～4 , Particle 

size 5～20 mm; 

(2) Foam verification hollow nodular macro granular substances, such as perlite, grain size is 
0.5～5.0 mm, density is 0. 1～1.0 g/cm3.  

(3) Ceramic power, consist of silicate substance like feldspar, argil and clay. 

(4) Natural organic matters like wood scraps and bamboo, and grain size is 10～200mm;  

(5) Waste glass, glass power;  

(6) Reinforcing component;  

(7) Fireproof materials. The mass rate between fly ash and Foam verification hollow nodular 
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macro granular substances is 1∶ (0. 15～1).  

 
Almost 30 % of the total mass is added fly ash. The production process: raw materials → 
mixture → figuration → desiccation → sintering. And the sinter temperature is around 750～
1200 ℃. These ceramics have a lot of pores inside that result in increased permeance and 

improve the quality of ceramics. 
 
The environmental aspects also need to be considered here as mentioned in the brick part. 
Because the ceramics that add fly ash in the preparation process will be used in the daily life 
and people have chances to come in direct contact with the ceramics, some tests of radiation 
level and leaching ability of heavy metals also need to be done before this utilization to make 
sure such kind of ceramics can be used in a safe way. 
 
 
6.4 Material Recovery 
 
Material recovery is an important part of fly ash utilization that will give high added value. 
The technologies of the material recovery from fly ash have developed quickly in recent years, 
and most of them are applied in extraction of iron, carbon and aluminum oxide.  
 
From the analysis result of the fly ash samples of North Power Company, it shows the content 
of iron oxide is 3-4 %. Usually when the content of iron oxide is less than 5%; it is not 
valuable to extraction iron from the fly ash due to that the cost of input energy and materials 
are more that the value of iron extraction from the fly ash (Wang F, Wu Z, 2004). The LOI is 
low, about 2% in the fly ash sample from North Power Company, the low content of carbon 
suggest that the extraction of carbon is also not valuable here. 

However the situation for aluminum oxide extraction is different. China is the major 
aluminum production country in the world and aluminum oxide is the raw material to produce 
aluminum. The production of aluminum oxide in China is not enough to support the aluminum 
production in China, large amount of aluminum oxide is imported from other countries. The 
selling price of aluminum oxide is about 3000 Yuan/ton (Lin, J, 2004). In the fly ash from 
North Power Company, the content of aluminum is as high as 40%. To extract aluminum 
oxide from the fly ash will bring large economic benefits to the company.  

The possible technologies for extracting aluminum oxide from fly ash are as follows (Lin, J, 
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2004): 
• The sintering- leaching method 
In this method, sinter the mixture of fly ash is sintered; limestone and alkali first, then 
aluminum is leached out from the after-sintered stuff, and the leachate is treated to get 
aluminum. 
• The alkaline-leaching method 
There are three steps in this method: alkali leach out of aluminum and silicon, carbonization 
and acidification process.  
• The acid-leaching method  
In this method, acid is first added to leach out aluminum and iron, then iron is removed and 
after that NH4Al (SO4) 2 is used to get aluminum oxide. 
In Appendix 3, there is detailed information about these three methods. 
 
Comparing these three technologies for aluminum extraction, the acid leaching is not suitable 
for the fly ash from North Power Company. This because the method use sulfuric acid and 
release sulfur dioxide in the process, these emissions will then contribute to the air pollution 
inWuhai.  
 
Considering that the pH of the North Power’s fly ash is 8.7, it seems that the alkaline- 
leaching method is possible to apply. Though when people use this technology the value of 
alkalinity of the ash does not affect the process, the aluminum and silicon compounds are not 
easily dissolved in alkaline solution, so some pretreatment needs to be done for the ash to 
break the crystalline structure of the ash which will increase the difficulty to use this method. In 
the technology, high concentration of hydrogen carbonate is also added in the process that will 
contaminate the environment nearby when hydrogen carbonate is released from the plant.   
 
Therefore, the most suitable aluminum extraction method to apply in North Power Company 
is the sintering-leaching method. This technology is easy to carry out and the environmental 
effects are the least for these three methods. However, the ratio of Na2O and Al2O3 is very 
vital for the process and need to be well controlled. According to Lin, J, 2004’s study, in 
current situation, when one ton aluminum oxide produced by extracting aluminum oxide from 
fly ash, the consumptions of electricity is 450kWh higher than that in producing one ton 
aluminum oxide from bauxite. Though the energy consumptions of the technology is larger, it 
will not be a problem for the North Power as the company produce a lot amount of energy 
from coal combustion. The energy is also needed in other areas but in this way a national 
source of aluminum can be used instead of importing aluminum. In future, as the technology 
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of extracting aluminum oxide from fly ash developed more and the energy consumption may 
decreased, the fly ash could become a potential sources of  getting aluminum oxide.  
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7. Evaluation of the Potential Applications and Discussion 
In order to give a clear and direct evaluation of each potential applications listed in last 
chapter, it is better to quantify the evaluation of each application. Every aspect is divided 
into five levels, from level 1 to level 5 in Table 13. By the information gotten from former 
chapter of each potential application, different meanings are given to each level in each 
aspect. Level 1 is the worst situation and level 5 means that the situation is the best. The 
score is calculated by multiplying the level with the weight and summering the different 
aspects. Each application is evaluated by the information from five aspects: technology 
aspect, economical aspect, environmental effects aspect, health and safety aspects and 
social aspects as shown. Different aspects also have different importance in the evaluation 
and the weighting is as listed in Table 14 below. The weight is given for the different 
aspects of the applications. The availability of the technology of one fly ash application is 
very important, if a technology is widely used and applied for a long time, the price to use 
the technology will be low and many studies of the technology are already done to improve 
the technology. Also the economical factor is essential for a plant in order to choose their 
way to treat their fly ash, so therefore the technology and economical aspects have the 
highest weight, 25% each, as these two aspects are the main aspects will affect the choice 
of the decision maker. The environmental and health effects need to be considered as the 
goal of the project, that is to use the fly ash in a more environmental friendly way, but there 
are many uncertainties about the environmental and health effects of the application of fly 
ash and the method to evaluate the effects, so these two aspect have been given the weight 
of 20% each. The weight 10% is given to the social aspect, the pressure from local residents 
and the related legislation  
 
In technology aspect, technologies of the fly ash application except in making ceramic are 
widely used worldwide. The added amount of the fly ash in the brick can be up to 60%; in 
road construction one tone fly ash can be consumed in one kilometer construction, and the 
added fly ash amount in cement and concrete production usually do not exceed 30%. So in 
the technology aspect, ceramic has level 3, brick has level 5 and the others are in level 4. 
 
For economical aspect, to add fly ash in cement and concrete has the highest economical 
benefits both from reducing the production cost and saving of energy used. To use fly ash 
in road construction and extraction of aluminum oxides are also highly beneficial but the 
cost of production is higher than that in cement and concrete production as some 
pretreatment processes are needed. Fly ash brick has an equal price as the normal brick, so 
the benefit is not high, though the cost to produce the fly ash is low. For adding fly ash in 
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ceramic the technology is new and costly and the application does not have larger market. 
Therefore, cement and concrete has the highest level 5 and the road construction and 
extraction of aluminum oxides has a lower level of 4, the brick got 3 and the ceramic is in 
level 2.        
 
When it comes to environmental effects, when the fly ash is used in concrete production the 
emission of CO2 is reduced and has some positive environmental effects. The fly ash brick 
and ceramic has the similar potential negative environmental effects like the leaching of the 
metals, the metal concentration of North Power Company has the possibility to exceed the 
standards of using fly ash in building materials in some European countries. The road 
construction has less negative effects as the low rainfall in the area reduced the leaching 
possibility of metals from fly ash filling materials in roads. Extracting process of aluminum 
oxides can release some chemicals to the environment. Therefore the cement and concrete 
is in level 5, brick and ceramic is in level 3, and level 2 is given for the others.  
 
For the health and safety effects, when the fly ash is used in brick and ceramic, the fly ash 
particles will affect the people who are exposed. The cement and concrete production will 
affect the health of not only the workers but also the people living nearby the plants. 
Extraction of aluminum oxides has low health effect as most of the processes are not 
supposed to expose people. So the road construction, cement and concrete are in level 2, 
level 3 has been given for brick and ceramic and the extraction of aluminum oxide is in 
level 4.  
 
Finally, in the social aspect, to use fly ash in brick are recommended by the China 
government and there are detail standards about the production of fly ash brick. For using 
the fly ash in road construction, cement and concrete production, there are also national 
regulations and standards. There is no specific information about the rules or standards for 
applying fly ash in ceramic and extraction of aluminum oxides. So in this aspect, brick is in 
level 5, road construction, cement and concrete are in level 4. Level 3 is given to the other 
two. 
 
After calculating the score of each application by the formula listed above, the final score 
of each application is shown in the last line of Table 14. Cement and concrete got the 
highest score which means a suggestion as the first priority of fly ash application in North 
Power Company. The next highest score is calculated for brick and extraction of aluminum 
oxides, followed by road construction. The use in ceramic got the lowest score. According 
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to the study done above, the best way of using the fly ash from North Power Company is 
cement and concrete production. In the second priority, the fly ash can be used in road 
construction, bricks and extraction of aluminum oxides. Those three applications have very 
similar scores and therefore put all in the second priority. Ceramic is in the last priority and 
the score is far below the others. Therefore, by the evaluation of the potential application of 
the fly ash, at present the decision maker could consider more about the first four potential 
applications, especially the first one – add fly ash in cement and concrete production.  
 
The sensitivity of the evaluation is also need to be considered. When the weight of each 
aspect changed, the results of priority of the applications also became different. If each 
aspect has the equal weight of 20 %, the priority of the applications will change as follows: 
cement and concrete 4, bricks 3.8, road construction 3.2, extraction of aluminum oxide 3.2, 
ceramic 2.6. Therefore, the priority of road construction increased and that of extraction of 
aluminum oxide decreased as the importance of social aspects increased. Road construction 
has higher level in social aspect.  
 
Besides, the reliability of the data is also need to be analyzed and discussed.  In this study, 
some information and statements are gotten from the utilization handbooks that are 
published by the electricity press. The goal of the handbook is to help power plants trade 
their fly ash in order to continue the production of electricity from coal. Therefore, the 
information they give may focus on the positive effects of different applications, like 
bringing the economical benefits and reducing the amount of fly ash go to landfill. In fact, 
there are also negative effects of these applications and more studies need to be done for 
those potential negative effects. For the samples, in this study, the fly ash samples from 
North Power Company were taken to Sweden to be analyzed, during the transferring time 
some properties of the fly ash sample may be changed due to the changing environment.  
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8. Conclusion and Recommendations 
 

From above study and analysis of the fly ash properties, based on the recent natural pH 
value of rainfall and low amount of precipitation in Wuhai, following conclusions can 
be drawn from an evaluation of the potential applications: 

Using fly ash in cement and concrete production, especially in concrete production, is 
the first choice to utilize the fly ash in North Power Company, due to the suitable ash 
properties, the reduced carbon dioxide emission and the saving of energy. 

Making fly ash bricks is the second way to use the fly ash due to the national 
regulations encouraged using the fly ash bricks and large amount of fly ash added in the 
production. Considering the environmental effects like leaching of metals is important 
for this application. 

Extraction of aluminum oxide from the fly ash is also a suitable way for the North 
Power Company as the similar application are used for the fly ash from other company  
in local areas and the economical benefits are high from this application. The 
technology with less environmental effects should be chosen. The sintering- leaching 
method is recommended here. 

Road construction is also a way of utilizing fly ash as large amount of fly ash can be 
used, but people should carefully consider about geological conditions of the filling area 
and the potential health and potential environmental effects. 

Applying the fly ash in ceramic is possible but the technology has not been well 
developed and the market is not very large compared to others. Besides, few studies are 
carried out about the environmental and health effects of this application. 
 
All these applications above contribute to conserve landfill space. Every ton of coal fly 
ash that is used to construct buildings or highways is a ton that is not deposited in 
landfill areas. For building Wuhai into a sustainable city, a good usage of fly ash 
application is very important. An application which can minimize the environmental 
effects and bring good economical benefits to the local residents should be chosen.  
 
Due to the limitation of the time of the thesis work, there are some fields of the coal ash 
application project that have not been studied deeply and widely. As the utilization of 
industrial ash like fly ash in Wuhai is an important part of the sustainable city project, 
more study of those potential applications listed above need to be done in future.    
 
For future study of the project, there are some suggestions as follows:  

• Increase sampling and analysis frequency of the fly ash. In this thesis work 
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sampling of the fly ash from North Power Company was only carried out two times 
in one year time, if more samples can be taken in different time of the year and 
analyzed in local lab, the measurement results will be more precise.  

• Investigate the physical characteristics of the fly ash, like size distribution of ash 
particles, density and a radioactivity test of the fly ash. Those physical 
characteristics are useful for studying the health effects of the fly ash. 

• Plan a leaching test of the fly ash. Refer to the leaching test methods in China and 
other countries to do the leaching test of metals of the fly ash. Study the results to 
see the leaching ability of the fly ash.  

• Make a more detail investigation about environmental and health effects of the fly 
ash, focus on the areas and plants that already applied these suggested applications.  

The decision makers, including the charge persons in the North Power Company and 
other person from the local environmental bureau could consider following aspects:  
• Cooperate with the local environmental protection bureau, investigate their 

suggestions with the help of the experts in local area who know about the specific 
situations. 

• Learn and take experiences of fly ash application from other power plants in the 
areas in China when the fly ash is well utilized, like Shanghai and Nanjing. 

• Try several possible applications in small scale to see the result at the end and 
choose the available technologies most cost-efficient and environmental friendly. 

• Cooperate with experts in other fields like architects and engineers designer to see 
the possibility to use fly ash in the construction activities in local area. 

• Improve the fly ash quality to meet the requirements of different applications. For 
example, when the ash is used in aluminum recovery, the ash should to be 
pretreated to be finer in order to react more easily with added chemicals. 
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Appendix 1 Analysis report of the fly ash sample taken in January 2006 from North 
Power Company (Analytic AB, 2006).  
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Appendix 2. Analysis report of the fly ash and bottom ash sample taken in July 2006 
from North Power Company (Analytic AB, 2006). 
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Appendix 3. Chemical reactions in aluminum oxide extraction methods (Liu, J, 2004). 
1. The chemical reactions in the sintering- leaching method 
a. Sinter phase 

( ) ( ) ( )232232

23
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b. Leaching process 
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c. Remove silicon phase 
Remove silicon because silicon existed in the process has adverse effects on the recovery 
of aluminum.  
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d. Carbonization 
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2. The alkaline-leaching method 
a. Alkali leach out aluminum and silicon 
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b. Carbonization 
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c. Acidified process 
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3. The acid-leaching method 
a. Acid leach out aluminum and iron  
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b. NH4Al (SO4)2 method 
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