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ABSTRACT 

This paper studies the current strategies of energy efficiency improvement, CO2 capture in cement production and fly 
ash blended cement and concrete. Application of updated technology in newly industrialized countries (especially China) 
has improved energy efficiency due to their (its) dominant global cement production shares. Waste heat recovery (WHR) 
increases its energy efficiency. CO2 capture from cement plants will be more efficient than that from pulverized coal 
fired power plant. This paper will serve as a guide for the technology improvement, energy policy making and envi-
ronmental protection in cement production. 
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1. Introduction 

Cement demand has increased from 1043 million to 2840 
million tonnes in the recent 20 years in Figure 1 [1]. 
However, the rapid growth comes mainly from the newly 
industrialized countries. China’s cement production was 
1390 million tonnes 20 years ago and has increased 7 
times since then. Other newly industrialized countries, 
such as India, Turkey and Brazil, have also played im-
portant roles in world cement production; industrialized 
countries such as United States and Japan have modest 
increase but they still have significant shares in global 
cement production, as seen in Table 1. 

As we know, cement production is one of the five 
most energy intensive industries that consume about 25% 
of total world energy [3]. In 2008, global cement produc-
tion consumes about 13 EJ energy [1,4] and 30% - 40% 
of cement production cost is energy consumption [5]. 
The energy input comes from the huge energy demand at 
high temperatures, calcination of CaCO3 at 850˚C and 
the subsequent clinker formation at 1500˚C [6].  

Cement production contributes to 5% human made 
CO2. As a calculation base, 1 kg cement releases about 
0.8 kg CO2:50% from the fuel combustion and 50% from 
the calcination of CaCO3 [3,7]. In 2008, the CO2 emis-
sion from cement production in China alone is 776 mil-
lion tonnes [8]. Consequently, as the major influence of 
industrial revolution, the atmospheric CO2 has increased 
by 100 ppm (from 280 to 380 ppm) since the beginning 
of industrial revolutions in middle 18th century, which 
has led to huge global climate change concerns in Figure 

2 [9,10]. 
Therefore, increase in energy efficiency, CO2 capture 

from cement plants and fly ash recycle plays important 
roles in sustainable and cleaner cement production, wh- 
ich will be addressed below.  

2. Energy Efficiency 

Energy efficiency can be improved through different ways, 
1) technology update and 2) waste heat recovery.  

2.1. Technology Update 

Energy efficiency in cement production varies among  
 

 

Figure 1. World Cement production from 1990-2008 from 
1]. [     
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(a)                                                           (b) 

Figure 2. Global atmospherics CO2 concentration and temperature before and after industrialization. 
 
Table 1. World and major countries cement production 
(million tonnes) in 2008 from [2].  

Brazil 51.9 

China 1,390 

India e177 

Japan 62.8 

South Korea 53.9 

Russia 53.6 

Turkey 51.4 

United States 87.6 

Other countries (rounded) e911.8 

World Total (rounded) e2,840 

eestimated. 

 
different countries in the world. From IEA report [11], it 
is learned that Japan has the highest energy efficiency in 
cement production, while China and India are in the 
middle. Since China dominates the current global cement 
production with more than 50% shares, China has put 
lots of efforts for its technology update. 

China’s large deployment of New Suspension Pre-
heaters (NSP) illustrated in Figure 3 [12] to replace the 
shaft kilns has enormously improved energy efficiency 
and clinker quality. In the recent 14 years, China’s NSP 
share has increased from 1% to 70% and enjoys higher 
energy efficiency and more stable clinker quality [12-14]. 
The NSP process, by direct contact of the flue gas from 
cement kilns and with different segmentation (if applica-
ble), has greatly improved the heat exchange between 
cement kiln and calciner [15]. By comparison, the NSP 
not only cuts the energy intensity of vertical shaft kiln  

 

Figure 3. NSP illustration from [15]. 
 
from 148 down to 101 kg coal (equivalent)/tonne clinker, 
saving up to 1/3 energy input [16], but also increases the 
calcination of limestone up to 85% - 95%, improving the 
cement quality [14]. However, the segment design in-
creases the pressure drop of the flue gas and needs to be 
minimized for waste heat recovery as illustrated in Fig-
ure 3 [15].  

2.2. Waste Heat Recovery (WHR) 

The clinker formation releases huge amount of heat and 
the calcination needs significant amount of energy. There-
fore, a natural energy exchange between kiln and calci-
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nation has been deployed in cement production, as dis-
cussed in the NSP. In addition, there are significant am- 
ount of waste heat for recovery, which will increase the 
energy efficiency and be addressed below. 

2.2.1. Organic Rankine Cycle (ORC) 
Exhaust after clinker cooling and waste gas from pre-
heaters (above 300˚C) contains significant amount of 
energy. For example, the exhaust can easily produce 1.5 
MPa and 320˚C overheated steam [17]. ORC can take 
advantage of waste heat from the these sources and apply 
the organic fluid as an efficient carrying media of ther-
mal energy, going through the compression, evaporation 
co generation cycle, to generate power for the process. It 
is designed to match the high laden dust environment and 
low temperature waste heat, which is ideal for cement 
production [18,19]. Two cases of ORC, with waste heat 
from 1) clinker cooler air and 2) both clinker cool air and 
kiln exhaust in USA, have been analyzed for cost and 
electricity yields: their payback periods range from 6.5 to 
9.5 years [20].  

2.2.2. Kaline Cycle (KC) 
Kaline Cycle is also designed for low and medium tem-
perature WHR for power cogeneration. Well known in the 
refrigeration industry, the working fluid is a mixture of 
ammonia and water. Ammonia is biodegradable in case 
of leakage but could be corrosive. It has an efficiency up 
to 50% for low temperature heat (200˚C - 280˚C) and is 
20% - 40% performance efficient than ORC at medium 
temperature above 500˚C [21]. Above all, ammonia is 
much cheaper than organic liquid. 

3. CO2 Capture 

CO2 emission from the exhaust of cement plant is 15% - 
33% by volume and is much higher than that from power 
plant (3% - 15% by volume) [22,23]; therefore, CO2 capture 
from cement production is more efficient and cost effective. 

3.1. Precombustion  

The Integrated Gasification of Combined Cycle (IGCC) 
may not be an ideal CO2 capture candidate for cement 
manufacture.  

First, the purpose of IGCC is to separate the slag and 
SOx from the coal as syngas and burn it clean. The ce-
ment kilns have multiple components of emissions from 
the raw materials and the slag (ash) finally merges into 
the raw materials for cement manufacture.  

Secondly, the CO2 from power plants has only one 
source, the fossil fuel; while cement production, has two 
sources (50% from fuel combustion and 50% from cal-
cination of limestone). Therefore, the water shift gas re-
action and the separation of dust/SOx will make the 

process more complicated than that from power plants, if 
IGCC is applied to cement production. 

Thirdly, the cement production has many alternative 
fuels, such as waste oil, oil shale and used tires, which 
might not be suitable for gasification at all.  

From what is has been discussed above, IGCC can nei-
ther meet its primary purpose for slag and emission con-
trol nor the objective of CO2 capture. Therefore, pre-
combustion (IGCC) might not serve as an ideal choice 
for CO2 capture in cement plants. 

3.2. Oxygen Fuel Combustion 

Oxygen fuel combustion can enrich CO2 concentration 
significantly in cement production, because the 80% ni-
trogen from the air has been blocked away. Furthermore, 
the in loop flue gas at 3500˚C diluted to fit the require-
ment of current kiln manufacture materials has enriched 
CO2 up to 75% - 80% by volume. 

However, there are several concerns for oxygen fuel 
combustion in cement production. First, the in loop cir-
culation of flue gas has put more challenges for tem-
perature control at 1500˚C for clinker formation; fur-
thermore, the in loop circulation has added complexities 
for the cement production process. The Air Separation 
Unit (ASU), an important facility for oxygen fuel com-
bustion, is expensive and consumes significant amount of 
power for routine operation, which makes oxy fuel combus-
tion in cement production economically unattractive [24]. 

3.3. Chemical and Physical Separations 

Both organic (amine based) and inorganic solvents (am-
monia), which could cause serious corrosion, can be used 
to scrub CO2 from the hot flue gas [25,26]. Amine has 
been successfully applied to oil refining industry for dec-
ades for CO2 capture; however, it is still a challenge for 
the large scale CO2 capture due to its high cost and cor-
rosion issue. Ammonia is a promising technique, but its 
critical requirement of precooling of flue gas to 20˚C 
causes significant energy consumption.  

Membrane is a popular choice for CO2 capture in ce-
ment production, which is clean and easy for scale up. 
However, there are still technical barriers for membrane 
application: 1) they are not well qualified for the high 
temperature of flue gas; 2) the high laden dust environ-
ment of cement production might block the membranes 
and lead to malfunction, and 3), the multi components of 
inpurities will bring more challenge for the membrane 
such as selectivity and even poisoning [27,28].  

Lime has been tested to absorb CO2 with carbonation 
and calcination as a loop, and it is very convenient and 
inexpensive for cement production since if can come 
from the limestone, the bulk raw material of cement 
production [29]. Furthermore, the technically mature SOx 
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fuels. One example is the newly emerging biomass fly 
ash. Many comprehensive research results have shown 
that biomass fly ash can have comparable or better per-
formances (strength and durability) than coal fly ash in 
cement and concrete [38-43]. Actually, European Union 
standard EN 450 has allowed up to 20% straw fired with 
coal ash in concrete after intensive and long term study. 
Therefore, inclusion of qualified biomass fly ash and 
other alternative fuel ashes in ASTM C 618 and other 
international standards, which will be based on perform-
ance in concrete rather than fuel origin and/or processes, 
saves more land, reduce CO2 emission for cement pro-
duction and improve concrete’s performance. 

srubbing with lime spray is a successful precursor for 
CO2 scrubbing, except that the latter is performed at a 
higher temperature. However, lime as a CO2 absorbent 
needs to overcome the quantity and activity loss during 
the sintering process in the initial 20 cycles [30].  

4. Fly Ash Blended Cement and Concrete 

Coal fly ash can replace cement as high as 50% by mass, 
which significantly improves concrete’s performances 
increasing its mechanical strength and making the life 
span much longer [31,32]. Therefore, the replaced ce-
ment will significantly reduce CO2 emission and the ac-
cording energy input for cement production.  

Fly ash has been applied to many big dams in the 
world, including the world’s largest dam, Three Gorge 
Dam in China in Figure 4 [33,34]. It is 181 meters high 
and 2,335 meters long. The dam used 26.43 millions of 
cubic meter concrete, twice that of the Itaipu project in 
Brazil, the 2nd world largest concrete dam. Fly ash has 
replaced 30% cement in the concrete construction of the 
Three George Dam, improving its mechanical strength, 
mitigation of Alkali Silica Reactions expansions and re-
ducing its shrinkage [35]. 

5. Discussion and Conclusions 

This paper has discussed the world cement shares, energy 
efficiency improvement, CO2 capture and fly ash recycle 
in sustainable cement production. In the following dis-
cussions, the cost and investment of the corresponding 
facility and technology has also been taken into consid-
eration for optimization.  

Energy efficiency focuses on the new technology up-
date in China due to its dominant cement share in the 
world and waste heat recovery that has taken place in the 
recent decades. The CO2 capture focuses on the technical 
reliability and cost competitiveness. The blended fly ash 
cement has seen another route for sustainable cement 
production because of its multiple benefits: reducing ce-
ment production and thus relieving the energy/environ- 
mental issues (including CO2 capture), and recycle of in- 
dustrial byproduct and the concrete performance improve- 

However, there are still many practical and regulatory 
barriers to fly ash recycle in concrete. In China, the cur-
rently accumulated 2 billion tonnes of fly ash that will be 
doubled in 2020, has occupied 13,000 hectare land and 
needs more land if it is not disposed properly [36]. In 
United States, for example in 2008, only 20% coal fly the 
ash was recycled in cement and concrete [37].  

ASTM C 618 excludes many non coal origin fly ashes 
from concrete, many of which come from alternative  
 

 

Figure 4. Three Gorge Dam [33].        
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ment. The specific statements and conclusions can be 
listed as below for cement manufacturers and the related 
regulatory agencies to make appropriate decisions:  

1) New Suspension Preheater (NSP), which introduces 
direct contact between high temperature kiln exhaust and 
the clacination zone, makes the high quality heat ex-
change more efficient and saves almost 1/3 energy for 
cement manufacture in China, which has the dominant 
cement production share in the world. 

2) Waste Heat Recovery in cement production, such as 
Organic Rankine or Kalina Cycle, will take advantage of 
low grade heat (for example, from the preheating exhaust 
and clinker cooling) in the range of 300˚C - 500˚C for 
cogeneration, and significantly improve energy effici- 
ency in cement production. 

3) CO2 capture is more efficient and technology feasi-
ble in cement production than fossil fuel fired power 
plants: lime looping seems to be a good fit because of its 
technical reliability and inexpensive/convenient raw ma-
terial limestone in cement production. 

4) Fly ash either from coal or from alternative fuels 
should be studied further for recycle in cement/concrete 
to reduce the energy input and the CO2 emission for ce-
ment production. 
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