
 

 

  
Abstract—The focus of this work is utilization of waste heat 

in a cement kiln flue gas in an amine-based CO2 absorption 
process. The high temperature flue gas from the cement kiln is 
used to generate steam in a waste heat boiler. The steam is then 
used to replace some of the steam required in the stripping 
section of the CO2 capture plant. The required surface area for 
heat exchange, the cost of installing this area and the payback 
time of the installation is calculated. The flue gas capture model 
was developed using the Aspen Plus simulation software. The 
available excess heat in the cement manufacturing process is 
calculated to 18 MW for the base case considered. The heat 
transfer area is calculated as 3115m2. The total cost of the heat 
exchanger was $ 3.9 million, and the payback time is about 1 
year, demonstrating the economic feasibility of applying heat 
integration when implementing an amine-based CO2 capture 
process in a cement kiln system. 

 
Index Terms—Carbon dioxide capture, waste heat boiler, 

flue gas, MEA, cement industry. 
 

I.    INTRODUCTION 
The concentration of the atmospheric carbon dioxide (CO2) 

has risen with the impact of the industrial revolution. The 
atmospheric CO2 concentration is calculated as 380 ppmv 
approximately [1]. 

One of the main reasons for global warming is the huge 
impact of fossil fuel combustion in power plants, 
continuously contributing to the increase in atmospheric CO2 
concentration. However, also industry processes, such as 
aluminium, steel and cement production, contribute to CO2 
emissions.  

Different technologies have been proposed for the purpose 
of carbon capture [2]. and post combustion chemical 
absorption is the more mature approach. Amine-based 
absorption of CO2 from a cement kiln exhaust gas is 
considered in this study. 

A sketch of a typical kiln system is shown in Fig. 1. The 
CO2 is formed in two different processes.  

The first Udara S. P. R. Arachchige, Dinesh Kawan, 
Lars-André Tokheim, and Morten C. Melaaen process is the 
calcination of calcium carbonate (CaCO3) to produce calcium 
oxide (CaO). This process is called the process related CO2 
generation. The second source of CO2 is the combustion of 
fossil fuels required to heat the kiln system to a sufficiently 
high temperature to facilitate the chemical reactions. The 
average carbon dioxide production of cement flue gas varies 
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from 14 to 33% according to the raw material type and other 
factors [3]. 

The high energy penalty in the regeneration process is a 
main disadvantage of the CO2 capture plant, and minimizing 
the amount of energy required in the stripper column is 
important. Therefore, heat integration plays a vital role in 
carbon capture processes. Such heat integration is possible 
when a capture plant is coupled with a cement kiln system.  

The technical and economic feasibility of installing a 
waste heat boiler in the cement kiln system, for the purpose of 
supplying thermal energy to the capture plant, is the topic of 
this article. 
 

II.     MODEL DEVELOPMENT 
The flue gas data and other necessary information for 

model development are taken from the literature. The flue gas 
capture model is developed in the Aspen Plus simulation 
software. The CO2 capture model was previously developed 
by the authors [4] and the flue gas characteristics from that 
study is used here as well. A detailed description of the model 
development and the parameters used in the model 
development is given in other articles [4], [5]. The flue gas 
data used to implement the carbon capture model is given in 
Table I [4], and the basic process flow diagram of the gas 
absorption process is given in Fig. 2. 

 
TABLE 1: FLUE GAS STREAM DATA [4] 

Description Unit Base Case 
Preheater exhaust gas Nm³/h 196,834 

N2 vol% 62.3 % 

CO2 vol% 30.3 % 

H2O vol% 3.7 % 

O2 vol% 3.7 % 

 
TABLE II: EXCESS HEAT AVAILABILITY IN THE WASTE HEAT BOILER [4] 

Description Unit Reference Case 

Re-boiler duty MW 107.7 

Heat availability MW 18.0 

Percentage of available 
heat % 17 

 
The temperature of the flue gas leaving the cement pre 

heater section is typically 350-400 °C, and downstream of the 
conditioning tower, the temperature is still around 150 °C. 
The required temperature in the absorption process, on the 
other hand, is only around 40°C, so the flue gas has to be 
cooled before it is sent to the capture section. The available 
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excess heat in the kiln gas can be utilized by replacing the 
conditioning tower with a waste heat boiler downstream of 
the pre heater section. 

The amount of waste heat available in the process is 
around 18MW for a calculated base case based on 350 and 
150 °C inlet and outlet temperatures. The heat recovery unit 
should be installed as shown in the Fig. 3. 

The steam produced in the waste heat boiler is transferred 
to the re-boiler unit of the stripper section in the CO2 capture 
plant. The waste heat is not sufficient to cover the entire 
regeneration energy demand, but part of the energy can be 
replaced with energy generated in the waste heat boiler. The 
energy requirement in the stripper column as well as excess 
heat availability in the waste heat boiler is shown in Table II. 

  

 
Fig. 1. Typical cement kiln system [6].
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Fig. 2. Process flow diagram [4]. 

 
As described above, a significant amount of the required 

re-boiler energy can be provided by heat integration with the 
cement kiln process. However, the physical size as well as the 
installation costs and operational costs should be determined 
in order to evaluate the feasibility of such a waste heat boiler 
system. A brief description of the calculation procedure is 
given in the following section. The purpose of the calculation 
is to evaluate the required surface area of the cooling tubes to 
exchange the available heat in the flue gas and to use the heat 
exchange area as a basis for calculating the investment costs. 
Next, the payback time for the installation can be determined 

by calculating the savings in energy costs. 
 

III. HEAT TRANSFER AREA CALCULATION  
The main steps in the calculation procedure are briefly 

discussed here. The calculation can be subdivided into four 
main parts: 

• Evaluate the excess energy availability in the process. 
• Calculate the required water flow rate for the heat 

exchange in the waste heat boiler. 
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• Calculate the overall heat transfer coefficient of the 
waste heat boiler. 

• Calculate the required surface area for heat transfer. 
 The heat availability was calculated as 18MW in the 
simulation studies [4], [5], or simply carrying out a heat 
balance by hand calculations. 
 The required water flow rate can be calculated by a simple 
energy balance and is found to be 28862 kg/hr. The system 
has to operate at 120-130 °C and 2.5 bars to comply with the 
temperature requirements of the re-boiler. 

The slightly superheated steam coming from the waste 
heat boiler has a temperature of 130°C and a pressure of 2.5 
bar  The steam is sent to the re-boiler, where it can replace 
18% of the regeneration energy demand of the stripper. The 
steam condenses to water in the re-boiler, and water at about 
120 °C is returned to the waste heat boiler where it is heated, 
converted to steam and slightly superheated, before being 
sent to the re-boiler for another cycle. 

 

 
Fig. 3. Block diagram for NOx, SOx and CO2 removal from cement plant off gases [7]. 

 
 The overall heat transfer coefficient can be calculated by 
equation 1 [8]. 
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Here, 
h1= convection heat transfer coefficient for the water side 

[W/(m2·K)] 
h4= convection heat transfer coefficient for the air side 

[W/(m2·K)] 
r1=inner radius of the water tube [m] 
r2= outer radius of the water tube without dust layer [m] 
r3= outer radius of the water tube with dust layer [m] 
kA= thermal conductivity of the tube material [W/(m·K)] 
kB= thermal conductivity of the dust layer [W/(m·K)] 
The convection heat transfer coefficient on the water side 

(inside the tubes) can be calculated by Nusselt number 
correlation. 

The convection heat transfer coefficient on the gas side 
(outside the tubes) can be calculated by Nusselt number 

correlation. 

Nusselt number correlation is given by: h LN u
k
×= , 

where, Nu=Nusselt number; h=convective heat transfer 
coefficient; L=Characteristic length; k = thermal 
conductivity. 
Input values used for the calculation are given in Table II, 
and the resulting overall heat transfer coefficient is 85 
W/(m²·K). 
 

TABLE III: INPUT VALUES FOR CALCULATION OF OVERALL HEAT 
TRANSFER COEFFICIENT 

Parameter Unit Value 
Thickness of the water tube mm 2 
Thickness of the dust layer mm 2 

Diameter of the tube mm 10 
Flue gas inlet temperature °C 360 
Flue gas outlet temperature °C 140 

Water inlet temperature °C 120 
Water outlet temperature °C 134 

 
The required area can be calculated from equation 2: 

( )lmTUAQ Δ=  
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The required surface area for heat transfer is calculated as 
3115 m2. 

 

IV.     HEAT EXCHANGER COST CALCULATION 
The area-specific capital cost of heat transfer water 

tubes,
0
PC , is taken as 140 $/m2 [8]. The bare module cost of 

the heat exchanger, CBM, is given by equation 2 [9]. 
 

[ ]PMPBM FFBBCC 21
0 +=         (2) 

 
Here, 
B1 and B2 are constants taken as 1.63 and 1.66, respectively, 

for U - tube heat exchangers [9]. 
FM = material factor, taken as 2.7 [9]. 
FP = Pressure factor which is calculated from the equation 

3 [9] given below. 
 

2
103102110 )(logloglog PCPCCFP ++=   (3) 

 
Here, 
C1, C2, C3 are constants. 
FP is calculated as 1 due to the low system pressure. The 

bare module cost is calculated as 856 $/m2. 
Total cost of heat exchanger is calculated as the product of 

the area and the area-specific cost, and is found to be 
$ 2,665,506. This value is calculated according to 2001 cost 
values and must be converted to 2014 data using relevant 
inflation factors. The total cost of heat exchanger for 2014 is 
then calculated as $ 3.9 million. 

All direct and indirect costs related to the construction and 
installation of the heat exchanger unit is included in the bare 
module cost. Examples of direct costs are equipment cost, 
material cost and labor cost, and examples of direct cost are 
freight, overhead and engineering costs. The input values for 
calculation is given in the Table IV. 
 
TABLE IV:  INPUT VALUES FOR CALCULATION OF HEAT EXCHANGER COST 

Parameter Value 
B1 1.63 
B2 1.66 
FM 2.7 

0
PC 

140 $/m2 

 
TABLE V:  INPUT VALUES FOR CALCULATION OF STEAM COST 

Parameter Value 

Heating value of Methane [10] 50 MJ/kg 

Latent heat of steam 2.26 MJ/kg 

Energy loss 15% 

 

V.   STEAM COST CALCULATION 
The cost of the gas purchased for generating steam in 

regenerating process is around 1.1 NOK/Sm3 according to 
the price at 2001[7]. The amount of energy can be replaced 
by installing waste heat boiler is calculated as 18 MW. The 
equivalent amount of steam recovered by installing waste 

heat boiler is calculated as 28862 kg/hr. The payback time 
period is calculated. 

The input values used for calculation procedure is given in 
the Table V. Assume 15% of the energy losses during the 
heat transferring to steam generating. 

Amount of steam generated by methane gas = 42.5 / 2.26 = 
18.8 kg steam/ kg of gas. 

Required amount of gas to generate steam recovery by 
waste heat boiler = 28862 / 18.8 = 1535 kg/hr (2326 m3/hr). 
 Total amount of gas to generate amount of steam recovery 
per year (considering 7000 operating hours per year) = 16.28 
million m3. 

Cost of the savings by steam recovery is around 26.4 
million NOK / yr according to the current price. The 
equivalent amount of dollar is 4.4 million $. 

The payback time period is approximately 10.5 months.  
 

VI.    CONCLUSION 
The amount of energy available in the cement kiln exhaust 

gas is around 18MW for case considered in this study. This 
will cover 18% of the total energy requirement in the stripper 
regeneration process. The equivalent amount of steam 
generated by installing a waste heat boiler in the cement kiln 
system is 28862 kg/hr. The required heat exchange area is 
calculated as 3115m2. The total cost of the waste heat boiler 
installation is calculated as 3.9 million dollars. The 
installation cost for the waste heat boiler is paid back through 
a reduction in consumption in externally generated steam. 
The payback time is calculated approximately as 1 year. 
Therefore, heat integration with the cement kiln system by 
installing a waste heat boiler may be economically very 
attractive when implementing an amine-based carbon capture 
process in the cement industry. 
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