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ABSTRACT 
This paper presents a case study for the greening of a cement 
plant located in India. Operating characteristics of the plant are 
described as well as sustainability actions previously undertaken 
to meet power requirements supplied by one of two subcritical 
coal boilers with renewables (photovoltaic and wind) and use of 
Municipal Solid Waste (MSW) to augment the cement kiln’s heat 
requirements.  The feasibility of deploying a sCO2 power cycle 
was determined to recover waste heat from different extraction 
points. Current assessment indicates opportunities for a Demo 
plant to extract 700 kWe (Turbine power output) while 
minimally disturbing plant operations. The Demo is expected to 
provide data for a larger, 8MWe (net) sCO2-derived power at 
higher turbine inlet temperatures and with potentially increased 
MSW use. Deployment of the larger sCO2 system could lead to 
partially or fully replacing the second coal boiler, leading to 
further “greening” of the plant with a potentially attractive pay-
back period. Related modeling and design considerations are 
described.  

INTRODUCTION 
Emissions of carbon dioxide, a green-house gas (GHG) 

pollutant from thermally intensive manufacturing processes 
(e.g., cement, steel, and glass) arise from use of fossil fuel for the 
required high-temperature heat (e.g., up to 1650 °C in cement 

kiln operations) as well use of fossil fuel to generate secure and 
reliable electric power for the plant’s operations from within the 
plant boundary. With respect to cement, reduction of the CO2 
emissions to achieve “green” production would therefore require 
multiple approaches to provide the required heat. One approach, 
for example, envisions replacing heat with combustion of green 
hydrogen instead of coal to reduce/eliminate the emissions, 
although such a principle remains to be tested [1]. Emissions 
reduction may be also achieved through use of renewables for 
the in-house power, but these would either require storage or 
supplementary fossil fuel use because of their intermittent 
availability. 

Options exist for improving efficiency (and thus to further 
reduce emissions) in cement plants by recovering the relatively 
high-temperature enthalpy from the waste heat arising from kiln 
operations if such enthalpy is converted to power [2]. Exhaust 
gases from kiln operations can reach up to 600 °C. Supercritical 
Carbon dioxide (sCO2) power conversion cycle may offer such 
an improved efficiency [3, 4]. Given the compactness of the 
sCO2 turbomachinery, the equipment may also be retrofitted in 
existing plants [5]. Ref. [6] provides clear, worldwide examples 
and the extent to which use may be made of such waste heat. 
According to the same reference, these plants currently operate 
with traditional steam Rankine cycle power conversion 
technology. While subsequent literature mentions the potential 
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attractiveness of the sCO2 power conversion for the cement 
industry [7], a detailed examination of its implementation is now 
possible in view of the maturing of this power conversion 
technology. In this paper, we offer, for what we believe to be the 
first time, a case study for retrofitting sCO2 power conversion 
equipment in an existing cement plant. The plant, located in 
Tamil Nadu state in India, has already pioneered using renewable 
power to offset some coal use, and uses Municipal Solid Waste 
(MSW) to augment caloric needs of the kiln. Results of the study 
supports deploying a low-temperature, smaller scale demo to 
obtain scale-up data and techno-economics. Additional use of 
MSW may lead to design and operating conditions with lower 
CO2 emissions, replacement of the existing (second) coal boiler 
and a desired pay-back period for the operator while lowering 
the landfill burden to neighboring communities, all leading to 
further “greening” cement production..  

PLANT DESCRIPTION 
The plant studied is part of the Associated Cement Company 

(ACC) business in the town of Madukkarai. The cement plant 
produces 1.18 million tonnes of cement per year. Cement making 
is an energy intensive process. Also, the cost of energy is a 
significant factor in the cost of cement, so improving the energy 
efficiency of a cement plant will dramatically improve its bottom 
line. 

As shown in Figure 1, waste heat from the hot, dust-laden 
exhaust gases from the cement plant can be tapped from two 
sources — namely, clinker cooler and preheater. Unlike other 
cement plants, raw material of ACC Madukkarai plant is in slurry 
form and hence the complete exhaust gas from Preheater is used 
to dry the raw material. In this study, exhaust gas from Clinker 
cooler will be used for the proposed 0.7 MWe turbine power 
output demo project and Exhaust gas from Pre-heater (of dry-fed 
cement plant) will be considered for 8 MWe commercial scale-
up. 

As the ACC Madukkarai plant feeds the kiln in slurry form, 
the heat requirement is comparatively more to remove the water 
content comparing with the modern plants. Due to this additional 
process, the Madukarrai plant utilizes the waste heat for heating 
the slurry. Despite that as shown in Figure 1, the tertiary air duct 
and the cooler blowers can be managed for the hot air recovery 
of the plant and the temperature availability is varying from 500 
°C to 201 °C at different tapping points. As this plant is equipped 
with Geocycle (GFR Co-processing), which uses the municipal 
waste as a heat source for combustion that reduces the coal 
requirement of the cement plant, the required additional heat can 
be tapped from the Geocycle. The proposed 8 MWe commercial 
scale-up plant can utilize the heat source from Geocycle in 
addition to the plant heat recovery considered here for the 
demonstration.  

Figure 1.: Cement plant block flow diagram. 



3 

SCO2 SYSTEM DESIGN 
The sCO2 power cycle is a gas-based power cycle with many 

advantages compared to steam Rankine or helium power cycle. 
The advantage of the sCO2 power cycles is in its high efficiency 
for a given operating temperature [5,8], typically above 450 °C. 
Another advantage of the sCO2 power cycles is their compact 
size compared to steam or helium Brayton cycles [8]. The 
compressor and the turbine are significantly smaller due to the 
high operating pressure [5,8]. However, the heat exchange size 
is significantly large compared to other systems. But a heat 
exchangers size can be optimized by operating parameters and 
type selection (cycle layout, design) [9]. 

Table 1.: Parameters for applications of sCO2 power cycles [5]. 

Application 
Power 

Operation 
Temperature 

Operation 
Pressure 

[MWe] [°C] [MPa] 
Nuclear 10-300 350-700 20-35

Fossil fuel 
(syngas, natural 

gas, coal) 
300-600 550-1500 15-35

Geothermal 10 - 50 100-300 15 
Concentrating 

solar power 
10 - 100 500 - 1000 35 

Waste heat 
recovery 

1 - 10 200 - 650 15- 35

The sCO2 power cycle offers many different layouts for 
several potential applications. The potential applications of the 
sCO2 power cycles includes, nuclear power plants [10,11], solar 
power plants [12,13], geothermal power plants or application to 
fossil fuel power plants [14, 15] and the waste heat recovery 
systems [2,16,17,18]. The typical parameters of the sCO2 power 
cycle applications are shown in Table 1. 

According to Table 1, the range of applications is quite wide 
[5]. The sCO2 power cycle can be used for majority of heat 
sources, which are used in energy conversion systems.  

For each application in Table 1, there exist several different 
cycle layouts. Each cycle layouts have several advantages and 
disadvantages according to heat source and operating 
parameters. The cycle layouts can be divided into groups with 
one or a multi-heat source. 

SCO2WASTE HEAT RECOVERY SYSTEM 
According to Table 1, the waste heat recovery systems are 

in range 1 to 10 MWe, with the operations temperature between 
200 to 600 °C. The parameters are in the range of waste heat 
source which can be found in a cement plant [6].  

In this paper the effort is focused on the ACC Madukkarai 
plant. As previously mentioned, Figure 1 shows the   block flow 
diagram for the plant with several potential heat sources and with 
different temperature ranges. It can be seen that this plant has 
three potential heat sources with different temperature levels. 
Table 2 shows a list of the potential heat source for the cement 
plant. 

Table 2.: Heat source for WHR. 
Cooler exit gas 201 

°C Coal mill 250 - 350 
Preheater 600 

According to Figure 1 and Table 2, the system for waste heat 
recovery can be operated at different heating levels (The 
potential heat sources range from 200 to 600 °C.), which has an 
effect on the net power and cycle efficiency. 

The sCO2 waste heat recovery system layout can be 
designed for one or multi-heat source units, according to Table 
2. The potential sCO2 power systems layouts can be the
following: [19,20]

 One heat source:
o Simple Brayton sCO2 cycle
o Re-compression cycle
o Pre-compression cycle
o Split expansion cycle

 Multi-heat sources:
o Dual Heater cycle
o Dual Expansion cycle
o Cascade
o Kimzey cycle

Each cycle layout consists of a compressor (C) for isentropic 
compression, a turbine (T) for isentropic expansion, a cooler 
(CH), a heat source (H) and recuperative heat exchanger (RH, 
LHR and HTR), which is used for heat regeneration (improving 
the cycle efficiency). However, in this research, focus is on 
commercially available sCO2 waste heat units [16,21,22], which 
is based on the simple Brayton sCO2 cycle. 

SCO2 DEMO PLANT UNIT 
The proposed demo plant unit is planned for the ACC 

Madukkarai plant with for the parameters shown in Table 2.  

Figure 2.: sCO2 block flow diagram of the proposed demo 
plant unit. 
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The design of the sCO2 waste heat recovery system for the 
cement plant application is the simple Brayton cycle layout, 
which consists of a primary heat exchanger (PHX), Cooler 
(water or air, according to localization and cooling availability), 
recuperative heat exchanger (RHX), compressor (C) and turbine 
(T), as shown in Figure 2. 

Accordingly, the system design utilizes input parameters 
from ACC Madukkarai (Table 2). 

The heat source for the sCO2 demo plant unit is from Clinker 
cooler (cooler exit gas with mid tapping) with outlet temperature 
350 °C. The sCO2 demo plant unit is designed as a compact 
system to provide data that can utilized to design the larger, 
commercial units with 8 MWe of net power output. 

For this reason, the following parameters and design of the 
components were considered for the calculation. 

The cooling system is designed as a water-cooling system 
with an inlet temperature of 32 °C. The turbine is not connected 
with the compressor on a common shaft. The compressor is 
driven by an electrical motor, as shown in Figure 2. 

The proposed primary heat exchanger (PHX) has a vertical 
construction, which occupies very little floor space. Also, the 
vertical PHX requires only a single dust collection point and 
economical design. The reliable high temperature resisting 
guillotine dampers are installed in the inlet and bypass ducts so 
as to make it possible to isolate the PHX for maintenance without 
requiring production shutdown. 

The recuperative heat exchanger (RHX) and cooler are 
designed as Printed Circuit Heat Exchangers (PCHE) with 
zigzag and semi-circular channels [23] is being considered.  

The pressure ratio is 2.9 and the compressor outlet pressure 
is 22.29 MPa, according to commercial sCO2 waste heat 
recovery units described in the literature [21]. The boundary 
parameters for all calculations are as shown in Table 3. 

Table 3.: Boundary parameters 
Compressor inlet temperature 35 °C 

Turbine efficiency 85 
% Compressor efficiency 69 

Recuperator effectiveness 90 

The pressure drops are not considered in the calculation for 
all cases. When pressure losses are considered, the resulting 
efficiency and net power will show lower values. However, the 
difference between the values will not be large (because, the 
maximal pressure drops will be between 1 - 2 %) [24], according 
to pressure drops calculated from detail design of the heat 
exchangers.  

The system in Figure 2 was designed for the turbine power 
output 700 kWe, which is 835 kW, if the generator efficiency is 
96 %, clutch efficiency is 95 % and gearbox efficiency is 93 %. 
The required compressor power is 460 kW (490 kWe, for motor 
and clutch efficiency 95 %), which is generated with an electric 
motor, according to Figure 2. The mechanical losses are 
considered to be 1 %. The resulting parameters of the sCO2 demo 
plant are shown in Table 4.  

Table 4.:  sCO2 demo plant unit parameters 
Flow rate 9.2 kg/s 

Cycle efficiency 20.03 % 
Compressor mechanical 

power 
0.46 

MW Added heat 1.88 
Removed heat 1.5 

Regenerative heat 1.22 
Turbine power output 0.7 MWe 

According to Table 4, the required heat input from the heat 
source is 1.88 MWth with the sCO2 flow rate of 9.2 kg/s. The 
cooling power is 1.5 MWth, this power must be removed from 
the system and water outlet temperature can be maximal 45 °C. 

Figure 3.: T-S diagram of the sCO2 demo plant unit 

The T-S diagram for the sCO2 demo plant unit is shown in 
Figure 3. According to results in Table 4 and T-S diagram in 
Figure 3, it is obvious that the sCO2 plant units based on the 
operating parameters selected for the demo unit as such are not 
economically attractive for their commercial potential. However, 
the sCO2 demo unit is a practical design, the results from which 
the design and optimization of the commercial scale sCO2 waste 
heat power system with the net power up to 8 MWe may be 
implemented with the potential heat sources ranging from 250 to 
600 °C, as noted in  Table 2. These aspects are further described 
below. 

COMPARISON OF DEMO AND COMMERCIAL UNITS 
As was mentioned above, the sCO2 demo plant unit was 

designed for the demonstration of the waste heat recovery system 
in the cement plant. In the case of the demo unit, to reduce the 
design complexity, the following points are considered: 

1. Electrical motor driven compressor: To simplify turbo-
machinery designs, a 0.7 MWe generator will be driven
by sCO2 turbine and sCO2 compressor will be driven by
an electrical motor. However, 8 MWe system will have
sCO2 turbine with a common shaft to drive both
generator and compressor. This will have effect on the
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turbine and compressor efficiency. However, for the 
calculation presented in this paper, the turbine and 
compressor efficiency with the mechanical losses are 
same as for 0.7 MWe demo plant unit. In reality, the 
commercial 8MWe system will have better component 
efficiencies, and hence better overall performance than 
what is projected here.  

2. Water cooled heat exchanger: For the demo project,
heat rejection from the system will be designed with
water cooled heat exchanger, in order to simplify the
design. The commercial (8 MWe) system is planned to
be designed with an air-cooled heat exchanger.

Figure 4 shows the commercial version of sCO2 waste heat 
recovery system for the cement plant with same parameters as 
sCO2 demo unit, except flow rate and turbine inlet temperature 
(TIT), and 8 MWe net power. The results for this system are 
shown in Table 5 and T-S diagram is shown in Figure 5. 

Figure 4.: sCO2 block flow diagram of the 8 MWe waste heat 
recovery system with TIT 550 °C. 

According to Figures 4 and 5 and Table 5, it is obvious that 
the simple sCO2 Brayton cycle can be scaled up from the sCO2 
demo unit to commercial units in the same configuration with the 
two differences noted earlier. 

Table 5.: 8 MWe waste heat recovery system with TIT 550 °C 
Flow rate 117 kg/s 

Cycle efficiency 30.31 % 
Turbine mechanical power 15.29 

MW 
Compressor mechanical power 6.15 

Added heat 31.06 
Removed heat 21.65 

Reg heat 38.76 
Net power 8 MWe 

RESULTS 
The T-S and associated calculations were performed using 

inhouse sCO2WHR code. The code was written in the Python 

programming language. The Python is an open-source language 
for programming. The source of gas properties used was NIST 
Reference Fluid Thermodynamic and Transport Properties 
database, Version 9.1. [25] and CoolProp [26]. The CoolProp is 
the open-Source Thermo-physical Property Library. 

Figure 5.: T-S diagram of the 8 MWe waste hear recovery 
system with TIT 550 °C. 

The parameters of the sCO2 demo unit do not reach optimal 
values for the potential commercial application from a techno-
economic point of view. The sCO2 demo plant unit must be 
optimized and designed for different operating parameters, so 
that maximum possible net power can be produced from all 
available waste heat sources in the plant.  

One of the ways to increase generated net power is to 
increase the turbine inlet temperature. With this increase, turbine 
output power increases. The turbine output power is defined 
according to Equation 1. 

𝑃 =  𝑚 ℎ −  ℎ _   (1) 

Here hin is specific enthalpy for turbine inletand hout_real is 
specific enthalpy for turbine outlet under real operation with 
losses. The turbine efficiency is defined as: 

𝜂 =  
ℎ −  ℎ _

ℎ −  ℎ _

 (2) 

where ℎ _  is specific enthalpy for turbine outlet under 
ideal operation without any losses.  The compressor efficiency is 
calculated according to an equation similar to Equation 2. Figure 
5 shows the dependence of the net power and cycle efficiency on 
the TIT for the simple Brayton cycle layout. The results in Figure 
5 are for the turbine inlet pressure 22.29 MPa and mass flow rate 
9.2 kg/s. The black vertical line in Figure 5 correspond to the 
sCO2 demo unit parameters. 
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Figure 5.: Effect of the different TIT (mass flow rate = 9.2 
kg/s). 

The cycle efficiency is defined according to Equation 3, 
where 𝑃  is net power generated from the system and 𝑄  is 
total the heat input. 𝑃  is turbine output power and 𝑃  is 
compressor input power. 

𝜂 =  
𝑃

𝑄
=  

𝑃 − 𝑃

𝑄
 (3) 

The 𝑄  and 𝑄  (total heat input and rejected heat, 
respectively) are defined according to Equation 4, where �̇� is 
mass flow rate and h is specific enthalpy on inlet/outlet to the 
heat or cooler. 

𝑄 =  �̇�(ℎ − ℎ ),    𝑄 =  �̇�(ℎ − ℎ )   (4)  

The tapping temperature ranges from 200 to 600 °C (Table 
2) is possible in the cement plant and can be utilized for a power
plant without affecting the cement manufacturing process. The
sCO2 demo unit is aimed to produce 700 kWe for technology
demonstration at affordably low capital and operating costs.
Figure 5 explains the system characteristics according to the
optimization model for the range of temperatures, where the
turbine inlet temperature variation is considered from 250 °C to
600 °C. If the turbine inlet temperature is low, the system
efficiency is considerably low due to the operational
inefficiencies. The sCO2 demo unit is planned to operate at 340
°C and the corresponding turbine power output is around 0.8
MWth. The cycle efficiency is 20.03%.

On the other hand, if the turbine inlet temperature is for 
example 550 °C, the corresponding turbine power output is 
around 1.2 MWth and can attain a cycle efficiency of around 
30%. The compressor power is the same for all turbine inlet 
temperature in the considered range. The remarkable 
improvement is possible with the higher turbine inlet 
temperature. As the tapping provision at higher temperatures is 
not available in the ACC Madukarrai plant, the sCO2 demo plant 
turbine inlet temperature is fixed as 340 °C. 

The turbine inlet temperature at 340 °C was considered 
because the objective is to demonstrate the waste heat recovery 

process on demo plant unit with the readily available heat source, 
which has temperature around 350 °C. 

The sCO2 demo plant operation will provide insight for the 
actual size plant which has the potential of 8 MWe and above. 
The scaling up to 8 MWe sCO2 waste heat recovery system is 
shown in Figure 6.  

Figure 6.: Effect of the different TIT on the 9.44 MWth (8 
MWe) sCO2 system. 

The results in Figure 6 are for the turbine inlet pressure 
22.29 MPa and the black vertical line in Figure 6 is shown the 
sCO2 demo plant unit parameters. Figure 6 explains the system 
characteristic for the fixed net power output of 9.44 MWth. As 
the temperature increases, the heat power required as input 
decreases which explains the performance improvement at the 
higher temperatures (red line). The thermal input is lower for the 
constant output with the rise in temperature from 250 °C to 550 
°C. At the same time, the required input heat and compressor 
power decrease with the increase in the turbine inlet temperature. 
With the increased turbine inlet temperature, the required input 
heat is transferred with higher efficiency, and due to higher 
efficiency, the mass flow rate is reduced. This effect is shown in 
Figure 7.  

According to Equations 1 to 4, is clearly visible that with a 
decrease in the mass flow rate, the required input, cooling or 
compressor, and turbine power decrease. These dependencies are 
shown in Figure 7. However. the net power is dependent on the 
compressor and turbine power. The compressor power is 
decreased too and because the compressor is operated near the 
critical point of the CO2, the required compressor power is lower. 
This is one of the biggest advantages of the sCO2 power cycle.  

CONCLUSIONS & RECOMMENDATIONS 
Use of supercritical carbon dioxide as the working fluid in a 

closed, simple, recuperated Brayton cycle has been proposed 
here to convert a portion of the waste heat from an existing 
cement factory to electricity. This plant, located in Madukkarai, 
India has.  multiple sources of waste heat available at various 
temperatures. Based on practical considerations, this study has 
focused on what is available from clinker cooler at 350 °C for 
purposes of demonstration and subsequent scale up. The design 
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complexity for the demo plant was reduced by utilizing electrical 
motor driven compressor and water-cooled heat exchanger. From 
the perspective of the design complexity and low heat source 
temperature, the system shows suboptimal operation parameters 
as shown in the model calculations. 

Figure 7.: Effect of the different TIT on the 9.44 MWth (8 
MWe) sCO2 system. 

Optimization of cycle parameters, with consideration of 
integration of waste heat to power cycle, led to a sCO2 cycle with 
a pressure ratio of 2.9 and a maximum pressure of 22.29 MPa at 
the compressor output. With ad hoc assumption of reasonable 
and realizable efficiencies of all relevant components, the cycle 
optimization could lead to a maximum overall waste-heat-to-
electricity efficiency of 30.3% for a net power output of 8 MWe 
and a turbine inlet temperature of 550 C. 

This paper considered one of multiple steps, and perhaps the 
easiest-to-implement step, in greening of an existing cement 
plant. Consideration of all other sources of waste heat as well as 
use of locally-sourced municipal solid waste can increase the 
exergy-content of the total waste heat at a higher temperature, 
and can lead to larger net electrical output at a higher overall 
cycle efficiency. Such an effort is necessary in continued 
greening of a cement plant. In addition, fossil-based heating 
source needs to be fully replaced for a fully green operation. If 
enough solid waste is not available, then use of green hydrogen, 
obtained through electrolysis of water using green electricity, 
with collocated storage is necessary. As noted in Ref. [1], 
however such a principle has not been tested. Meanwhile, 
considerations such as described in this paper are critical to 
ensure reduction of CO2 emissions through improvements in 
performance using sCO2 waste heat recovery, especially in 
existing plants.  

This study focused on retrofitting of an existing cement 
plant in order to make in green. For a completely new design, an 
overall design optimization that considers both cement 
production and waste heat recovery in an integrated fashion is 
necessary, in order to have a very resource-efficient, cement 
factory.  

NOMENCLATURE 
𝜂  Cycle efficiency (%) 
h Enthalpy (kJ/kg) 
S Entropy (kJ/kgK) 
P Power (MWth) 
Q Heat (MW) 
m mass flow rate (kg/s) 

ABBREVIATIONS 
MSW  Municipal Solid Waste 
TIT Turbine inlet temperature 
C Compressor 
T Turbine  
CH Cooler  
H Heat source  
RH, LHR and HTR Recuperative heat exchanger 
PHX Primary heat exchanger 
G Generator 
M Motor 
PCHE  Printed Circuit Heat Exchangers 
WHR  Waste Heat Recovery 
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