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ABSTRACT

The cement industry is an energy intensive sector. The production of one ton of
cementrequires 4 GJ of thermal energy, whichis produced through the combustion of fossil
fuels and 100 kWh used to drive electrical machines. A considerable portion of the heat
produced is discarded into the environment without proper utilization. Currently,
approximately 7% of global CO, emissions come from the cement industry. The gases used
in the process containing waste heat are discharged through the outlets of the cyclone
tower and clinker cooler attemperatures of 300 to 450°C, available for WHR energy recovery
systems, such as the Organic Rankine Cycle. Will be studied the reduction of fossil fuel
consumption and CO, emissions through the production of electrical energy using waste

heat.
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INTRODUCTION

In the cement industry, energy accounts for more than 40% of production costs [1].
Accordingto[2], 7% of global CO, emissions are produced in cement factories from the use
of fossil fuels and the decarbonization of raw materials during the manufacturing process.
In Brazil, 600 kg of CO, are emitted for each ton of cement produced, below the world
average of approximately 900 kg [3].

Due to the characteristics of the clinker manufacturing process, which is an
intermediate cement product, a considerable portion of the thermal energy generated inthe
kiln through the combustion of fossil fuels is discarded into the environment. This available
residual heat at low or médium temperatura can be reused to generate electricity with the

implementation of a Waste Heat Recovery WHR system at the end of manufacturing
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process. The most studied cycle with applications for the use of gases at low temperatures
is the Organic Rankine Cycle ORC.

The objective of this article is to evaluate the implementation of a WHR for the benefit
of sustainability, generation of electrical energy, thus reducing the consumption of fossil
fuels and consequently CO, emissions in places where electrical energy generation in
thermoelectric plants is predominant. There will also be a reduction in the sales value of
the product to the consumer. The evaluation consists of the annual value of electricity
produced, the reduction in the consumption of fossil fuels and CO, emissions. The cost of
implementing the WHR and the payback of the investment will also be studied. The
characteristics of an existing industry with a cement production capacity of 1,710 tons per

day, located in Madhya Pradesh, India, will be adopted.

LITERATURE REVIEW

The WHR system is related to the volume and temperature of the plant's available waste
heat that define the technology and power of the WHR system. ORCs are best suited for

applications in factories that have low or medium temperature and low volume residual heat [4].
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Figure 1 - Organic Rankine Cycle. Source: Adapted from [5].
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Fig. 1 is an illustration of a WHR application with the implementation of ORC using
waste heat from the clinker manufacturing process, for the purpose of generating electrical
energy [5]. The construction of the ORC is similar to the steam Rankine cycle and can
operate at temperatures between 80 and 300 °C, allowing the use of residual thermal

energy at medium temperature [6].
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The technical and economic optimization was performed by modeling for the working
fluids for ORC using the Engineering Equation Solver software. To select the most suitable
fluids for organic work and exclude the unsuitable ones, the fluids R11, R124, R141b,
R142b, R600, R600a, R123 and RR245fa were analyzed, considering the following criteria:
criticaltemperature, critical pressure, saturation pressure at 35 °C and the title. The organic
fluids that proved to be the most suitable and with the highest performance from the point

of view of net power, thermal and energy efficiency were R141b, R11 and R123 [7].

METHODOLOGY

The operating manometric pressure of the Q1 stream indicated in Fig. 2, from the
plant located inthe city of Madhya Pradesh, India, is 35 mbar negative and the local ambient
pressure indicated by [8] is 100.54 kPa. The operating temperature of the stream is 290 °C,
a condition that is in the range of 80 °C to 400 °C considered suitable for use of the ORC
system according to [9]. In the existing process configuration, the waste heat from the
clinker cooler is cooled in the gas cooler, filtered and released to the atmosphere. The heat
exchanger will be installed in parallel with the gas cooler of the clinker cooler as illustrated
in Fig. 2.

The heat load of flow Q1 in Fig. 2 is 13,352.8 kl/s, the temperature of this waste heat
at the inlet of the gas cooler of the clinker cooler is 290°C and the outlet temperature is
100°C [1]. Since the implementation of the power cycle heat exchanger is installed in
parallel to the existing gas cooler, the temperature variation between the inlet and outlet of
the added equipment must also be from 290°C to 100°C so as not to change the variables

in the clinker manufacturing process.
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Figure 2. Arrangement of the heat exchanger and the divider valve added to the gas outlet

ducts of the clinker cooler. Source: adapted from [1].
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The transfer of waste heat from stream Q1 to the working fluid is controlled so that the
temperature of the hot fluid at 290°C reaches 100°C at the outlet of the heat exchanger
added to the original process.

The organic working fluids R141b, R11 and R123 will be used to calculate the ORC. In
the proposed design of [10] the temperature at the evaporator outlet must be greater than
130°C. The temperature range for the turbine inlet is 80 to 300°C [6]. The operating pressure
of the working fluid at the turbine inlet must be greater than 11 bar [11]. According to the
sources, the above mentioned pressure and temperature technical data are considered
adequate and show better results in similar ORC applications. The working fluid pressure
adopted at the turbine inlet is 2500 kPa and at the outlet 250 kPa. The temperature of the
organic working fluid at the turbine inlet was adopted at 280°C and a pressure of 20 bar.

The consumption of fossil fuels to generate electricity equivalent to that produced with
WHR can be determined from the ratio of 3 kWh for 1 kg of coal and 9 kWh for 1 kg of natural
gas. The CO, emissions avoided by the recovery of waste heat are found by calculating the
emission rate in relation to the electricity generated by the thermal power plant. In 2021,
the average Brazilian CO, emission rate in thermal power plants was 483 tCO,/GWh [12].
The cost of installing WHR is given in relation to generating capacity at US$7.845 per kW
[13]

1. RESULTS OBTAINED AND CONCLUSION

Theresults obtained are showninTab. 1, and correspond to the production of the ORC

and SCR, the cost of implementing the WHR, the O&M cost and the net energy production.

Table 1. Results obtained

WHR installed at the

Description clinker cooler outlet
Power generated by ORC with R11 fluid — kW 1,186
Power generated by Steam Rankine cycle — kW 946
Energy produced by ORC - MWh/year 9,478
Cost of implementation — US$ 8,305,000
O&M cost-US$ / year 165,003

Net energy production by ORC. Average cost reduction,

1,088,398
related to the payback period — US$ / year
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The electrical energy produced with the implementation of the WHR is 9,478 MWh per
year. The consumption of fossil fuels for the production of the equivalent energy is 3,159
tons of coal or 1,053 tons of natural gas. The reduction in CO, emissions is 4,578 tons. The
payback period for the implementation of WHR is 7 years and 8 months.

In the simulation of the conversion of residual thermal energy into electrical power,
the ORC presented the best result using the working fluid R11. The ORC with this fluid can

also operate at lower temperatures than the steam Rankine cycle.
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