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This work evaluated the air bottoming cycles(ABC) as a technology
for waste heat recovery (WHR) at the level of the preheater tower in a
cement industry. An optimization code has been developed in
MATLAB environment and linked with REFPROP database as a way
to design and calculate the different parameters and points of the cycle.
The theory of power maximization is adopted and the genetic

Keywords: algorithm is employedasa way to maximize the net power output of the
ABC; cycle, while a case study of a real cement plant has been taken into
Waste heat; consideration for the examination purpose. Results showed that the
Optimization; integration of the ABC cycle for energy valorization contributes to
Cement; covering around 8.5% of the industry need for electrical energy, by
Exhaust gas; generating an amount of power that can achieve 1.07 MW.In addition,
Preheater; although the cycle has shown a low efficiency, it can be a practical

WHR solution especially in case of water deficiency.

NOMENCLATURE
p Pressure, bar in Inlet
P Power, kW out Outlet
T Temperature, °C HE Heat exchanger
TI Turbine inlet pressure  t Turbine
Ip Ratio C Compressor
Abbreviations p Polytrophic
ABC Air bottoming cycle
Greek symbols

Subscripts n Efficiency, %
Is Isentropic A Difference

|. Introduction

Nowadays, energy valorization is categorized as a priority aspect, in order to reduce greenhouse gas emissions
(GHG) and energy consumption. Cement industries are classified among the most energy-intensive industries[1],
where a the production of a ton of clinker required an amount of energy ranges between 3.2 and 6.3 GJ [2,3],this
besides that they are characterized by enormous discharge of waste heat that can achieve 40% of the imputed
energy[4]. In the midst of this, researchers have developed various technologies aim to recover waste heat from
the industrial sector, including steam and organic Rankine cycles[5], Kalina cycle[6], Air bottoming cycle[7], and
also combined cycles[8], these technologies aim to recover the waste heat as a means tore-use it in the same (see
e.g,[9]) or in other forms, such as the generation of the electricity.
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In this framework, the examination of waste heat recovery at the level of the cement industries started several years
ago too, where several researchers investigated different technologies and methods for this purpose. As an
example, Khatima et al. [10] investigated the possibility of recuperating the tertiary as well as secondary air from
the cooler in an Algerian cement industry, and they analysed its influence on the clinker production. They
concluded that hot air recovery improved clinker production.In addition, Miroli et al. [11], introduced the Kalina
cycle technology for industrial applications, then they summarized the application of this technology for waste
heat recovery at the level of the cement industry, they mentioned that the use of Kalina cycle results in energy
costs reduction, and it offers a performance improvement between 20% to about 40%, relative to conventional
waste heat systems. In contrast, Legmann[12], drew the results of the use of the first ORC application in the cement
industry, with a potential of 1.5 MW. Additional to power generation, he found that the use of this power plant
results in a significant reduction of the annual CO; emissions, this reduction correlated to the electrical energy CO;
emissions. As well as Karellas et al. [13], studied the possibility of waste heat recovery at the level of the cement
plants, using the water stream cycle, and the organic Rankine cycle. For the ORC cycle, they used a medium cycle
that works with the water as a thermal loop to conduct the heat from the source to the cycle, and they trapped their
selection of working fluids in 4 candidates. In addition, they choose the recuperative configuration for the ORC.
The results showed that the water stream cycle is more efficient in the high-temperature levels, which are more
than 350°C.However, despite the diversity and the existence of many works in this field, at the time of writing and
as the authors know, there is no work in the literature evaluated the waste heat recovery using Air bottoming cycles
at the level of cement industries, although that this technology can be a feasible solution especially in case of water
deficiency since the use of the air as working fluid allows no need to steam equipment such as the condenser,
which results in a simple configuration and architecture, lower maintenance costs, and shorter start-up time [14].

Algeria is a leading country in cement production in North Africa, with a production rate capacity achieves40
million tons per year, through the exploitation of more than 17 industries in its different regions. This high
production is associated with an enormous loss of energy in the form of waste heat at the different levels of these
industries. Note that, there is no one of them uses the different technologies for waste heat recovery.

In this context, this work aims to study and investigate the air bottoming cycles from a thermodynamic point of
view as a technology for waste heat recovery from cement industries, through the exploitation of the waste heat at
the level of the preheater tower as a heat source for the cycle. To perform that, a real case study of a cement
industry in the north of Algeria was taken into consideration.

This paper includes in its rest the following sections; the subsequent section is dedicated to the methodology,
where the case study is described with its different parameters, the technology and the thermodynamic model, and
also the optimization settings are presented. Then, the simulation results are outlined and discussed in the
penultimate section, while the conclusion and the remarks are left for the last section.

Il. Methodology

I1.1. Case Study

In order to evaluate the adaptability and the applicability of the ABC at the level of the cement industries, a case
study was selected presented in a cement industry in the North of Algeria. The investigation of the waste heat
availability at its level revealed the presence of an enormous quantity of waste heat at the level of the preheater
tower, in the form of exhaust gas with an average temperature that achieves 382 °C and an average mass flow rate
of 47.113 kg/s. Figure 01 illustrates the waste heat source at the level of the preheater tower in this cement industry.
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Figurel. Exhaust gas at the level of the preheater tower

11.2.  Technology and thermodynamic Model

Air bottoming cycle technology appeared in 1988 at general electric, where Ferrell invented a new technology that
replaced the steam cycles [15], and then at the end of 1988, Anderson and Ferrell patented this technology for coal
gasification plant, where they used the coal fuel exhausts as heat source [16], after that, Wicks et al [17] introduced

its theoretical concept.

In the air bottoming cycle, the air enters the compressor at atmospheric pressure, where its pressure increases, the
compressed air is heated in a heat exchanger which ensures a heat transfer between the waste heat and the air
before it follows through an air turbine, In the turbine, the air with high pressure and hot temperature expanded
while shaft work is generated. Then, the air is exhausted to a stack and can be used for some other utilization. (see

e.g[18]). Figure 2, present a schematic diagram of the basic air bottoming cycle.
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Figure 2. Air bottoming cycle scheme

The thermodynamic equations that are employed in order to calculate the different points and parameters are

adopted from[18], and they are listed as follows:
The work of the compressor is calculated as:
W, =m(h; — hy) 1)
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While the heat added to the system is computed as follows:

Quex = m(hs — hy) (2
On the other side, the work of the turbine is determined as:
W, = m(hy — h3) 3)
The Net power output of the cycle is estimated using equation (4)
Wnet = WC - VVC (4)
The efficiency of the cycle is given as:
Wne
n= Q—t ®)
HEX

Since this works aims to maximize the net power output of the cycle, the theory of optimum pressure ratio for
maximum net power output is employed asproposed in[19], where the pressure ratio equation is given as follows:

Y
_ [(T3ncn:e 1 y-1
rp—[( 2T )+2] Q)
The compressor and turbine isentropic efficiencies are computed using the pressure drops and the polytropic
efficiency according to [20] as:

-1
_ [T ¥ 1
Nisec = (y-1) (7)

'CY Mp,c_q

U2

Np,t (Y-1)
Tp,t Y -1

Mise =| — =0 — (®)

Tp,t Yy -1

11.3. Optimization settings and parametrization

An optimization code has been developed as a way to optimize and design the ABC cycle, this code is implemented
in MATLAB environment and linked with REFPROP database [21]. The code uses the genetic algorithm provided
in MATLAB toolboxes to determine the optimum parameters and calculate the different points according to the
heat source type and by employing the equation listed in section 11.2. Furthermore, it gives the hand to select and
use a single or multi-objective optimization approach, as a way to optimize the desired parameters such as the net
power output.

In this work, the design and the optimization of the ABC are performed using a single objective function aiming
to maximize the net power output.For this purpose, the basic architecture is implemented in the code.The selection
of this configuration was intending to reduce the plant costs and complexity. Figure 1 illustrates the configuration
that is examined.
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Figure 3. Basic configuration of Air Bottoming Cycle

100



Algerian Journal of Renewable Energy and Sustainable Development 3(1) 2021: 97-103, doi: 10.46657/ajresd.2021.3.1.10

The different parameters of the various devices of the cycle, and the upper and lower bounds (UB and LB) for the
different variables are selected and assumed based on the authors' experience, the literature, and plant
manufacturers' data and knowledge, and they are listed in Tables 1 and 2.

Table 1. Assumed parameters for the different equipment of the ABC

Parameter Value
Compressor polytropic efficiency (-) 0.90
Turbine polytropic efficiency (-) 0.90
Compressor mechanical efficiency (-) 0.97
Turbine mechanical efficiency (-) 0.97
Electric generator efficiency (-) 0.98

Table 2. UB and LB used in the optimization of the ABC

Parameter LB uB
Heat source outlet temperature, Twotout (°C) 70 Thot
Turbine Inlet Temperature, TIT (°C) 100 TITmax
Minimum temperature difference in the Heat exchanger, AT ppHe (°C) 20 100

I1l. Results and Discussion

As mentioned before, a thermodynamic optimization aiming for maximizing the net power output is carried out,
using the developed code which employs a single objective function. The pressure drop and the heat loss are
assumed to be negligible, while the used parameters for the genetic algorithm are selected as follows:

- Number of generations: 200,

- Populations: 150,

- Crossover fraction: 0.8,

- Mutation fraction: 0.2.

The optimization outcomes of the mentioned case study are listed in Table 3.

Table 3. Design point results for the air bottoming cycle

Variable Value
Pressure ratio p2/p1 (-) 2.93
Mass flow rate (kg/s) 48.89
Heat source outlet temperature, Twotout (°C) 165.85
Turbine Inlet Temperature, TIT (°C) 361.85
Pinch point in the Heat exchanger, AT ppHe (°C) 20.1
Compressor isentropic efficiency (-) 88.4
Turbine isentropic efficiency (-) 91.3
Net power output, Pagc (MW) 1.07
Thermal efficiency (%) 9.7

The optimization results, using the theory of power maximization employing the equation (6) show that the cycle
under the mentioned conditions can produce a quantity of power that achieves 1.07 MW, corresponding to an
optimal pressure ratio of 2.93, and a thermal efficiency of 9.7%. On the other side, the isentropic efficiency of the
compressor and turbine are computed by the solver using equations (7) and (8) results in an efficiency of 88.4%
and 91.3% for the compressor and the turbine respectively. In addition, the optimum heat source outlet
temperature, the mass flow rate, and the pinch point in the heat exchanger are 165.85 °C, 48.89 kg/s, and 20.1 °C
respectively.
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These obtained results mentioned that the implementation of an Air bottoming cycle at the level of the preheater
tower of this cement industry can cover around 8.5% of the total electricity consumption in the industry,
simultaneously, the cycle can produce around 25.68 MW a day, this quantity of power can cover around 25% of
the industry need of electricity during the rush hours as the average consumption is around 12.5 MWh, which leads
to the reduction of the electricity bills with about 30 %.

The design calculated points of the cycle are listed in table 4. While the T-S diagram and the pinch point position
are shown in Figure 4.

Table 4. Design point results for the ABC

Point T (°C) s (J/kg/K) p (bar) h (kJ/kg)

1 25.00 6860.41 1.01 298.447

2 145.80 6894.75 2.97 420.341

3 361.85 732551 2.97 644.442

4 213.09 7356.28 1.01 489.294
(a) (b)
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Figure 4. (a). T-S diagram of the ABC, (b). The pinch point in the heat exchanger

Therefore, although that the ABC cycle is characterized by a low efficiency compared to other technologies, but
it can be considered a feasible solution for waste heat recovery at the level of preheater tower in this the cement
industry, especially in case of water deficiency, and also in the case of a high-temperature waste heat source, which
can lead to better performance of the cycle. In addition, this solution can be generalized for the WHR purpose at
the level of the Algerian cement industries, since most of them use the same production process and fuel, and work
under the same conditions.

1V. Conclusion

Algeria is a leader country in cement production in north Africa, with a production capacity achieves 40 million
tons per year. this massive production is associated with large heat losses and enormous GHG emissions.

So, as a way to reduce these emissions and recover the waste heat, the authors proposed the integration of an ABC
cycle as a possible solution to this purpose. Then, as a means to study, design, and optimize this technology, an
optimization code has been developed, through the employ of the genetic algorithm available in MATLAB
toolboxes in accordance with the REFPROP database to determinate the different points and parameters of the
cycle. In addition, a real case study has been selected for this purpose.
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The examination of the air bottoming cycle for waste heat recovery at the level of the selected cement industry
revealed that it can cover around 8.5% of the total needs of electricity, and can cover around 25% of the total need
of electricity during the rush hours, this proves that the implementation of this technology has a positive effect on
the energy consumption by recovering the waste heat from the industry, which is one of the major aspects
nowadays.

Therefore, the simulation outcomes show that the integration of an air bottoming cycle for waste heat recovery at
the level of preheater tower in this cement industry is favorable from a thermodynamic and environmental point
of view, as it contributes to the reduction of both energy consumption and greenhouse gas emissions which are
associated to the generation of the consumed electricity.
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