

  sustainability-14-10146




sustainability-14-10146







Sustainability 2022, 14(16), 10146; doi:10.3390/su141610146




Article



Experimental Investigation on Waste Heat Recovery from a Cement Factory to Enhance Thermoelectric Generation



Mohamed R. Gomaa 1,2,*[image: Orcid], Talib K. Murtadha 3[image: Orcid], Ahmad Abu-jrai 4, Hegazy Rezk 5[image: Orcid], Moath A. Altarawneh 6[image: Orcid] and Abdullah Marashli 1





1



Mechanical Engineering Department, Faculty of Engineering, Al-Hussein Bin Talal University, Ma’an 71111, Jordan






2



Mechanical Engineering Department, Benha Faculty of Engineering, Benha University, Benha 13518, Egypt






3



Mechanical Engineering Department, Faculty of Engineering, Mutah University, Al-Karak 61710, Jordan






4



Environmental Engineering Department, Faculty of Engineering, Al-Hussein Bin Talal University, Ma’an 71111, Jordan






5



Department of Electrical Engineering, College of Engineering in Wadi Alddawasir, Prince Sattam bin Abdulaziz University, Wadi Alddawasir 11991, Saudi Arabia






6



Lafarge Jordan Cement, Rashadiya 25111, Jordan









*



Correspondence: behiri@ahu.edu.jo or behiri@bhit.bu.edu.eg







Academic Editor: Enrique Rosales-Asensio



Received: 26 May 2022 / Accepted: 11 August 2022 / Published: 16 August 2022



Abstract

:

This work investigated the potential for waste heat recovery from a cement factory using thermoelectric generation (TEG) technology. Several TEGs were placed on a secondary coaxial shell separated from the kiln shell by an air gap. The performance of the system was tested and evaluated experimentally. Two cooling methods, active water and forced air, were considered. A forced closed-loop water cooling system with a heat exchanger was considered for the active-water cooling method. A heat exchanger was inserted before the water tank to improve cooling efficiency by reducing the inlet temperature of the cooling water tank, in contrast to forced-air cooling, in which a heatsink was used. The obtained results indicated that the closed-loop water-cooled system equipped with a radiator, i.e., active water, has the highest conversion efficiency. The maximum absorbed heat for the forced-air and active-water cooling systems were 265.03 and 262.95 W, respectively. The active-water cooling method improves the power of TEG by 4.4% in comparison with forced-air cooling, while the payback periods for the proposed active-water and forced-air cooling systems are approximately 16 and 9 months, respectively.
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1. Introduction


Global warming and resource scarcity are still the main issues addressed today in both economic and scientific conferences and meetings [1,2,3]. Waste heat refers to the heat generated in a system as a byproduct or that leaves the system without adding valuable work [4,5]. Moreover, when this surplus heat goes into the system and mixes with the surrounding atmosphere or groundwater, it becomes unreachable and hard to recover [6]. In this regard, the waste heat recovery system needs to be appropriately evaluated and designed. Moreover, several factors play a crucial role in the selection and efficiency of waste heat recovery systems, for example, the quality and quantity of such waste heat. In fact, the cement production process uses 3 to 4 GJ of energy per ton of cement, and around 40% of the energy is wasted [7]. This makes cement production a perfect target for waste heat recover, not only to minimize and save production costs, but also to save the world and atmosphere from the enormous amount of CO2 generated by the cement sector.



TEG converts heat directly to electricity. It mainly consists of a thermocouple element (n-type and p-type) covered with an aluminum oxide plate. These thermocouples are electrically in series to increase the generated voltage and thermally in parallel to reduce thermal resistance. The main advantage of these technologies is that there are no moving parts, so there is almost no need for maintenance; hence, this technology can be compatible for use in remote and hostile environments such as space applications and missions [8,9]. Thermoelectric devices are most simply classified based upon the heat-flow direction. For instance, if the thermoelectric device absorbs heat and generates a voltage, it will be classified as TEG, but if a thermoelectric device converts electrical energy to a temperature gradient, it will be considered as a TEC (thermoelectric cooler) [10,11].



TEG application varies, from large scale in industries to small scale. Recently, TEG has been applied towards energy recovery from the human body [12,13,14]. For instance, on the small scale, Lu et al. [14] fabricated a flexible TEG of Bi2Te3 and Sb2Te3 deposited on the surface of silk fabric. Such fabric effectively generates electricity from the human body with high durability, surviving over 100 instances of bending and twisting. TEG is extensively used in the transportation sector to recover energy from exhaust gases [15,16,17]. Demir and Dincer [17] proposed a novel TEG design that uses the temperature difference between the exhaust gas and the inlet air from the front grid to generate electricity that reached 158 W. Mahmoudinezhad et al. [18] studied the effect of solar radiation on the power output of a hybrid system composed of TEG and concentrated photovoltaics (CPV). The authors found that the fluctuations of solar radiation have a significant effect on the temperature of the different components of the system and thus on the power output. Rezk et al. [19] also studied the MPPT optimization of a hybrid PV/thermoelectric system under different conditions for harvesting and recovering solar radiation energy. A hybrid TEG and parabolic solar collector demonstrated high energy and exergy efficiencies [20].



On the industrial scale of waste heat at temperatures of up to 350 °C, Meng et al. [21] proposed an energy recovery system of TEG using finite-time thermodynamics. A maximum power of 1.45 kW/m2 could be recovered with an efficiency of 4.5% at 350 °C and a 4-year payback period. Li et al. [22] theoretically and experimentally studied the application of TEG to a micro-channel heat pipe for waste heat recovery. The heat pipe is an effective method for converting low heat flux into high heat flux. TEG can be used instead of the condenser in the organic Rankine cycle operated by a solar gradient bond [23].



In the cement industry, many studies have been carried out to utilize the exhaust gases for preheaters and coolers for reuse in preprocessing and electrical generation. However, the heat loss from the kiln shell needs more investigation and study. Recently, Cheng-Ting Hsu et al. [24] studied a cement rotary kiln with a 4.8 m diameter and 76 m length. In their work, they showed that a huge heat flux of 3500 to 4000 W/m2 is dissipated in the form of radiation and convective heat from the kiln shell to the surrounding environment as a loss. This lost heat will result in huge energy loss and a CO2 footprint. Their experiment used 12 thermoelectric generators installed in a 2 m2 area. Their system was cooled with a water block attached to the cooled side of the thermoelectric system. The output power that could be generated from this system was 214 W, but they noticed that the maximum conversion efficiency is around 4.3% at 210 °C temperature difference. Lastly, they utilized the generated voltage to light up 15 LED lamps with 10 W rated power. Luo et al. [25] discussed using heat loss from the kiln shell, representing 10–15% of the energy needed to produce clinker. Specifically, their discussion focused on generating electricity for rotary kiln shells where the kiln dimensions are 4.8 m in diameter and 72 m in length. Practically, they used TEGs as waste heat recovery devices, and they succeeded in generating 211 kW of electrical power. They arranged the TEGs longitudinally on the external coaxial kiln shell to avoid adding extra load on the kiln drive, and they proved in their work that the TEGs could recover 32.85% of the lost kiln shell heat. Another important outcome of their work was that two significant parameters directly affect the system performance. The first one is the uneven thermal distribution on kiln shells, and the second is the wind speed. As the kiln is outdoor equipment, it is directly affected by the surrounding environment: for instance, wind speed. Therefore, wind speed increases the convective heat loss from the kiln shell, leading to an increase in input to the recovery system. Additionally, wind speed enhances heat removal from a forced-air cooling system, resulting in additional temperature differences across TEG.



The performance of TEG is directly dependent on two main criteria; the first one is the properties of the thermoelectric material, such as the Seebeck coefficient, electrical resistance, and thermal conductivity. In contrast, the second criterion is thermal management effectiveness for heat removal from the cold side. Thus, a mechanism for heat dissipation should be employed to maximize the overall performance and power generation [26].



Wei-Ning [27] studied different methods to assess and implicate the heat loss through the kiln shell and its influencing factors. This study uses different measuring devices and calculations to estimate the kiln heat loss for 19 days of monitoring. The calculation results show that the heat losses by convection and radiation reached 140 GJ daily, accounting for 46% and 54% of the gross heat loss, respectively. These values of energy losses correspond to an economic loss of 585 USD/day that must be recovered.



The energy loss in cement clinker production is approximately 10% to 15% of the energy consumed through the shell of the rotary kiln to the atmosphere [28].



Mirhosseini et al. [28] numerically studied the temperature distribution of arc-shaped absorbers of thermoelectric generators of a waste heat recovery system around the rotary kiln. Different TEG parameters (leg length and fill factor) and heat think thermal resistance are considered. In addition, the atmosphere air velocity and temperature are considered to reach optimal power. The results presented that higher system performance and power are obtained with the pin-fins staggered arrangement compared to the in-line arrangement. Thus, the average power generated and the average cost per power by the whole ten sections of the TEG system were obtained at 86.78, 99.19, 105.91 W/m2, and 17.56, 17.40, 20.32 USD/W, respectively, for 0.05, 0.1, and 0.2 fill factor, respectively.



The mathematical model of Bi2Te3 and Zn4Sb3 thermoelectric waste heat recovery system of an annular absorber around cement rotary kiln was developed by Mirhosseini et al. [29]. The results showed that the generated electric power for Bi2Te3 and Zn4Sb3 thermoelectric units was 119 W/m2 and 250 W//m2 under fill factors 0.05 and 0.1, respectively. Moreover, the payback period of the Bi2Te3 and Zn4Sb3 TEG systems was obtained at 8.3 and 3.58 years, respectively.



Fan and Gao [30] investigated the performance of a segmented thermoelectric power generation and reliability under steady-state conditions and transient conditions in a sinusoidal heat source operation. The findings indicate that the shorter the heat source time and amplitude, the greater the overall output of the segmented annular TEG. Additionally, when the structural parameter increases, the power output of the segmented annular TEG initially increases and then decreases. The max von Mises stresses in the hot and cold segments will always hit an optimum value when the hot end temperature is more significant than 300. In addition, the electrical output power can improve by 18.3% in comparison to the single-Skutterudite annular TEG, and the hot-segment stress is reduced by 12.5%.



A number of studies and experiments have been conducted to enhance and improve the hot-side heat collection to optimize TEG energy production, but cold-side heat treatment has a lower appeal, while the TEG conversion efficiency is expressed by the difference in temperature between the hot and cold sides. In this study, waste heat recovery will be examined using a thermoelectric generator, which is a promising technology. Centered on what has already been discussed earlier, in this study, two cooling methods were proposed: active-water cooling and forced-air (pin fin and fan) cooling methods. Cement manufacturing is one of the most intensive energy uses. Therefore, it is essential to locate methods to enhance energy use, energy efficiency, and recycle waste energy as it is important to reduce or save production costs. The goal of the current paper is to examine the manufacturing procedure of cement production to assess the practicality of employing TEG as a technology to recover the waste heat from the shell of a rotary cement kiln. Additionally, we will compare the experimental outcomes with the commercial datasheet. Thus, this study will examine TEG as a waste heat recovery system in the kiln shell and it will test the performance of the TEG units under different cooling method conditions.




2. Experiment Setup


2.1. Location


The cement plant considered in this investigation is one of the largest plants in Jordan. This factory is located in the southern part of Jordan at an altitude of about 1650 m above sea level. It has two production lines with 3200 tons/day/line capacity. The production technology in this plant is a dry process that uses a multi-stage suspension preheater equipped with a pre-calciner. A rotary kiln is considered the heart of the cement production process. It is a cylindrical rotating vessel lined inside with refractory bricks and supported by a carrying mechanism through the riding ring, as shown in Figure 1A. Its diameter is 4.5 m, it is 70 m in length, and has a speed ranging from 0.4 to 3.75 RPM. The kiln is slanted so that the discharge is lower than a horizontal plane, so that the product which is burned inside the kiln is moved to the discharge end by the kiln’s rotating movement given by the drive unit.



In general, the inner side of the kiln is covered with low thermal conductivity bricks to keep the heat inside the kiln as much as possible and to protect the outer surface of the kiln from plastic deformation. Figure 1B shows the bricks linked in the kiln and Figure 1C shows the burner that is considered the source of heat input to the kiln. The burner’s temperature ranges from 1500 °C to 1800 °C [31]. Therefore, the brick refractory has low thermal conductivity. Some of the input heat from the burner is lost and dissipated into the surrounding environment. Thus, the cement plant carefully monitors the outer kiln surface, and many technologies have been used for this purpose in this plant. For instance, a unique technique thermal scanning system for kiln shells was installed to monitor the shell surface thermal distribution. Figure 2 illustrates the thermal distribution for the outer kiln surface, which is a very helpful tool for avoiding a catastrophic incident in the kiln.



As shown in Figure 2, the thermal display profile for the complete kiln shell is under investigation, measured by a unique thermal scanning tool. This graph indicates that the most significant heat flux density and temperature value occurs between positions 30 m and 34 m, and the average temperature is around 375 °C and above. The energy flux intensity losses for the position 30 m to 34 m range from 10 kW/m² to 12.5 kW/m². Additionally, this amount of waste heat can be classified as medium-quality waste heat.



The total heat losses (radiation and convection) can be calculated from Equation (1) [32].


    Q ˙   t o t   =   Q ˙   r a d   +   Q ˙   c o n v   = A ∗  α  tot   ∗  (   T s  −  T  a m b    )   



(1)




where     Q ˙   r a d     and     Q ˙   c o n v     are the radiative and convective heat loss from the kiln surface in (W), respectively, A is the radiating area (m2), Ts is the absolute temperature of the radiating surface (K), Tamb is the absolute temperature of ambient (K), and αtot is the total heat transfer coefficient in (W/m2·K), represented by the following equation;


αtot = (αrad + αconv)



(2)







The heat loss calculation based on the common practice in cement manufacturing and using Figure 2 is tabulated in Table 1. The Table shows the heat loss in the area from position 30 to position 35. The surface area of the position can be calculated as:


Akiln = π * L* D



(3)




where Akiln is the kiln shell surface area (m2), L is the kiln length position (m), and D is the kiln shell diameter (m).



Table 1 shows the kiln surface temperature in (°C), the total heat loss (    Q ˙   t o t    ) in kW, and the total heat transfer coefficient (αtot), which are all calculated based on the 1 m length and 4.5 m diameter. Thus, from Equation (3), the surface area is 14.137 m2.




2.2. Thermoelectric Devices


The thermoelectric device consists of P-N junctions that are electrically connected in series and thermally connected in parallel. This combination was adapted to reduce the total electrical and thermal resistance [33,34]. This study uses a TEG (TE-MOD-18W9V-56 from TEG pro), as shown in Figure A1. This type has been selected for the experiment because of its high power and high thermal flow density across its area. The detailed structure, the operation mechanism, and the thermal resistance circuit of the TEG are shown in detail in Figure A1 and Figure 3, respectively. It is essential to know the temperature range where the TEG module will be installed since the temperature is the main parameter governing the module output. Table A1 in Appendix A lists the commercial datasheet for TEG (TE-MOD-18W9V-56).




2.3. Cooling Systems


The forced-air and active-water cooling systems are studied in the present study. The details of both methods are explained in the following sections.



2.3.1. Forced-Air Cooling Method


The forced-air cooling method uses forced air as a heat carrier media, where a pin-finned heat sink is used to remove the heat from the cold side of the TEG. Figure 4 shows the geometry and photograph of the pin fin heat sink used in the present experiment.




2.3.2. Active-Water Cooling Method


The schematic diagram for the active-water cooling system with detailed components is shown in Figure 5. In active-water cooling, a forced closed-loop water cooling with a heat exchanger (radiator) system is considered. The heat exchanger is inserted before the water pump to improve the cooling efficiency by reducing the inlet temperature to the cooling block and avoiding water evaporation that will protect the pump.



Figure 6 illustrates the detailed thermoelectric module combined with a cooling block, thermocouple, and Pt100 connection. The cooling block shown on the right side of Figure 6 shows the aluminum cooling block, which has been grooved by the lathing machine, where aluminum was chosen because of its high thermal conductivity. Therefore, the heat transfer efficiency in the cooling block between water and the TEG will increase.



In the active-water cooling method for TEG, the water has been used as a working fluid because water has superior thermodynamic properties in terms of heat transport, but despite its high thermal capacity, it needs additional devices such as pumps, pipes, reservoirs, and a heat exchanger. As shown in Figure 7, the experimental setup components used in the present work are composed of (1) a storage water tank, as shown in Figure 7A, the tank is well insulated with a capacity of 75 L water, inlet makeup water, and hot water to the consumer pipe; (2) a heat exchanger (radiator), as shown in Figure 7B, the radiator fins, pipes, and the body was manufactured from copper (high thermal conductivity) with forced cross air cooling to ensure more heat will be dissipated from the water circulated to reduce the water temperature; (3) a water pump, as shown in Figure 7C, the water pump is a centrifugal type with a water flow rate of 18 L/min; and (4) pipes and fittings, indeed these pipes and fittings are covered with insulating material to prevent the effect of the surrounding temperature.





2.4. Monitoring System


Data collection is an important task during experimentation as it is required to analyze the results and verify the experiment. Therefore, it is important to read and record the experimental results for analytical purposes and future work; thus, this task was accomplished by Arduino. Arduino is an open-source software and hardware company that produces and designs a microcontroller or a set of microcontrollers built-in a single board. This board has been designed with a group of input and output ports that give the ability to interact with digital or physical objects. Additionally, this board is equipped with several communication protocols such as USB, RS232, and I2c. These protocols can be used to connect the board to a computer for loading and monitoring the program. Some protocols are used to communicate with sensors or with other microcontrollers.



The Arduino Mega 2560 board is used to record data. It is equipped with 54 digital input and output pins, 14 of which can provide plus width modulation output, 16 analog inputs, USB port, serial communication pins, and a I2c communication protocol. All details about the Arduino and the SD card, thermocouple, and voltage divider are described in detail in the supporting information in Figure 8.



Once all the shields and voltage dividers have been attached to the Arduino mega, and the program is downloaded to the controller, the data logger will be ready for physical connection to the sensors. Figure 8a,b present the data logger with all shields, connectors, and its schematic.



The measuring ranges and accuracy for temperature sensors and measurement devices used in this experiment are presented in Table A2 in Appendix A. When the sensors and TEG circuits are connected to the data logger, the system will be ready to begin data acquisition from a file. The flow chart in Figure 9 explains the process of data logging. The process starts with powering up the data logger. Once the power cycle has been finished, the program will test if all the hardware is healthy and ready to be initialized; if the system is ok, the initializing stage is completed. The date will be set to the current time to give each piece of data its own timestamp. Then, the program will check the SD card. If there is a file created or not, a new file will be created and opened, and data will start to flow from the sensor (temperatures) and TEG (voltage and current) circuits to the file as a function of time. The filed data will be stored in the form of a comma-separated format.





3. Results and Discussion


This study aims to determine the possibility of applying TEG to recover waste heat in cement plants under the TEG system’s forced-air and active-water cooling systems. The following curves for the forced-air and active-water cooling systems illustrate the relationship between the generated voltage, power, and temperature on the hot side and cold side of the TEG. Moreover, this study also demonstrates the effect of the cooling method on the generated voltage, where the readings of the voltage, ampere, and temperature have been taken as a function of the time when the system becomes stable.



The first cooling method that has been used in this work is the forced-air finned cooling method. Figure 10 illustrates the generated voltage, current, and power according to the hot- and cold-side temperatures of the TEG. The TEG average of the maximum hot-side temperature and cooling heatsink temperature is 284 °C and 29 °C, respectively. Accordingly, the maximum generated voltage, current, and power are 7.4 V, 1.6 A, and 11.84 W, respectively.



The second cooling method that has been used in this work is the closed active-water cooling method. Figure 11 illustrates the generated voltage, current, and power according to the hot- and cold-side temperatures of the TEG. The average maximum hot-side radiation and cooling water temperatures are 288 °C and 31 °C, respectively. Accordingly, the maximum generated voltage, current, and power are 7.5 V, 1.65 A, and 12.375 W, respectively.



The improvement in power for the water cooling system to the finned cooling system is about 4.4%, which is not a significant difference between the two cooling systems. Although finned cooling is simple and inexpensive compared to water cooling, water cooling is appropriate for hot-water applications.



3.1. TEG Performance


The electrical power absorbed by external or load resistance will be expressed by Equation (4).


PTEG = I2 * RL = I * V



(4)




where PTEG is the load power (W), I is the load current (A), RL is the load resistance (Ω), and V is the load voltage (V).



Additionally, the thermal conversion efficacy of TEG (ηth) can simply be defined as the ratio of output power to the input heat absorbed by the TEG. Equation (5) presents this relationship.


   η  th , TEG   =  P  TEG   ∗   Q ˙   TEG    



(5)







The input heat absorbed with TEG (    Q ˙   TEG    ) was calculated theoretically for the hot and cold temperatures at the hot and cold sides, respectively, from the Equation (6) as:


    Q ˙   TEG   =  (   T h  −  T c   )  /  R  tot    



(6)




where the     Q ˙   TEG     is the transfer heat through the TEG (W), Th and Tc are the average hot and cold sides of TEG (°C), respectively, and Rtot is the total thermal resistance of TEG (°C/W). As shown in Figure 3b, the total thermal resistance can be calculated as:


Rtot = Rch + Rparallel,TEG + Rcc



(7)






Rch = Rcc = δc,sub/(kc,sub * Ac,sub)



(8)







Additionally, the parallel thermal resistances of the thermoelectric material and filler are given by [29]:


RTE = δTE/(kTE * ATE *FF)



(9)






Rfiller = δTE/(kfiller * ATE (1 − FF))



(10)




where Rch and Rcc are the ceramic thermal resistances of the hot and cold sides in (°C/W), respectively, RTE and Rfiller are the thermal resistances of the thermoelectric and filler in (°C/W), respectively, δc,sub, and δTE are the thicknesses of the ceramic substrate and thermoelectric material in (m), respectively, and kc,sub, kTE, and kfiller are the thermal conductivities of the ceramic substrate material, thermoelectric material, and filler material in (W/m °C), respectively.



The following relation is used to estimate the average cold-side temperature for cooling water.


Tave = (Twin + Twout)/2



(11)







Thus, the total thermal resistance is needed to calculate the heat flow across the module. Therefore, the total resistance Rtot is a combination of both the parallel and series resistances of the TEG components. Thus, the resultant total resistance is equal to 144.5678 °C/W for a pair of thermoelectric elements when following the lows of parallel and series.



Undoubtedly, maximizing the temperature difference across the TEG will increase the generated voltage and current. However, this deference should not exceed the maximum allowable operating temperature of TEG to avoid damaging the module. The comparison of TEG performance results under different cooling methods with commercial datasheet and effective parameters were illustrated in Table 2. Table 2 summarizes the efficiency of each cooling method that has been used during this work. The efficiency of the TEG at the optimum case is 5.85%, while the closed-loop water cooling method with a radiator has maximum efficiency, which is 4.71%, whereas the forced-air cooling method’s maximum efficiency is 4.47%.




3.2. TEG Saving and Payback Period


Moreover, the cost calculation considered that the kiln runs eleven months per year. Additionally, the electrical energy tariff for industrial application is 0.14 JD/kWh (0.197 USD/kWh), and the price of the TEG, which has been used in this study, is 6 JD (USD 8.45). The calculation considers that the kiln runs 24 h per day. Table 3 illustrates the experimental component price that has been used during the experiment. Meanwhile, to calculate an economic value for each cooling method, it is essential to list the parts and costs needed for each technique, which are illustrated in Table 3.



To compare the cost effectiveness of each cooling method, it is necessary to compare the price of the generated power. Table 4 summarizes the cost per generated power for one TEG that has been used in the experiment. Table 4 shows that when using a finned heatsink, the lowest generated power cost can be achieved by the forced-air cooling method.



As illustrated in Table 5, the payback period of the TEG system with radiator cooling water and heatsink is one year:4.0 months and 0:9.2 months, respectively.



On a large scale, the economic estimation results show the lowest payback period for the cooling water with the radiator method because it generates more power and thermal water. On the other hand, the most economical power price is the forced-air cooling method.




3.3. Work Validation


In Figure 12, a comparison between the current research with the earlier investigations is shown [21,24,35,36,37,38,39,40,41,42]. The figure shows the maximum efficiency of the TEG under different cooling techniques. As shown in the figure, the recommended designs are discovered among many previously established ones, indicating the appropriate outcomes for waste heat recovery application. According to Figure 12, there is no significant difference between the current study’s efficiency improvement and that discovered by Meng et al. [21], Hsu et al. [24], Vale et al. [40], and Zhao et al. [41]. However, the present study mostly relies on inexpensive components (affordable parts) and Hsu et al., Vale et al., Meng et al., and Zhao et al. employed unique material and duct combined with fins that are more expensive to produce and have greater specific characteristics. This indicates higher production and operating costs compared to the results of the current investigation.





4. Conclusions


In this research, thermal losses from the kiln shell have been described and quantified in order to determine the possibility of using it as a source of electrical power. This research was conducted to study and evaluate the performance of maximum power that can be gained from using a thermoelectric generator as a waste heat recovery tool in the rotary cement kiln. Different cooling systems for the thermoelectric generator have been studied to determine the maximum power and conversion efficiency. The main findings confirmed that the amount of heat lost from the rotary kiln shell ranges from 10 to 12.5 kW/m2 and the temperature is between 375 °C and above. This energy can be reused as useful electrical energy. A thermoelectric generator, with a high power and conversion efficiency of 17.6 W and 5.85%, respectively, is used. Two cooling systems are used with TEG forced-air finned cooling and active-water cooling. The power and efficiency of the forced-air and active-water cooling systems are 11.84 W and 4.47% and 12.375W and 4.71%, respectively. The active-water cooling method improves the power of TEG by 4.4% in comparison with forced-air cooling. The large scale energy costs of the forced air-cooling system are lower than the active-water system’s costs. Nevertheless, the thermal water heat gain is produced with water cooling, which is suitable for some applications, and the payback time is less than the other cooling method. In future work, the optimization of TEG with different parameters of cooling technology should be studies.
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Appendix A


The TEG used in this study is presented in Figure A1. The figure shows TEG construction and the pairs of P-N junctions.
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Figure A1. Thermoelectric generator (TE-MOD-18W9V-56) construction. 






Figure A1. Thermoelectric generator (TE-MOD-18W9V-56) construction.
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Table A1. Thermoelectrical module specifications (Datasheet).






Table A1. Thermoelectrical module specifications (Datasheet).





	Item
	Unit
	Value





	Hot-side temperature
	°C
	320



	Cold-side temperature
	°C
	30



	Open circuit voltage (DC)
	V
	17.7



	Heat flow density
	W/cm2
	≈9.6



	AC resistance (ohms) measured under 27 at 1000 Hz
	°C
	2.3–2.5



	Electrical resistivity (ρ)
	mΩ/m
	1.2



	Thermal conductivity (k)
	W/m·K
	1.75



	Figure of merit (ZT)
	(-)
	>1



	Seebeck coefficient (α)
	μV/K
	210
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Table A2. Measuring devices measuring ranges and accuracy.






Table A2. Measuring devices measuring ranges and accuracy.





	Device Name
	Measuring Range
	Accuracy
	Photo of Device





	Pt 100 DS18B20
	−55 °C to +125 °C
	±0.5 °C
	 [image: Sustainability 14 10146 i001]



	Thermocouple Max6675
	0 °C to + 1024 °C
	±0.25 °C
	 [image: Sustainability 14 10146 i002]



	Thermal image camera Fluke Ti100
	−20 °C to +250 °C
	±0.1 °C
	 [image: Sustainability 14 10146 i003]



	Infrared Testo 835-T2
	−10 °C to +1500 °C
	±0.01 °C
	 [image: Sustainability 14 10146 i004]



	Weather conditions

(1. Temperature and 2. wind speed sensors)
	−40°C–60 °C

0–50 m/s (0~100 mph)
	0.1 °C

+/−0.25 m/s
	 [image: Sustainability 14 10146 i005]
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Figure 1. Cement kiln. (A) Outside the rotary kiln; (B) Inner refractory inside a rotary kiln; (C) Inside the kiln burner. 
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Figure 2. Thermal profile for the outer kiln surface. 
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Figure 3. TEG energy conversion mechanism. (a) Components of TEG and (b) thermal resistance circuit. 
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Figure 4. Finned heat sink, (a) Heat sink system, (b) TEG, (c) Nail heat sink, and (d) Cooling fan. 
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Figure 5. Closed-loop cooling system with heat exchanger. 
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Figure 6. Detailed TEG, water cooling block, and thermocouple components. 
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Figure 7. The active-water cooling components. (A) Storage water tank, (B) heat exchanger, and (C) water pump. 






Figure 7. The active-water cooling components. (A) Storage water tank, (B) heat exchanger, and (C) water pump.



[image: Sustainability 14 10146 g007]







[image: Sustainability 14 10146 g008 550] 





Figure 8. Data logger. (a) The complete assembly and (b) detailed connection. 
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Figure 9. Data acquisition sequence. 
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Figure 10. Forced-air cooling method affects the output voltage, current, and power. (TH: Hot-side temperature; THS: Heatsink temperature). 
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Figure 11. Closed water cooling with the radiator method affects the output voltage, current, and power. (TH: hot-side temperature; Tave: average water temperature; Twin: inlet water temperature; Twout: outlet water temperature). 
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Figure 12. Comparing the results of the current study in relation to the previously proposed designs (Meng et al. [21], Hsu et al. [24], Li et al. [35], Kim et al. [36], Kim et al. [37], Kempf and Zhang [38], Kim et al. [39], Vale et al. [40], Zhao et al. [41], and Li et al. [42]). 
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Table 1. Radiation and convection heat loss calculation for positions 30 m to 35 m was measured on 19 November 2020.
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Kiln Shell Segment Position, (m)

	
Temp., (°C)

	
Emissivity, ε

(-)

	
Wind Speed

(m/s)

	
αtot

(W/m2·°C)

	
     Q ˙   t o t     

(kW)




	
From

	
To






	
30

	
31

	
377

	
0.9

	
2.4

	
33.4821

	
167.5631




	
31

	
32

	
384

	
0.9

	
2.4

	
34.12683

	
174.1668




	
32

	
33

	
383

	
0.9

	
2.4

	
34.03405

	
173.2122




	
33

	
34

	
378

	
0.9

	
2.4

	
33.57353

	
168.4953




	
34

	
35

	
374

	
0.9

	
2.4

	
33.20911

	
164.7885
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Table 2. Conversion efficiency for different cooling methods.
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Cooling Method

	
Average Measured Data

	
Calculated Data




	
Th (°C)

	
Tc (°C)

	
Vmax (V)

	
Imax (A)

	
Pmax (W)

	
      Q ˙   T E G     ( W )    

	
ηTEG

(%)






	
Datasheet

	
320

	
30.0

	
8.8

	
2

	
17.6

	
301

	
5.85




	
Closed water with radiator

	
288.0

	
31.0

	
7.5

	
1.65

	
12.375

	
262.95

	
4.71




	
Forced-air cooling (Heatsink)

	
284

	
29.0

	
7.4

	
1.6

	
11.84

	
265.03

	
4.47
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Table 3. Experimental component price.
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Parts

	
Quantity

	
Unit Price (JD)

	
Part List for Each Cooling Method




	
Water Cooling

	
Air Cooling






	
TEG

	
1

	
6

	
A

	
A




	
Water Pump

	
1

	
5

	
A

	
NA




	
Pipe and fitting and cooling block

	
1

	
4

	
A

	
NA




	
Water tank

	
1

	
3

	
A

	
NA




	
Finned heatsink

	
1

	
3

	
NA

	
A




	
Fan

	

	
2

	
NA

	
A




	
Radiator

	
1

	
2

	
A

	
NA




	
Cost without sensors (JD)

	

	

	
20 JD (28 $)

	
11 JD (15.7 $)








A: Available, NA: Not available, JD: Jordan Dinar.
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Table 4. Generated power cost.
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	Cooling Method
	Power Generated

(W)
	Parts Cost

(USD)
	Watt Price

(USD/W)





	Cooling water with a radiator
	12.375
	28
	2.2



	Heatsink
	11.84
	15.7
	0.75
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Table 5. Payback period.






Table 5. Payback period.





	Cooling Method
	Saving Power

(kWh/Year)
	Saving Power Cost

(USD/Year)
	Payback Period

(Year:Month)





	Cooling water with radiator
	108.40
	21.36
	1:4.0



	Forced-air cooling
	103.72
	20.43
	0:9.2
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