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Abstract

Cement rotary kiln is the main device utilized fadustrial cement production in large scale. Thellsh
temperature can reach several hundred Celsiusatedgraerefore, a thermoelectric waste heat recasstem
can be utilized based on its advantages. In thidystan arc shaped absorber is designed and tetmera
distribution along the absorber circumference iimied numerically. The calculated temperatureoissidered
as the hot side temperature of thermoelectric geoer (TEGS) that recover thermal energy on therales. In
situations where the heat is free, the metric fesighing a thermoelectric system is to reach thgiman
power output. In order to reach regional optimalveofrom parametric design, the absorber lengithivisled
into several sections. For efficient design of TS in each section, effect of significant parameteich as leg
length and fill factor of the TEG and thermal rémice of the heat sink are studied. Effect of viamaof the
temperature and velocity magnitudes of the air nexhe heat sinks is considered on thermal resistand
performance of the pin-fin heat sinks along theodtsr. B-phase zinc antimonide (£8k;) and magnesium tin
silicide (M@SiSn) are chosen as the p- and n-leg thermoelentterials of the TEGS, respectively, because of
their relatively high performance over the considerange of operating temperature. The results shaty
staggered arrangement of the pin-fins is more &ffedor higher power generation and system peréorce
compared to in-line arrangement of the fins. Moepby evaluation of the results, maximum matchexdgy
output in each section versus the fill factor aggllength can be determined in this study. Thelteshow that,
low fill factors between 0.05 and 0.2 can providdatively a same maximum power as high fill factors
Furthermore, an economic evaluation is carriedtodind optimal design of the TEG device for highpewer
generation and lowest investment cost. Variousmpatars of the cost function, such as cost of tHk taw
material (G), manufacturing cost associated with processinlf material (Gyg), areal manufacturing cost
(Cua), heat exchanger costygx), balance of the system cost{€ and the installation cost (Care taken into

account in this study. The results show dominardrpater in the system cost is the heat sink.
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1. Introduction

In cement rotary kilns, significant amount of theerimal energy is lost from the kiln shell (Liu ét, 2018;
Karellas et al., 2013), while thermoelectric getms(TEGS) can be utilized for waste heat recoaeny direct
conversion of the heat into electricity.

Although the TEGs should not be installed directtythe kiln shell, due to increment in kiln weigigeding
more energy for rotation of the kiln, the distarmetween the TEG system and the rotary kiln shodd b
preferably as small as possible. Moreover, a sarfacsurface contact between the TEGs and thdrndheases
temperature on the kiln shell that can cause crackthe kiln shell resulting from the hot spots.efidfore,
design of a metallic frame as an absorber arouadkith with a specific gap from the kiln can suppibre heat
recovery by the TEGs as well as to prevent thefkilm the increasing the weight and temperature.

For harvesting the waste heat from the cementyr&ilr, Hsu et al. (2013) designed and installetEss system
to study energy conversion efficiency and econamigact of the system. The energy harvesting systeth,

10 cm distance from the rotary kiln, generated dchead (or peak) power of 214 W for a long time. The
generated power by the TEGs was used directlygttt lip indoor LED lamps and had a large contrilsutio
saving the electrical energy. Luo et al. (2015)glesd a TEG system to reduce heat loss from thegerotary
kilns. The system was designed as an array of Td&Gfgured longitudinally on a secondary shell dabwith
the cement kiln. In addition, a theoretical modalswdeveloped to estimate performance of the heatveey
system. The analytical results indicated that fepwement rotary kiln with diameter of 4.8 m andglbnof 72

m, 211 kW electrical power can be recovered.

Sztekler et al. (2017) investigated implementatifrthe TEG in a waste heat recovery system in aecoém
factory. Suitable position and design of the thezlactric system applied to the cement plant weedyard by
IPSEpro software. The length of their proposedesysivas 12 m with distance of 1 m underneath okiinein
the form of arc shaped surface covering 1/6 okilmes circumference.

Mirhosseini et al. (2019b) designed an annular-shlagat recovery system around cement kiln in Aglbor
Portland cement plant, Denmark. The average terweran the absorber, as the hot side temperafuileeo
TEG, was achieved and critical design parametetseofEG such as leg length and fill factor werasigered
for system optimization. Their results show thaiczantimonide based TEG generated more power Heahdat
recovery system with bismuth telluride based TEGe Gsue with the annular design of the absorbehdat
recovery along the rotary kiln is that, the abspdms as insulation and increases the surfaceeiatype of the
kiln, which reduces safety of the cement kiln. Efere, in previous work, an arc shaped absorberdeagned

to investigate heat transfer features and fluidv fimttern around the kiln (Mirhosseini et al. 20L8%though



various types of TEG-based heat recovery systenme wensidered by the above studies, there is ldck o
comprehensive numerical study combining theoretivaldelling and optimization of the TEG systems,
including the heat sink geometry, coupled withris operating and weather conditions around thme ki

In this study, the heat transferred from the kilrthe absorber through the radiation and airflottgpa around
the kiln is achieved. This study aims to designoptimal TEG system to maximize the power generaktign
dividing the arc shaped absorber into ten sectiwhgre for each section, optimal design parametettse TEG
and heat sink are calculated individually. Furthemmn the economic assessment of the heat recogetipiss is

carried out in order to select the most desireijdder highest power generation and lowest invesincost.
2. Numerical smulation and boundary conditions

Length of the Aalborg Portland rotary cement k#rilb3 m with outer diameter of 3.6 m for the prigi@ngth
of 103 m. The diameter is 3.9 m for the rest ofkire The temperature distribution along the kitrthis study
was measured and given by Aalborg Portland cenzeiofy. According to the distribution along thenkithe
place with temperature of 500 °C is chosen for evagiat recovery. By using the temperature disiohutotal
heat loss from the cement kiln can be calculat@tteSthere is no experimental data measuring tla¢ loss
from the kiln, the validation process in this studycarried out by comparing the analytical and erical
results.

In order to verify the heat transfer assessmemt,wind velocity and radiative emissivity factor thie kiln
external surface are taken 5.86 m/s and 1.0, régeklyc The kiln external surface is supposed tacbeered by
a refractory paint with radiative emissivity factolose to the black body. Furthermore, the freeastr air
temperature and the rotational speed of the kin2a8.15 K (5C) and 5 rpm (clockwise), respectively. For
better understanding of the heat transfer mechaargiphysics of the flow around the kiln, both easty- and
steady-state numerical solutions are compared doatialytical solution. More details about the nuoaér
solution can be found in the previous work by Mibkeini et al. (2018b and 2019b). Table 1 show®mdifft

kinds of heat losses from the kiln when the kilrface temperature is taken 5@

Table 1: Validation of the numerical results inremnt study with analytical results for heat losseasment from



the unit length of the cement kiln (without the atixer)

o Free Rotational Total
Radiation . Forced . . Total heat
convection ] convection  Convection
[kw] convection [KW] loss [kW]
[kW] [kw] [kw]
Analytical
) 225.2961 39.3159 54.6566 26.6152 120.5877 345.8838
solution
225.2678 e 69.5287 294.7966
Numerical Unsteady model
solution
225.2678 e 61.0038 286.2716

Steady model

Table 1 shows that, the radiative heat loss isipted accurate, whereas there is a difference lestwike
analytical and numerical results for convectivethemsfers. The heat transfer mechanism and phydilow
around the kiln are naturally complicated. The @wrshedding phenomenon, that affects the local guties
around the kiln, causes a time dependent and perlmhaviour. Hence the unsteady simulation is &ble
estimate a better solution rather than the stesatg.sMoreover, the difference between the anallytand
unsteady state solution is less than the differdretereen analytical and steady state solution. Adiogly,
unsteady simulation is chosen for numerical pathefpresent study.

The main geometrical parameters of the absorbesidered in this study are:, arc angle of the absorbe,
angle between the line passing through the midpfithe absorber circumference and horizontal argR,
inner radius of the absorber. The geometrical ctarstics ofa=150 =30, R=2.5m are selected as the
optimized geometry of the absorber. The wind vé&jockiln rotational speed, and kiln external suefac
temperature are fixed at 4 m/s, 5 rpm (clockwiaa)] 773.15 K, respectively.

In order to enhance overall conversion efficientyhe present study, circumferential length of dbsorber is
divided into ten sections, so that in each sectiloa,average temperature on the outer surfaceadfatisorber
section is considered as the hot side temperatfirtheo TEG. Effect of significant parameters such as
thermoelectric leg length, fill factor and thermesistance of the heat sink are evaluated. Siregethperature
and velocity of air flow corresponded to locatidneach heat sink are different, performance ofpinefin heat
sinks is studied individually in the coupled calitidns in order to reach the maximum overall pogereration.
The ZnSh; and MgSiSn are chosen as p- and n-types thermoelectieriaa, respectively, because of high
performance of these materials over the operagngpéerature range in this study. In Fig. 1, the &napre
distribution along the absorber circumference iswsh The sectional average temperatures repregentin

sectional hot side of the TEGs are also showni#fiture.
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Position on the absorber circumference (m)

Fig. 1. Temperature distribution along the absodieumference and sectional averaged temperatures

As mentioned, comprehensive numerical simulatisacarried out to explore heat transfer featurésdoen the
kiln and absorber and the temperature distributilmmg the absorber circumference. The average tatope
and velocity of the air around outer surface ofresection of the absorber, obtained by ANSYS softwa7.2,
are presented in Table 2. The data is taken in Sadial distance from the absorber outer surfadegrev
represents the approximate location of the he#tssirigures 2a and 2b depict respectively a piabfirkalborg
Portland cement factory and a schematic view ofthieemal absorber. In Fig. 2c, the thermoelectysteam is
shown so that the radius of the absorber and tineake 2.5 and 1.8 m, respectively. The total lbramft the
absorber circumference is 6542 mm. Therefore, éhgth of each section is about 654 mm. The sameisiz
considered for the width of each section.

It should be noted that the data in Table 2 igHiertwo dimensional (2D) absorber without consiagthe pin
fins. If the effect of the pin fins on the temperrat and velocity distributions along the outer acef of the
absorber is needed to be found, due to the bigdfizbe system, simulation in three dimensions (3d
presence of the pin-fin heat sinks on whole ciranaftial length of the absorber, run time is dcadly
increased.

Moreover, the pin fin heat sinks have lower resistaagainst the fluid flow in comparison with rexalar fins
and other types. Accordingly, it seems the studiidfin heat sinks do not have serious effect anwfland
temperature distribution in this engineering ca3a.the other hand, it is conventional in a pratt@se to
simplify and ignore some effects. In order for fietwvorks, the pin fins effect on the velocity aethperature

distributions can be investigated by researchers.



A schematic view of different parts of the TEG uftt each section is shown in Fig. 3a. Fig. 3b shaw
schematic view of the heat sink with consideredngetoical parameters. In this design, the pin-firathe
exchangers are utilized on the cold side of the §&@h two fin arrangements, i.e. in-line and sexgg (Fig.
30).

Table 2: Average temperature and velocity of the@aiund outer surface of each absorber section

Section
1 2 3 4 5 6 7 8 9 10
number
Temperature
© 323.465 314.47 313,559 312.976 313.668 315.445 63T7.329.142 326.299 335.233
Velocity

(mis) 0.83629 1.1193 2.04648 3.00673 3.1722 2.83165 9#851.71793 1.07321 0.473289
m/s
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Fig. 2: (a) Aalborg Portland cement kiln; (b) sclimview of the thermal absorber around the cerkitmt

where the kiln temperature is at 5@

(c) TEG system designed on outer surface of therbhbs
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Fig. 3: (a) Components of the TEG device, (b) Rirakat sink with considered geometrical parame{eydn-
line and staggered pin-fin arrangements

3. Modelling of pin-fin heat sink

Several studies have investigated the effect of é&ezhangers on performance of the TEG systemséRdez-
Yafiez et al. 2018a, 2018b, 2018c; Rezania and RakEn2011, 2012a, 2012b). To calculate the thermal
resistance of the die casting pin-fin heat sinkg)wical correlations for both in-line and stagggearrangements
suggested in literature (Ndao et al. 2009) are uséis study. The thermal conductivity of the @@uminium
heat sinkks, is taken 237 W/mK (Touloukian et al. 1970). Tlrepgoperties are calculated based on the air film
temperature (Incropera et al. 2007) correspondingach section. The temperature dependent propeitidne

air such as density4), specific heat capacity (g, dynamic viscosityy), thermal conductivity @ and Prandtl
number (P) are mentioned in Table 3, where the subscripexntf” expresses the properties at film

temperature. The main correlation and related patens are expressed as follow:

Table 3: Curve fitted properties of air

Density (kg/r) 363.42 T~1007
Specific heat capacity @2Xx107") T — (6 x 107)T5 + (7 x 1078)T* — (4 x 1075)T3 + (1.3 x 107H)T? —
(I/kgK) (2.1937) T + (1155.1)
Dynamic viscosity (Ns/f) [(=2 % 107M)T? + (6.382 x 10~ 1)T + (13.257)] x 1077
Thermal conductivity [(—3 X% 107°)T? + (9.8 x 107%)T — (1.668 x 1071)] x 1073
(W/mK)
Prandtl number (-) (=4 x 107173 + (1078)T? — (7 X 107M)T + (8.483 x 1071)
H
a=1 1)
S
ﬁ — FW (2)



A== 3)
D, =2 4)
Rey = % )
Nuy = ClRedl/ZPrl/S (6)
Re; = pl’;—‘;L (7)
Nu, = C,Re, /2Pr'/3 (8)
Rep, =1 (9)
hy =L (10)
m= % (11)
Npin = ot (12)

L 1opaa)a 1
Nudkf T[‘nfin a LW N‘Llka 1-[r/(4BA)] LW N
Rt heat sink = (

L 4 -DA 1 t 1

{ LR TS 13
1 1 Bad 1 1 L 1 Cp,rluf Rep, ma LW ks LW

Nudkfﬂ.'nfin a LW Nuka 1-[m/(4BA)] LW

where various geometric parameters are expressed, élse pin heightt, the base thickness, the heat
exchanger length\, the heat exchanger widtly, distance between two adjacent pin-fins along hbat
exchanger lengthS,, distance between two adjacent pin-fins along lkat exchanger width and, pin
diameter. For a straight pin-fin with uniform crasection and an adiabatic tip, the thermal efficjeis defined
by Eq. 12. More details can be found in the res@lperted by Ndao et al. (2009). Paramé&gem Eq. 6 and 8

for in-line and staggered pin-fin arrangementgpeesvely, is obtained as follows:

(0.2+¢~0-558)g0.785 0212
Cl—inline = (F=1)05 (14)

_ 0.61p059110053
Cl—staggered T (B-1)05(1—-2e-109B) (15)

Finned heat exchangers increase the heat trarsf@raad, consequently, enhance heat transfer tanthéent.
Three types of heat sinks are applied in this s{gdg Table 4). For each type of them, the theresi$tance of
the heat sink in each section depends on boundadit@ons.

Table 4: Different pin-fin heat sinks applied instistudy



Heat sink | Heat sink Il Heat sink Il

(in-line) (in-line) (staggered)

Fin height (m) 0.05 0.01 0.05
Base thickness (mm) 2 2 2
Heat sink length (m) 0.65 0.65 0.65
Heat sink width (m) 0.65 0.65 0.65

S (mm) 21.81 65.42 21.81
Sw (mm) 21.81 65.42 21.81
Pin diameter (mm) 2 2 2

4. Design of thermoelectric waste heat recovery system

To design optimal thermoelectric unit for each &Gt one-dimensional (1D) thermal-electrical modgl
developed. The length of each thermoelectric ledjvigled into four computational elements; henberd are
five nodes along each TEG leg. The effect of théeland Peltier heating is taken into account erttodel. For
i"™ element, half of the Joule heatin,{ue ) reaches the cold node and the other half is feeenes! to the hot
node of the computational element. The heat tranefé” node by the Peltier effect is expressedWVier ni
Effect of the Thomson heat is neglected in thigaesh since it has small impact on the system pagnce in
the considered range of the operating tempera@oedarzi et al., 2014). The heat from each highmperature
node is conducted to its adjacent node with lowerperature. Therefore, with assuming zero sidexserfieat
loss from the legs, a part of this heat is conektteelectrical power by the element and rest eftthat transfers
to the next node. Accordingly, Egs. (16-46) cawhigten for the considered computational nodes. fiteemal
resistance at the hot side is expresseBhyand is used for calculation of the conductivet tiasfer through
the ceramic layer. MoreoveR, , is the thermal resistance at the cold side ctingisf the thermal resistance of
the ceramic layer and the pin-fin heat sink. Thergy balance in the nodes is shown in Egs. 1622236, and
43. More details about contribution of each ternthie equations can be found in (Dunham et al. 2Bl&Hg0 et
al. 2010).

For thefirst node:

. : : 0 joute,
Qn— QTE,el - inller,el - QPeltier,nl + %881 =0 (16)
Qp =" (17)
t,h
. Tn1—T,
Qree1 = % (18)
t,TE,e1

10



Q' . — Tn1—Tn2
filler,e1 Rt filler,e1
QPeltier,nl =NSe1 Tn1 1

0 — 72
Q]oule,el =1 Re,TE,el

For the second node:

2 2 2 2 Q]oule,ez
Qn = Pree1 — Qree2 = Qrinter.e2 — Qpettiermz +——, — =0

P TEel = VTE,e1 I

_ N Seq (Tp1—Tn2)

VTE,el - 2
A _ Tn2—Th3
QTE,eZ R
t,TE,e2
Q' . — Th2—Ths
filler,e2 Rt filler,e2

QPeltier,nZ =NSey Ty 1

0 — 72
Q]oule,ez =1 Re,TE,eZ

For thethird node:

A 4 A 4 Q]oule,es _
Qh - PTE,el_ PTE,eZ - QTE,eS - inller,eS - QPeltier,nS + 2 =0

P TE,e2 = VTE,eZ 1

N Sez (Tn2—Tn3)

VrEe2 = 2
: = Ina~Tns
Qrees = 3
t,TE,e3
0 = 37 Tne
filler,e3 Rt filler,e3

QPeltier,n3 =NSe3Tys 1

0 — 72
Q]oule,e3 =1 Re,TE,e3

For theforth node:

S S 8 e Q]oule,e4 _
Qh - PTE,el_ PTE,eZ_ PTE,e3 - QTE,e4- - inller,e4 - QPeltier,n4- + 2 =0

P TE,e3 — VTE,e3 I

N Se3 (Tnz—Tna)

Vrges = 2

e _ Thy—Tys

QTE,e4- - R
t,TE,e4

11

(19)

(20)
(21)

(22)
(23)

(24)
(25)
(26)

(27)
(28)

(29)
(30)
(31)
(32)
(33)

(34)
(35)

(36)
(37)
(38)

(39)



0 Tna—Tn
inller,e4 =B (40)

Rt filleres
QPeltier,n4 =N Sy Tal (41)
Q]oule,e4 =I? Re,TE,e4 (42)

For thefifth node:

Qh - PTE,el_ PTE,eZ_ PTE,e3_ PTE,e4- - Qc =0 (43)
P TE.e4 = VTE,e4 I (44)
Se (Tn _Tn )
VTE,e4 = M+s (45)
: Tns—T¢
Q.= ;_ (46)
t,c

In Eqg. 17, the average temperature of the absatiréace in each section is shownTy Temperature of'i
node is shown b¥y,;, thus the temperatures at the hot and cold junchoagjiven byl,,; andT,s, respectively. In
these equations, number of thermocouples is shown, bhe fill factor of active thermoelectric material
defined byFF, the connection area of each TEG unit to the desosurface is shown by fand the net
Seebeck coefficient iff'ielement &) is defined a§, - S, The fill factor in a TE module is defined as th&o
of the total cross sectional area of the thermttelegs over the area of the ceramic plate. Heis; andS, ¢
are the Seebeck coefficient of the p-leg and nilegpectively. Due to square shape of the therrotredeheat
recovery unit in each section of the absorberasearfirea of every section is constant. ParamétersandPre ¢
express the thermoelectric voltage and electricavep generated by thd ielement. The electrical current,
electrical resistance of th€ élement and the total electrical resistance offf&& module is shown by Re Teei
and R, 1, respectively. The electrical current is calcudaby dividing the total generated Seebeck voltage t
summation of the TEG internal resistance and thiegpelectrical load. To achieve theoretical mattipower
output (peak power point- PPP), the external atsdtload is taken equal to the internal resistavfcthe TEG
(Mirhosseini et al. 2017a, 2017b, 2018a, 2019a}his study, the electrical resistance is set tmiakthe peak
power point (PPP). The parallel thermal resistarufethe filler and thermoelectric materials Atelement is
depicted bR, fierei @aNdR, e Therefore:

_ ITE ei
RerTEei = 2N PrEei <_A (47)
leg
Re,tot = Re,TE,el + Re,TE,eZ + Re,TE,e3 + Re,TE,e4 + Re,tot,lC + Re,tot,contact (48)
| = N Se1(Tn1—Tn2) 41 Se2 (Tnz—Tn3) 1 Se3 (Tnz—Tna)+N Seq (Tna—Ths) (49)

Re,tot+Re,load

12



ITE ei
R | = — 50
LTECL ™ kg ei Avor FF (50)

lTE,ei
R, fillor o) = — B o1
tfiller.el kfitier Atot(1—FF) (1)
A¢or FF
n ==t (52)
2Aleg

1

_ ﬁ+1

Re totic = 2npyc T
Ic

(53)

_ Pcontact
Re tot,contact = 4 M —Aleg (54)

wherelrg ¢ is the thermoelectric leg length akg ¢ is thermal conductivity of the thermoelectric niatkin in
element. In the model, thermal conductivity of fileer (kee), total electrical resistance of interconnection
(Reotid @nd electrical contact resistand®. i contaq are applied. The electrical resistivity of theetfextric
material, interconnections, and contacts are repted bypte, pic, andpcontacs respectively. The area of each
thermoelectric leg is expressed Ay, Parametel; is the thicknesses of the ceramic layer for bathamd cold
sides. The thermal conductivity of the ceramic tayis represented g As mentioned, expression of tRe.
has two parts, thermal resistances related to #a bonduction through the ceramic layer and that he

transferred to the ambient by convection. Therefore

55§

+ Rt—heat sink (56)

The coupled system of Egs. (16-56) is solved bybmmof iterations to find the temperatures in tbdes along
the TEG legs. By assuming same external load avehliag the unknown temperatures at both hot aid co
junctions, the matched power output can be obtaifbid relation is applicable in the form of Eq, S#hen the
radiative and convective heat losses from the tbelactric elements to the neighbour elements artdearhare
neglected. The energy conversion efficiency isudated as a fraction of the total power generatioer the heat

input of the hot junction of the TEG.

Pyatchea = Qh - Qc (57)
P

= (58)

The temperature dependent properties of the thdectoe materials such as Seebeck coefficiehtthermal

]

conductivity k) and electrical resistivitypj for both ZnSh; and MgSiSn are given by polynomial equations.
The coefficients are shown in Table 5. The nomirsmeters utilized to build the model are givemable 6.
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Table 5: Thermo-electrical properties of p- angpetmaterials fitted by polynomial equations
(asT*+a,T>+a T+ay) (Rezania et al., 2014)

Constant a =y & =

Zn,Shs

a (V/K) 0 -6x10"°  8.08x10  -9.52x1C°
k (W/mK) 0 0 -1.3x1d 8.6x10"

p(@m) -5x102 5x10'° -1.47x100 2.465x1CF
Mg,SiSn

a (V/K) -2.644x10  -7.5249%x10
k (W/mK) -2.6x10° 3.64

p (Qm) 2x10" 3x10° 4.624x10

Table 6: Assumed parameters for mathematical madell

Diameter of the kiln 3.6m

Outer diameter of the absorbéxry] 5.05m
Total absorber length 6.542 m
Absorber length for each section 0.6542 m
Absorber thickness 25cm
Absorber width 0.6542 m
Ceramic layer thicknesg) 0.5 mm
Thermal conductivity of ceramic layer 30 W/mK
Thermal conductivity of filler, air @er) 0.024 W/mK
Individual leg cross sectional areaggh 4x10°m?
Semiconductor/metal electrical contact resistiyityniac) 5x10M Qom?
Au interconnect thicknessd} 100um
Electrical resistivity of interconnectiong{) 2.44x10° Om

5. Economic evaluation

Following calculation of the maximum power genaratifrom the ten thermoelectric units, an economic
evaluation for them is furthermore carried outitwlfthe financial feasibility of the system. Difésnt types of
costs in economic evaluation of a thermoelectriteay have been considered previously (Benday &0Al7;
Kishita et al. 2016; LeBlanc 2014; LeBlanc et @112; Yee et al. 2013). In this study, various austtributions
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have been extracted from the literature and arebomed in order to more accurate estimation of thet.c

There is collection of costs for a TEG system idolg bulk raw material cost €, manufacturing cost
associated with processing bulk materiay; §; areal manufacturing cost &), heat exchanger cost (&),
balance of system cost {§g) and installation cost (L To fabricate a bulk module in this study usingy3h;
and MgSiSn, spark plasma sintering (SPS) is considerdouls material manufacturing process, and dicing
(D), metallization (M), medium level microfabricati (MLM) and screen printing (SP) are consistediigal
manufacturing processes. One of the main advantfg®e solid state TEG systems is that, afteraltation
there is no need for maintenance, hence the operatid maintenance cost can usually be ignored.tdtaé

cost of the TEG system is formulated as follows:

Ctot = Cp + Cyp + Cya + Cy—gx + Cpos + C; (59)
Cg = C pLAF (60)
Cwmp = Cup PLAF = Csps pLAF (61)
Crn = Ciya AF = (Ch + Ciy + Cipim + Cop) AF (62)
Cu-rx = Cii—ex () (63)
Cgos = 0.1 (Cg + Cpyp + Coya + Ci—gx) (64)
C;=0.1(Cs+ Cyp + Cyn + Cr—gx) (65)

whereCy is average price per unit mass of the bulk thetewbéc materials, 4 ($/kg))(Cy; 5 is the bulk material
processing cost per unit mass of the thermoelentdterials that is equal tpg, 1.3 ($/kg). The parameter
Cu 4 is the areal manufacturing cost per unit area @fBG module. The specific areal cost consistsamhgl
cost per unit areaCf), 47 ($/nf); metallization cost per unit ared;f), 120 ($/m); medium level of
microfabrication per unit are&j,,,), 2500 ($/M); and screen printing cost per unit ar€J, 4.8 ($/mM). The
parametecC;;_gy represents combined ceramic plates (at the hotalddsides of the TEG module) and specific
costs of the heat exchangers. In order to calctifeost of this part;;_gx (18.48 $/(W/K)) is multiplied to
the reverse of the total thermal resistance otéramic plates and the heat exchanBgr,zx (K/W).

The balance of the system and installation cogteatimated 10% of the total cost of the TEG systerach
section. Wherep, L, A, andF are thermoelectric materials’ average density iR/ optimum leg length

corresponding to the maximum peak power point, afeme side of the TEG module, and fill factor.

6. Experimental validation

The first part of the current study is to simul#te heat transfer around the rotary cement kiln #vedarc

absorber to find the temperature distribution altimg absorber circumference. In section 2 of tlapep, an
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analytical solution for the real kiln without abber was done showing a good agreement with the mcehe
solution. Moreover, precision of the adapted nuoamrocedure is shown in previous works (Mirhasisei al.
2018b; Mirhosseini et al. 2019b).

The second part is to model and optimize the TE(&s lby using one dimensional finite element metfibd-
FEM) in steady state condition. In order to valed#ie modelling procedure, a commercially availdild e;
thermoelectric module mounted between a hot sidekbhnd a cold forged pin-fin heat sink consistifiggx9
fins was tested. The properties of thermoelectratemals are given by the module manufacturer. oleri
temperatures can be provided by a heater in theitéetblock. An axial fan is used for force coni@ticooling
of the heat sink. A DC power supply is utilizednbake different air flow rates in the heat sink. Tree stream
air velocity is measured by a hot wire anemome3arefma 3000) at front of the heat sink. The deva® dlso
capability of measuring the air stream temperatdr&-type thermocouple is placed behind the hoe sl the
TE module to measure the temperature. A L&V thick graphite sheet is used between the hot cidbe
thermoelectric module and the hot block and alsw/éen the cold side of the module and base platieeofieat
sink to reduce thermal contact resistance. The eesmtgre, output voltage and current of the TEGtlagemain
parameters which are collected by a Keysight 349TXA Data Acquisition system. A programmable DC
electronic load device (B&K PRECISION, model 85800 W) is used for applying different electricahdts on
the thermoelectric module. Fig. 4 shows the tegtand the test components. Different parameterh agc
boundary conditions and size of the components imstiee validation are shown in Table 7.

\

Place of axiatfan " __m;“/

f Placé of anemometer probe'\ Heater block temperature
PIEXiglass channel TE module test  indicator

Fig. 4: (a) A picture of the experimental setuptfoe validation, (b) Thermoelctric module test ggtand its

components
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Table 7: Dimensions of the device and conditioreglua the experiments

TE module size 3cmx3cm Hot side temperaturBEofmodule 120, 170, 22C€
Leg length 1.5 mm Pin diameter 1.8 mm

Leg cross sectional size 1 mmx1mm Fin height 5 e
Thermoelectric couple number 127 Base thickness m8n5

Fill factor 28.2% Heat sink length 3.27 cm

Au interconnect thicknessd} 5um Heat sink width 3.27 cm

Free stream air temperature @3 S 3.634 mm

Free stream air velocity 1,15, 2m/s w S 3.634 mm

By considering geometrical properties of the theslmctric module, heat sink and boundary conditionthe
theoretical model (as formulated in section 4 a$ thaper), a good agreement has been seen betiveen t
experimental and modelling results. This agreerieeshown in Fig. 5 by comparing the values of tretahed

power output for various hot side temperatureefthermoelectric module and the free stream #ircitg.

0 Experiment < FEM model ‘

500 +
3 450 -
_E- 400 + %
5
a 350 -+ %
5
3 300 -
T 250 - %
% o
-4 200 -+ %
T 150 -
= <
S 100 - g
(1]
= 50

0

Vair=1 (m/s),  Vair=1 (m/s), Vair=1(m/s), Vair=1.5(m/s), Vair=2 (m/s),
Thot=120 °C Thot=170 °C Thot=220 °C Thot=220°C Thot=220 °C

Fig. 5: Matched power output for different opergtoonditions; experimental data (including standard

deviation) and theoretical model results.

7. Results and discussions

The TEGs in the heat recovery system are optintizsgd on the leg length and fill factor. The ressiftow that
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for each fill factor there is an individual leg fgh providing maximum power generation in the THER.
selecting the heat sink I, the results of the medghower output obtained for the first sectionsrewn in Fig.

6. As can be seen, the maximum matched power outprgases from FF=0.01 to FF=0.9. At the small leg
lengths, the maximum power increases rapidly wéthation of the leg length, however this incremierglighter

for high fill factors. Comparison of the maximum tatzed power outputs shows that, the results ofditor
higher than 0.2 may not be economically a good agh@mong the studied cases. In fill factor of Gds,
example, the optimum leg length is higher thann®8 compared to that one for FF=0.2, while the mari
matched power increases only to some extent. Torexghree fill factors, namely 0.05, 0.1, and @2 selected
for further detailed consideration in this studgr Ehe other sections and using two other heassittle results

represent the similar trend.

225 i A
2 L ——
P ~ FF=0 e
20+ Y P FF=09 -
4 e - FF=0.2
17.5- | / e ]
{ / S
| / S
; S . _
[ FF=0.1
=

Matched power output, section 1 (W)

‘ . . . . .
0 0.005 0.01 0015 002 0025 003 0035 004 0045 0.05
Leg length (m)

Fig. 6: Matched power output for the first thernemtic unit by using heat sink |

7.1. Power optimization for different pin-fin heat sinks

From Fig. 6 and the results related to nine otmitsuwhich have not been shown here, the desiganpeters
corresponding to the maximum matched power outpet selected for three effective fill factors. The
temperature difference between the hot and coldtijpms of the thermoelectric leg decreases adddtor

increases. By increasing the fill factor, the thalrmesistance of the TEG reduces, therefore theflieaacross
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Temperature difference between TEG

the leg enhances. Although the design of heat f&inleach section is fixed, the two junctions’ temgtere
difference of the TEGs is different to each otfdre reason is for different boundary conditions ttueelocity
and temperature distribution of the air correspogdio the heat sink position. As Fig. 1 shows, highest
temperature on the absorber occurs'irséction, while the highest temperature differemuess the TEGs (Fig.
7a) is observed in"7section, due to condition of the air flow in hesnks, which significantly affects
performance of the TEG units. In Fig. 7b, the optimleg length corresponding to the maximum peakgoow
point is shown. This parameter increases in hidifiefactors, particularly in the first and last®ns. The
results in Fig. 7c represent that the TEG unitsgererate electrical power from 20 W to 50 W in¢basidered
sections. The total power is summation of local @oeaptured by TEG units that is 323.42, 366.5d,280.57
W for fill factor of 0.05, 0.1, and 0.2, respectiveChange of power from FF=0.1 to 0.2 is less thafinom
FF=0.05 to 0.1. Figure 7d indicates the energy emiwn efficiency in different units along the aftmy
circumference. Although, the power distributiorajgproximately symmetric among all studied fill farst, the
efficiency distribution shows the highest magnitidéhere the heat source temperature (see Fig. Hiyjliest
(9" section). The average efficiency is almost 1.21 229 %, and 1.33 % for FF=0.05, 0.1, and 0.2,
respectively. The number of the thermoelectric temp each TEG unit is 2674, 5349 and 10699 fbfafttors

of 0.05, 0.1 and 0.2, respectively.
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Fig. 7: Performance of TEG system by using the gt |, (a) temperature difference, (b) leg lendth

maximum matched power, (d) efficiency

With the same procedure, Tables 8 and 9 show thétseof utilizing two other heat sinks (Il and)llin Table

8, the height of the pin-fin is set to 10 mm anthbaf theS andS,, are assumed equal to 65.42 mm. The shorter
pin-fin with larger distance between the fins caus@é increase in the thermal resistance of the $iakt
Therefore, the temperature difference between twotjons reduces as shown in Table 8. In additiom,peak
power output distributions reduces significantlpwiever the average efficiency value of the TEG apst
slightly increases, because of reduction of the fi@aacross the modules. In this case, the aweéedficiency is
approximately 1.22 %, 1.30 %, and 1.35 % for FF50M1 and 0.2, respectively. Moreover, the totalgr of

the system at maximum matched power is 136.5446089and 156.497 W, respectively, correspondintipeo
mentioned fill factors. The difference percentagéween these values compared with the results éyhéat
sinks | and Il is 57.8 %, 59.18 %, and 59.83 %peetvely for fill factors of 0.05, 0.1 and 0.2.

Table 8: Performance of TEG system at maximum BRIsing the heat sink II: temperature differencevieen

TEG junctions, leg length, maximum matched powepuot, efficiency

FF Section number
1 2 3 4 5 6 7 8 9 10
AT (K) 0.05 103.38 111.82 115.8 116.42 117.49 120.220.28 111.95 114.07 107.47
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0.1 104.3 110.14 110.84 112.48 112.94 113.57 115 1.351 113.26 107.22
0.2 102.37 109.69 109.74 110.67 111.24 112.37 113.510.16  112.76 106.63

0.05 13.78 11.56 8.36 6.52 6.32 7.00 7.44 8.74 211.7 20.94

LL (mm) 0.1 26.4 21.18 145 11.52 11.06 11.84 12.88 16.32 1.8 2 39.26

0.2 49.42 40.74 27.6 21.68 20.86 22.52 24.38 31.0241.92 75.3

0.05 7.17 9.98 14.44 18.53 19.56 18.74 18.00 13.7710.89 5.47
Max PPP (W) 0.1 7.76 10.83 15.82 20.44 21.6 20.65 19.79 15.031.811 5.88
0.2 8.07 11.28 16.55 21.44 22.67 21.66 20.73 157 231 6.10

0.05 11 1.19 1.2 1.2 1.22 1.26 1.29 1.24 1.29 1.23
N (%) 0.1 1.2 1.27 1.27 1.28 1.3 1.32 1.36 1.35 1.39 1.32
02  1.23 1.32 1.31 1.32 1.34 1.37 1.4 1.4 1.44 1.36

As expected, by using staggered configuration austef in-line arrangement, the air flow around fhres
becomes more turbulent and hence the thermal aesistof the heat sink reduces. The temperaturerelifte
between two junctions and the total power increkeethe staggered case (in Table 9), the genepateeér by
the system is entirely 371.38, 424.51, and 453.28V¥FF=0.05, 0.1 and 0.2, which show the growtii4®8 %,
15.82 % and 16.35 % than the results of heat sirdspectively.

Also, energy conversion efficiency of 1.20 %, 1%%nd 1.34 % is obtained so that is approximatglbakto
the results of the first and second pin-fin heaksi A comparison between these three cases otRehangers
illustrates that whatever the thermal resistancéh@theat sink is lower; the maximum matched pawaput is
higher. The heat sink thermal resistance has gignif effect on power generation; however it doesaifect

the efficiency comparatively.

Table 9: Performance of TEG system at maximum BPE#simg the heat sink Ill: temperature difference

between TEG junctions, leg length, maximum matgb@aer output, efficiency

FF Section number

i, 2 3 4 5 6 7 8 9 10

0.05 112.65 119.37 119.81 124.44 125.09 125.68 0627.120.81 123.57 113.3

AT (K) 0.1 106.91 112.43 114.03 115.84 118.19 118.7 118.61314.55 116.7 108.92
0.2 104.49 110.73 111.12 111.9 113.62 1141 114.3111.08 113.37 107.2

0.05 4.74 4.02 3.04 2.72 2.64 2.76 2.92 3.32 414 .18 6
LL (mm)

0.1 8.08 6.76 5.22 4.46 4.46 4.66 4.82 5.66 7.00 .820
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0.2 15.02 12.76 9.66 8.12 8.04 8.4 8.74 10.38 12.880.38

0.05 23.04 30.23 38.83 46.02 48.07 47.19 46.58 838.5 334 19.44

Max PPP (W) 0.1 25.78 34.07 44.47 53.27 55.73 54.53 53.63 43.987.61 21.47
0.2 27.23 36.13 47.52 57.24 59.94 58.54 57.46 46.839.85 22.54
0.05 1.12 1.18 1.15 1.17 1.18 1.21 1.25 1.24 1.3 231.
n (%) 0.1 1.19 1.26 1.25 1.26 1.29 1.32 1.34 1.34 1.39 311.
0.2 1.24 131 131 131 1.34 1.36 1.39 1.38 143 351.

7.2.Optimization based on cost per power output

The total cost of thermoelectric system is showitable 10 for three types of the heat sinks. Withha heat

sinks, as the fill factor increases, the optimal length corresponding to the maximum peak poweregses,

which causes higher total cost. The heat exchaogstr does not change versus fill factor. Howeverthie

second case, namely using the heat sink Il, tta ¢ost reduces significantly. The cooling capapilif the heat
sink in this case reduces due to the higher theresidtance. According to Eq. 63, the heat sink desreases.

Comparing results of heat sink | and Il shows thia¢, dominant factor in the system cost is the lsa#t.

Therefore, a careful design strategy in order toimmize the heat sink cost is necessary in suchaareeovery

system. For the heat sink Ill, which possessesdme geometrical parameters as the first heatesioépt a

staggered arrangement instead of the in-line,dta tost is approximately close to the first h&iak, although

the cost of the staggered configuration is hightfs worthy to note that, due to lower value ottimal

resistance in staggered heat sink in comparisoh tie in-line, and referring to Eq. 63, the stagder

configuration of pin-fins is more costly.

Table 10: Total cost ($) of TEG system correspogidinmaximum matched power output for differentligap

heat sinks
FF Section number
1 2 3 4 5 6 7 8 9 10

0.05 41986 476.58 606.98 704.74 719.49 688.87 7854.563.15 465.07 326.07
Heat sink | 0.1 497.43 552.68 681.31 778.15 79293 762.46 428.638.05 54141 406.41

0.2 668.25 719.40 840.22 934.04 948.56 918.68 885.499.06 707.37 588.52

0.05 19595 221.62 289.22 346.22 355.12 336.18 5B15.263.96 215.89 160.66
Heat sink Il 0.1 291.08 311.16 37186 426.05 434.47 416.13 296.848.82 306.17 268.41

0.2 526.79 530.36 56441 606.56 613.37 598.48 482.648.19 527.74 557.01
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0.05 47446 54239 69751 812.68 830.43 793.35 4753.644.22 528.87 362.77
Heat sink Il 0.1 550.83 61745 771.14 885.5 903.31 866.42 826.5718.26 604.18 441.89
0.2 717.9 780.17 927.53 1038.73 1056.32 1020.14 981 876 766.9 619.81

The maximum peak power output increases with théafitor. Therefore, a higher fill factor is anvahtage in
the heat recovery system. Furthermore, the totat has an incremental trend by increasing thefdikor.

Therefore, it leads to a more expensive TEG syshswertheless, the question is that what fill fagdadhe most
efficient value from both aspects of the power gatien and cost. A trade-off between the matchedepo
output and the total cost can identify the optinfilhfactor for both of the power and the cost. Téfere, cost
per power is defined as the most appropriate @ritetn Fig. 8, this ratio is shown for the thrélefhctors and

three types of heat sinks.
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Fig. 8: Total cost per matched power output, (& @k I, (b) heat sink Il, (c) heat sink III.
The results shows that the fill factor of 0.2 canerate the highest power in comparison with 01d @1,

although, it causes the highest cost. In Fig. B&xe is an incremental trend for the ratio of tbst ¢o the power

versus the fill factor. However, in Figs. 8a, am #ere is no individual fill factor applicablerfall the sections
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to minimize the cost per power. Evaluation of tlaéadn Fig. 8a reveals that, for sections 3-7 féititor of 0.1
and for the rest sections fill factor of 0.05 candelected to have the highest techno-economictirpence.
Figure 8c shows that, the minimum cost per poweurat fill factor of 0.1 in sections 3-8, sinae the rest
sections fill factor of 0.05 is chosen. It is wortlo mention that, among the considered heat sthksstaggered
configuration of the heat sinks (heat sink Ill) yioes the lowest cost per power in the all sectialosig the

absorber.
8. Conclusions

The lack of primary energy resources, growing glaganand for consuming energy and increasing conaer
environmental issues of emissions and pollutiortglacate the researches to find alternative gregmblogies
for generating electrical power with cleaner preess A large amount of industrial heat loss isteeldo the
power utilities and manufacturing factories. Henggtimization of the heat recovery system in thislg was
oriented towards harvesting energy from industsiaste heat such as cement factory. In this stuekigd of a
waste heat recovery system from the cement kiln peaformed by thermoelectric modules. A 5-node FEM
model was developed to design and analyze the teettric systems. To confirm the correctness efilodel,
an experimental setup in laboratory scale was.btiile results showed that there is a good agreebatween
the experimental and modelling results. Then, tlhelehwas confidently used for this large scale eegling
application of thermoelectric systems. Over a wialgge of fill factor, the optimum leg length copesding to
the maximum peak power output was explored. Thypest of pin-fin heat sinks were utilized to assies
cooling effect on the power optimization. The hsiak with staggered arrangement of pin-fins (héak #1)
represented the highest maximum matched power pEpihat the average power generated by the Wit
system was 86.78, 99.19, and 105.91 YMbnfill factor of 0.05, 0.1 and 0.2, respectively

The results showed that the main portion of theéesyscost is related to the heat exchanger. Thé do&d per
power by using the heat sink Il is the lowest amparison with other heat sinks considered inghigly. In this
case, the average cost per power for the ten seatibthe TEG system along the absorber circuméerevas
obtained 17.56, 17.40, and 20.32 $/W, respectifal¥ill factors of 0.05, 0.1 and 0.2. The reswfshe present
study are comparable with the new results and tremsgewed in the previous paper of the authors livBseini
et al. 2019b); however there are different appreacim their design parameters and assumptions asich
material type, thermal absorber shape, mathematicalelling, and boundary conditions, etc. Furtheemo

effect of different absorber shapes, thermoeleataterials, and heat sinks can be investigatelariuture.
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Resear ch highlights

» The best place along the rotary cement kiln isfound for waste heat recovery purpose.

* Design and optimization of arc shaped thermoel ectric system around the kiln is done.

» Temperature distribution on absorber as hot side reservoir of TEG is obtained by CFD.
* A mathematical model by FEM is developed to design the arc shaped TEG system.

* Various design parameters of TEG and pin-fin heat sink are studied.



