\ /
\
F

I I I A International Information and
N Engineering Technology Association

International Journal of Design & Nature and Ecodynamics

Vol. 16, No. 3, June, 2021, pp. 251-260

Journal homepage: http://iieta.org/journals/ijdne

Exergoeconomic Analyses of a Cement Plant Waste Heat Recovery in a Novel Combined N
Power and Refrigeration Cycle

Check for
updates

Bourhan Tashtoush'*, Karima Megdouli?, Towhid Gholizadeh®, Elhadi Dekam?*

! Mechanical Engineering Department, Jordan University of Science and Technology, Irbid 22110, Jordan
2 Unité de Recherche Energétique et Environnent, Ecole National d’ingénieur de Tunis, 37 Le Belvédére, Tunis 1002, Tunisie
8 Faculty of Engineering, Department of Mechanical Engineering, University of Mohaghegh Ardabili, Ardabil 56199-11367,

Iran

4 Faculty of Engineering, Mechanical and Industrial Engineering Department, University of Tripoli, Tripoli 31121, Libya

Corresponding Author Email: bourhan@just.edu.jo

https://doi.org/10.18280/ijdne.160302

ABSTRACT

Received: 13 July 2020
Accepted: 22 May 2021

Keywords:
energy, exergy, exergoeconomic,
evaporator, waste recovery systems

triple-

To reduce fossil fuel consumption and its polluted environmental impact, a new enhanced
waste heat recovery system operated by hot chimney flue gases from a cement plant is
designed, analyzed, and evaluated. The configuration of the system is competitive and
innovative. It is designed to be capable of producing space air cooling and electricity
generation, simultaneously. Three temperature levels in the proposed cycle are
considered, and a detailed mathematical model is developed with energy, exergy, and
economic aspects are considered to achieve the best performance of the system.
Computer FORTRAN subroutines are developed and run for simulation of several
scenarios. A comprehensive parametric investigation and thermo-economic analysis are
conducted and presented. It was found that the optimistic recovery system can achieve a
refrigeration load coverage of 300 kW, while the energy and exergy efficiencies are
36.23% and 29.41%, respectively. The anticipated system seems to be optimistic

knowing the cost of the product is estimated to be $45.97 per GJ.

1. INTRODUCTION

Industrial energy consumption constitutes more than 30%
of the produced energy, and carbon dioxide production
accounts for more than 5%. The cement production industry
consumes a large portion of this energy, which attracted the
attention of researchers to reduce the amount of energy
consumed and mitigate carbon dioxide emissions. The
creation of innovative solutions to supply the increase in
demand for energy sustainably and cleanly to reduce
environmental impact has been the focus of the research
community for decades [1-3]. Different heat utilization
methods were investigated to improve the system; energy
efficiency [4-6].

The global warming process is a type of climate change that
humanity has not yet overcome. Therefore, it is necessary to
find out an ecological alternative that replaces conventional
fuels, offers better performance, and achieves sustainability
[7-10]. Renewable energy sources, waste material sources, and
waste heat may be desirable choices to serve such issues. In
fact, the recovery of industrial exhaust flue gases waste heat
can be invested not only to generate electricity or heat water
or gain a refrigerated capacity, but also to reduce exhaust toxic
emissions, and therefore, reduce the pollution of the
environment [10, 11].

It is important to improve the system’s energy efficiency in
the manufacturing industry and reduce its dependability on
fossil fuels since it consumes a large portion of worldwide
energy [12, 13]. Experimental works were conducted on
combined power cycles with the utilization of waste energy
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[14, 15]. This could be achieved by either enhancing the
energy efficiency or increasing the use of renewable energies
and waste heat [16-18]. The smart usage of renewable energies
is the focus of many researchers to mitigate carbon dioxide and
greenhouse emissions and reduce the impact on the
environment. Many attempts had been made to design new
sustainable systems and thermal cycles with better thermal
efficiency [19-21].

Several research works have been done to study the
performance of recovery-based systems employing waste heat
from industrial plants and converted it into work, power, and
cooling without supplying any additional fuel and with zero
associated CO, emissions. A thermo-economic analysis of a
combined inverted Brayton/Organic Rankine cycle to utilize
waste heat to generate mechanical power was presented [22].
The authors performed an optimization of the cycle and
examined the performance of several working fluids. The
organic Rankine cycle is known as the most promising
potential technology in the application of heat recovery
achievements in many theoretical and experimental research
[23]. Combined power and cold generation cycles using a solar
parabolic trough system were proposed and investigated [24].
They have studied the effects of the evaporation pressure and
condensation temperature on the thermal efficiency of the
introduced system.

An energy-saving scheme to recover the waste heat from
vehicles by the integration of an ORC was introduced [25]. A
multi-objective optimization model was developed to analyze
the cycle performance and economy with different refrigerants.
The utilization of the waste heat in a cement plant was studied
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and the results showed a great potential of recovering the
wasted heat [26]. Thermo-economic assessments of a
multipurpose energy system, which produces cooling and/or
heating processes while it generates power was conducted [27,
28]. The results showed that the system is profitable and can
save more than 30% of fuel. A new system that works with
carbon dioxide was introduced and run by employing the
waste heat accompanied the exhaust gas from a dual-fuel
engine [29]. Their results indicate that the studied system
could work efficiently based on the energy and economic
points of view. A study of a modified ORC with solar energy
as the energy source was also presented [30].

An environmental and thermo-economic analysis was
presented and optimization of the ORC to improve its
performance was made [31]. A new system, of transcritical
carbon dioxide refrigeration cycle that is operated by waste
heat was proposed [32]. The results confirmed an
improvement in the energy and exergoeconomic efficiencies
of the entire system.

Recently, ejector devices have been extensively studied
employing both methods; computer simulation and
mechanical laboratory, regarding their advantages, including
easy to operate, require less maintenance with zero mechanical
power required [33]. In this regard, the new system for the
cooling process and power generation by the combination of
the ORC with an ejector refrigeration cycle was proposed [34].
In the literature, ejectors are very well established and
implemented in many applications in refrigeration technology
[35-38].

A new system of two ejectors between three evaporators to
have three levels of cooling pressures using the concept of
throttling pressure drop was presented [39]. The main ejector
was fed by the overall mixed stream, and the ejectors’
performance criteria depended on the operating state of the
remaining two ejectors. To some extent, this seems to be
complicated, and it was more difficult to control.

Referring to the conducted literature survey, one could
conclude that the presented cement plant heat recovery cycle
configuration, which is powered by the desired waste heat
recovery system, has little trace in the published research work
and it could be a very unique modern research point. The
desired energy recovery system is an essential plan for
strategical energy management in the industrial section. In the
present work, a cement plant, with an exhaust flue gas
temperature of 150<C, and a daily production capacity of 6.1
thousand tons clinker is considered. In this plant, the clinker
calcination process consumes approximately 90% of the total
energy as thermal energy. As a result of the total thermal
energy consumed in the clinker calcination process, over 35%
of the thermal energy is dissipated as waste heat to the
environment without benefit. Therefore, a large amount of
energy is wasted, and the heat pollution in the workplace is
prominent and serious. The present work proposes a new
system that is a valuable solution for the heat recovery project
of the exhaust gases from the cement factory. This modern
system is effectively safe for environmental issues through the
prevention of high-temperature toxic flue gases entering the
atmosphere contributing to global warming phenomena and
acid rains. Due to the choking phenomenon of the ejector, a
limited flow rate of the refrigerant could pass through. At this
point, only part of the waste heat can be utilized. To maximize
the amount of waste hat utilization, three ejectors connected in
parallel are suggested in the new design. The new proposed
system operates with 3>3 device sets, 3 ejectors, condensers,
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and evaporators, to provide a refrigeration capacity and
generate electricity.

The main concept of the desired cycle provides an easier
setting process for designers since each ejector performance
has a weak function on the operating conditions of the other
ejector. The most distinctive feature is that the current model
is run by waste heat recovery from the cement plant. A
comparative evaluation has been adjusted where the
configuration setup and mathematical models are validated
based on the published research cycle characteristics. The new
thermal cycle is constructed concerning three different
temperature levels. The thermodynamic analysis is
accomplished in terms of energy and exergy principles, and
exergoeconomic modeling is applied to distinguish the unit
cost of products. Finally, a parametric study is conducted to
demonstrate the sensitivity of the key parameters.

2. DESCRIPTION OF THE DESIRED SYSTEM

Figure 1 shows a schematic diagram for the proposed
thermal recovery cycle. The main units of the cycle are a heat
exchanger heater, a turbine coupled to an electrical generator,
three space air cooling-based condensers, three refrigerant
expansion valves, three refrigerant evaporators, three liquid
pumps, and three ejector devices. Here, the heat exchanger
heater exchanges heat with the plant chimney flue gases.
Referring to the T-s diagram, Figure 2, the working fluid is
heated in the heat exchanger plant by the waste exhaust heat,
as mentioned above. Here, in each condenser, the superheated
refrigerant vapor is condensed, due to the rejection of heat to
the surroundings. This condensate is to be a saturated
refrigerant liquid, which is diverted into two branches; one to
the corresponding pump and the other to the corresponding
expansion valves where the flows are throttled generating
pressure drops at constant enthalpies. The outcome flow from
the expansion valves goes into the evaporators as saturated
vapor states.
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Figure 1. A schematic diagram of the new cycle
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Figure 2. The T-s diagram of the new cycle

Here, the evaporators provide cooling refrigerating capacity.

The turbine exhaust flows through the ejectors and thus
drawing the minor flows from the evaporators. In the ejectors,
the mechanical energy is converted into kinetic energy. The
pumps work on the three saturated liquid refrigerant lines
which are to be in a compressed liquid state. These three sub-
cooled streams are mixed, and the outflow is redirected to the
heat exchanger heater to elevate its temperature to become
saturated vapor at the highest pressure in the cycle. This liquid
refrigerant flows with high temperature and pressure directed
to the entrance of the turbine.

3. MATHEMATICAL MODEL AND ANALYSIS

The cycle thermodynamic performance is evaluated by a
thorough exergetic and energetic analysis of every component
in the cycle. Economic and exergoeconomic analyses are also
carried out to evaluate the feasibility of the proposed cycle.
The conservation of energy and the 2" law principles are
applied to derive the system’s governing equations. In this
work the following assumptions are made: steady-state flow,
pressure drops are neglected except along ejectors, isentropic
flow through the expansion valves, the refrigerant exits the
condenser and evaporator at the saturated state and the Turbine
and Pumps operate at given isentropic efficiencies. The
thermodynamic parameters and system specifications are
presented in Table 1.

Table 1. Thermodynamic system parameters

Parameters Value
Reference state temperature, To 20C
Reference state pressure, Po 1.01 bar

Evaporator temperature 1 2<C
Evaporator temperature 2 5C
Evaporator temperature 3 7T

Heater temperature 130C
The expansion ratio of the turbine, BB1= p1/p2 3.5

The expansion ratio of the turbine, BB2=p1/p3 4

The expansion ratio of the turbine, BBa=p1/pas 45
The area ratio of the ejector, @ 6.8
Evaporator 1 cooling capacity 100 kW
Evaporator 2 cooling capacity 100 kW
Evaporator 3 cooling capacity 100 kW

Isentropic efficiency of the turbine, 1y, 0.9
Isentropic efficiency of the pump, 7,,,, 0.8

3.1 Thermal energy analysis

According to the conservation principles, the basic
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governing equations are derived for the steady-state flow
processes. Here, the common continuity and energy equations
can be written as follows:

im - im =0 (1)
i=1 jp =1 out
i(m Win i(fn R oue + i Q - i Q 2

where, m is the number of entries or exists at the joint point.
Referring to the cycle, the ratio of the refrigerant mass flow
entrained from the evaporator, () to the refrigerant mass
flow rate flowing out of the turbine, (1, is defined as the
entertainment ratio. This ratio has a significant effect on the
ERC performance. This ratio can take the following form:

T
U=— 3)
my
3.2 Exergy analysis
The above mathematical model of the first law of

thermodynamics allows the calculation of the destructions and
losses of the exergy that occurs at each component of the
recovery cycle. The rate of the total exergy related to the
system (E,oq1) CONstitutes of the Kinetic energy, physical,
chemical, and potential exergy rates [40]. This can be
presented as:

Etotal = Eph + Ekn + Ept + Ech “4)
The physical exergy rate is to be estimated as:
Epn = m[(h = ho) = To(s — 50)] ®)

where, h and s are the specific enthalpy and entropy of the
refrigerant. The exergy balance of the system may be written
as:

Ep ot = Ep ot + Eptor + Eptot (6)
The system ki component’s exergy balance is:
Epi = Epi+ Epy (7)
The system overall exergetic efficiency is given as:
Ep
== 8
Mex = ®)

The mathematical relations that are derived based on the
thermodynamic principles of the proposed system are given in
Table 2.

3.3 Economic and exergoeconomic analysis
An economic evaluation of the proposed new hybrid cycle

is obtained with the use of the Total Revenue Requirement
(TRR) method. The formula for the calculation of the level zed



total revenue requirement (TRR.) may be written as [40]:
TRR, = CC, + FC, + OMC, )
With (CC,) is the levelized carrying charges, (FC.) is the

levelized fuel cost, and OMC,is the levelized operating and
maintenance cost. Where:

CC, = TCI*CRF (10)
kpc(1 — (kpc)™)
FC,=FCy+———~F< 2, CRF 11
L o * (1= kpe) * (11)
kome(1 = (ko)™
OMC, = OMC, * omc( = kowc)) (o (12)

(1 = komc)

CRF is the capital recovery factor and could be presented as
follows:

CRF = G 13
S @A+r-1 (13)

The capital recovery factor is defined as the ratio used to
calculate the present value of a series of equal annual cash
payments. These payments can be made at a regular interval
of time, and are commonly known as annuities. In this case, n
is equal to the number of years, and formula (13) gives the
present value in terms of the number of years and i the interest
rate.

1+r

where, i.¢r and r are the effective and inflation interest rates,
respectively.

TCI: The total capital investment.

n: The estimated number of years that represents the
economic lifetime of the plant.

Table 2. Thermodynamic relations for the cycle components

Component

Energy balances equations

Exergy balance equations

Evaporator 1

Qeval = 1ig * (hs — hg) = Mgy * (hy7 — hag)

Exu,evm = (Exs - Exs) - (Eng

- Ex27)
EvapOI’atOI’ 2 Qevaz = mlz * (hlz - }.113) ExD,evaZ = (Ex13 - E?CIZ) - (EX30
= Mg * (hyo — h3o) — Exy9)
EvapOI’atOI’ 3 Qeva3 = Thlg * (hlg - }.12()) ExD,evaS = (EXZO - E"xl‘)) - (Ex32
= Mgy * (hgy — hsy) _ i - Exso) i
Condenser 1 Qcona1 = Mg * (hy1 — hg) = titgz * (h3s — h33) Bpconar = (B :gjcc:z)_ o
Condenser 2 Qeonaz = 1y * (hig = has) Expconaz = (Ex1g — Exls) — (Exsg
= thgs * (h3e — h3s) _ i - Exss) i
Condenser 3 Qcond3 = My, * (hys — hyy) Exp conaz = (Exps — Exzz) — (Exzg
= Ty * (hgg — h37) - Ex37)

Expansion valve 1 he = h, Expevi = Ex; — Exg
Expansion valve 2 his = R4 Expeys = Exyq — Exq3
Expansion valve 3 hao = hyy Expeps = Exyo — Exyy

Ejector 1 Tigq * hyq = 1ty * Ry + Mg * hg Expejs = Exy + Exs — Exyy
Ejector 2 Tilyg * hyg = Titg * Ry + 1My, * hyy Expejn = Exz + Exyy — Exig
Ejector 3 Tigs * Hps = Tiy * hy + Tigg * hyg Expejs = Exy + Exi9 — Exys
me = Myg * (hyo — ho); . ) ) .
Pump 1 _ ths - h9 ExD,pul = Wpul - (Exw - EX9)
T = T,y
i 10 = o
Wz = mq7 * (hy7 — hye); ) ) ] ]
Pump 2 _hizs —hie Exppuz = Wpuz — (Ex17 — EX16)
=,
i 17 ~ M6
Wpuz = May * (hag — ha3); ) ) ] ]
Pump 3 _hags —hys Exp puz = Wpuz — (Ex24 — Ex23)
M0 = Ty e
Wieyr = My * (hy — hp) + (g — ) * (hy
—h3) + . T
Turbine (g — 11y — 1i13) * (hs — ha) Exppur = Exy = Bxp = Exs = £xy
_hi—hy hy—hy h3—hy = Weur
oy —hye By —hay  hy—hy _ o _
. E =(F - E —(E
Heater Que = My * (hy — hyg) = Mzg * (h3g — hyp) *osz = (X9 _xg-O) (Ex
X26)
Mys *hpg = (Mg Ny ) + (M, *hy ) +
mixer ExD,mix = Exlo + Ex17 + Ex24 - Ex26

sy
(M, *h,,);
Mye = My +My7 + Ty,
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The subscript “o” refers to the beginning of the first year.
For S|mpI|f|cat|on, k is assumed to be as follows:

k = kpc =komc (15)

The whole recovery system should be operated by the actual
waste heat. Therefore, the fuel cost is assumed to be zero, and
the levelized fuel cost, FC,= 0. TCI is assumed to be a
function of the total cost of the purchased equipment (PECiotal)
of the plant. For the new proposed cycle, TCI can be expressed

as follows [41]:

TCI = 6.32 * PEC,p0a (16)

It is assumed that the plant has an economic lifetime of n
equals to 20 years, i,s; is 10%, and r is 2.5% [41].
The cost rate of product Cp ,for the k™ component could be

written as [42]:

Co = Crp + Z (17)

where, Cp . isthe fuel cost rate, and Z,, is the summation of the
cost rates of the capital investment Z'kCI and the operating and

maintenance expenses Z'kOMof the k component. The value of

Zy is:
72 =2."+2." (18)
. cc, PEC
7, =k (19)
T PECtotal

5 oM _OMC, PEG,

= _— 2
C T T " PECm 20
where, 7 is the number of working hours per year. It is
assumed to be 8000 hr/year. Table 3 listed the cost balance and
auxiliary equations.

Table 3. Cost term equations for each component in the cycle

Component Cost balance equation Auxiliary equation Cost equation ($) [42, 43]
Evaporatorl CS + 628 = CZ7 + Cj_ Zeval C7 = 0, Cs = Ce PECeval = 6000 = (%)0'7
Evaporator2 €12+ C30 = Co9 + C_;-13’Zevaz Cro =0, Cpp = Ci3 PEC,p0s = 6000 (=222 evaz) 7
Evaporator3 Cro+ (a2 = Coo + G, ¢a1 =0, PECgpq3 = 6000 (=0 e”a3) 7
' ' + Zevas C19 = C0
Condenserl Cs +Cay ¢33 = 0,011 = C PEC =1773*m
— Cll + 633 +Zcond1 33 1t11 8 condl 8
Condenser2 Cis + Cas, Cas = 0,015 = C PEC,opay = 1773 *m
— C18 + C35 +Zcond2 35 1¢18 15 cond2 15
Condenser3 Coz + (o €37 =0,c5, = PEC =1773*m
— CZS + C37 +Zc0nd3 37 1L22 25 cond3 22
Expansion valve 1 C6 = C7 + Zov1 - PEC,,, = 100
Expansion valve 2 Ci3=Ca + Zew: - PEC,y,; =100
Expansion valve 3 Cao = Co1 + Zeys - PEC,y3 =100
Ejector 1 C11=Cp+Cs + Ze]1 - PECejy =0
Ejector 2 Cig=C3+Cpp+ Ze,2 - PEC,j =0
Ejector 3 Cos = Co+ Cro+ Zgj3 - PEC,j3=0
Pump 1 Cro = Co+ Cypur + Zpn - PEC,yy = 3540 % Wy, *7*
Pump 2 Ci7 = Ci6 + Cowpuz + Zpuz - PEC,y; = 3540 % W,,,, 7"
Pump 3 Coa = Coz + Cypus + Zpuz - PEC,y3 = 3540 % W37

Division point 1

Division point 2

Division point 3

Cl + Ztur =

Cg = C7
Ci5 = C14 _
C15 = C16
C22 = (23 _
C22 = C21

i = . 0.7
Turbine Gy + Gy + Cy + Coyar €1 = C2i61 = G331 = G PECpyy = 6000 * Wy
Heater Cao+ C1 = Cao + C6 Ca0 = C39 PECyg = 309.143 * Ay
+ Zyg €30 =0 +231.915
Mixer Ca6 = Cio + C17 + Cou ) PEC,.. = 0
+ Zmix
The value of the final cost of the product, cp_totalis: Ztotal
fotan =5————— (22)
Ztotal + CD total
c CP total + CL total (21)
D, total — 4~
Ep total where,

The total exergoeconomic factor is defined as follows:

CD,total = CF,totalZ Ek,D (23)



4. RESULTS AND DISCUSSION Table 4. Ejector modeling validation of the present work
with experimental published data [44]
4.1 Model validation and results comparison

Tyr () T (C)  Teona (T)  Uexp [38] Ucalc
8

A FORTRAN computer code is developed to simulate the 78 325 0.3257  0.3108
recovery system cycle. To validate the output results and show 84 8 355 0.288  0.2867
the accuracy of the developed code, different results related to 90 8 38.9 02246  0.2226
several studies from the literature are selected for comparison 95 8 42.1 0.1859  0.1858
purposes. The present results obtained are validated with the gg ig 3%65 8'2’322 8'2’33?
experimental data reported in the literature [44]. This 95 12 125 0235 02449
vqlidation_ was carried out v_vith R141b as a working fluid and Fluid: Ri41b; - :
with an ejector geometry size of d = 2.64 mm and D1 = 4.5 0 = Ay /A, = 644

mm. Referring to Table 4, the validation indicates a good
agreement with such published data.

Table 5. Comparison of the present and published results

Published results, [39]

Performance parameters Unit The BTECCP cycle The RTECCP cycle Current work
Cooling 10ad (Qeva totar) kw 98.5 96.7 239.8
Net electricity (Wer) kw 53.4 60.7 16.6
Thermal efficiency % 34.1 35.3 375
Exergy efficiency % 33.6 37.9 254
The total sum unit cost of the product ~ $.GJ~* 362.5 3711 108.1

Fluid: Butene; Trhe= 129.25 (C); Tevar= -30.95 (T); Tevaz=4.85 (T); Tevaz= 8.85 (T)

Table 6. Cycle state properties

Point T(K) P(MPa) h(kJkg?) skJkgtK?1) m(kgsh) EKW) €G.hAYH c.6]7YH

1 403.1 23442 487.7 1.8 41 669.7 48.4 20.1
2 355.9 669.8 468.01 1.8 2.0 281.8 20.4 20.1
3 35391 586.1 467.7 1.8 1.2 171.9 124 20.1
4 352.5 520.9 467.66 1.8 0.9 122.3 8.84 20.1
5 275.1 57.95 405.9 1.7 0.6 57.2 7.3 35.1
6 275.1 57.95 235. 11 0.6 63.7 8.2 35.1
7 300.1 159.3 235. 11 0.6 64.6 8.2 351
8 300.1 159.3 235. 11 2.6 282.2 26.1 25.7
9 300.1 159.3 235. 11 2.0 217.7 27.5 35.1
10 301.2 23442 237.1 11 2.0 220.9 28.2 354
11 330.9 159.3 453.8 1.8 2.6 298.8 271.7 25.7
12 278.1 66.2 408.1 1.7 0.6 56.9 4.8 23.4
13 278.1 66.2 232.5 11 0.6 62.3 5.3 234
14 298.1 148.2 232.5 11 0.6 62.8 5.3 23.2
15 298.1 148.2 232.5 11 1.8 197.6 16.5 23.2
16 298.1 148.2 232.5 11 1.2 134.8 113 23.2
17 299.2 23442 234.5 1.114 1.2 136.8 11.7 23.8
18 3254 148.2 448.7 1.835 1.8 206.1 17.2 23.2
19 280.1 72.22 409.6 1.748 0.6 56.5 4.7 23.1
20 280.1 72.2 230.4 1.109 0.6 61.2 51 23.1
21 296.6 140.0 230.4 1.106 0.6 61.6 51 23.0
22 296.6 140.0 230.4 11 14 158.7 131 23.0
23 296.6 140.0 230.4 1.106 0.9 97.2 8.1 23.0
24 297.7 23442 2325 11 0.9 98.6 8.4 23.6
25 321.4 140.0 445.1 1.8 1.4 163.7 135 23.0
26 299.8 23442 235.3 11 4.1 456.3 48.3 29.4
27 285.1 101 411.4 3.8 19.9 2.2 0 0

28 280.1 101 406.3 3.8 19.9 59 0.9 41.3
29 288.1 101 414.4 3.9 19.9 0.8 0 0

30 283.1 101 409.3 3.8 19.9 3.4 0.5 39.8
31 290.1 101 416.4 3.8 19.9 0.2 0 0

32 285.1 101 411.4 3.8 19.9 2.2 0.4 545
33 293.1 101 84 0.3 270 0 0 0

34 298.1 101 104.7 0.4 27.0 4.7 1.6 98.0
35 293.1 101 84 0.3 30.9 0 0 0

36 296.1 101 96.5 0.3 30.9 1.9 0.8 1115
37 293.1 101 84 0.3 50.3 0 0 0

38 294.6 101 90.1 0.3 50.3 0.7 0.5 178.0
39 413.1 101 540.6 4.2 50.7 994.6 0 0

40 393.1 101 520.3 4.2 50.7 714.3 0 0
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Furthermore, a comparison is made to the published data
[39] to evaluate the advantages of the present model over the
previously published models. As shown in Table 5, the present
model produces cooling capacity in the order of 2.5 times more
than that was produced by Rostamzadeh et al. [39]. However,
the desired present cycle generates about 70% less electricity
than that was produced. The thermal efficiency of the new
model is higher than that of the BTECCP and RTECCP cycles,
approximately 10.28%, and 6.46%, respectively, while the
exergy overall efficiency of the introduced cycle is lower than

that of the BTECCP and RTECCP cycles, approximately, 24.3%

and 32.83%, respectively. Regarding the economic analysis
side, the total cost of the unit of the product for the running
cycle reached $108.1 per GJ, while the corresponding total
cost for the BTECCP and RTECCP cycles are $362.5 per GJ,
and $371.1 per GJ, respectively.

4.2 The cycle thermodynamic and economic results

The calculated values of the properties at each state point
are introduced in Table 6, based on the conditions given in
Table 1.

The cycle thermodynamic and economic performances are
presented in Table 7.

Table 7. The cycle thermodynamic and economic

performance

Parameter Value
The net power rate (kW) 72.55

The produced cooling rate (kW) 300
Energy efficiency (%) 36.23
Exergy efficiency (%) 29.41
Exergy destruction rate [kW] 192.32
Cp.totar [$.G1] 45.97

The results obtained from the exergoeconomic analysis,
Figure 3, show that the cost of exergy destruction, Cp, in the
heater is zero, since the fuel, waste heat from the cement plant,
is supposed to be free of charge, while it has the highest value
within ejector 1. It should be noted that ejectors 2 and 3 also
have the notable costs of exergy destruction. Ejectors need to
be given more attention to sharing more in the upgrade of the
overall cycle performance. More data and extra details are
documented by Tashtoush et al. [16]. The total costs associated
with each component are the sum ofCp, + Z. The cost values
for the turbine are quite remarkable mainly because of the
contribution of the Z,,,,..

4.3 Effects of heater temperature

The variations of the thermal and exergy efficiencies, the
system’s product cost, and the net power output as a function
of the heater temperature are illustrated in Figure 4. Since the
input energy into the turbine increases, the net power output
increases as the heater temperature increases. An increase of
25% in the heater temperature resulted in a 160% increase in
the net power output. The amount of heat input of the system,
Qyg increase with the increase in the heater temperature;
therefore, the thermal and exergy efficiencies decrease.
Furthermore, a 25% increase in the heater temperature would
result in a 50% increase in the system total product cost,

Cp,total .
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The Effect of the 1% Evaporator Temperature. The variation
of different system parameters with the 1% evaporator
temperature is illustrated in Figure 5. As the refrigerating
capacity, Q.,q1 is held constant, the primary mass flow rate of
the first ejector decreases, which leads to an increase in the
system energy efficiency and a decrease in the net power
output. The trend of the exergy efficiency variation exhibits a
maximum point at a value of 29.41% corresponding to an
optimum evaporator temperature range of 2-3°C. finally, since
there are no considerable cost changes in the variation of the
1%t evaporator temperature, the system total product cost of the
system is almost constant.

\/ 29.42
en protal O W"El r

46 -

A NN

: —

t
@

44+ 29.40 7

T
~
=l

42 0,
*

T
o
=

29.38
40 F

T
5
N

38 4

Energy efficiency (%)
Net power rate (kW)

470

Cost of the product $‘GJ‘l
Exergy efficiency (%)

29.36

36
468

T
2 3 4

Teva1(’C)

34 -

'

29.34 66

o -
- o

Figure 5. The effect of the 1 evaporator temperature on the

system performance



The Effect of the 2" Evaporator Temperature. The effect of
the variation of the 2" evaporator temperature on the system
performance is shown in Figure 6. It is noted that the most
affected parameter by the variation of the evaporator
temperature is the net power output. The exergy efficiency
decreases relatively as the 2" evaporator temperature
increases. In the meantime, the thermal efficiency and the cost
related to the cycle are increased with the increase of the 2™
evaporator temperature.
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Figure 6.

The Effects of the 3™ Evaporator Temperature. The effect
of the 3™ evaporator temperature on the system performance
is illustrated in Figure 7. Since the evaporator pressure
increases as the temperature increases, a lower primary mass
flow rate is needed to create the suction effect and entrain the
adequate amount of refrigerant. The net power output and
exergy efficiency decrease sharply as the evaporator
temperature increase. The thermal energy efficiency and cost
of the product moderately increase with the temperature. The
energy efficiency is better once the temperature of the third
evaporator is higher. From the exergoeconomic point of view,
the decrease in the evaporator’s temperature will result in a
decrease in the system's total product cost.

The Effect of Turbine Expansion Ratio. The effect of the
turbine’s expansion ratios on the system performance
parameters is shown in Figure 8. An increase in the thermal
and exergetic efficiencies and a decrease in the net power
output are noted as the expansion ratio increases. Besides, the
system's total cost of the product decreases as the expansion
ratio increases.

5. CONCLUSIONS AND RECOMMENDATIONS

The study was done on the potential of a new design for a
waste energy recovery system that is to be operated by cement
plant exhaust hot flue gases in Tunisia, which is expected to
contribute to sustainable development and cleaner production.
The new system design leads to produce a cooling capacity
and generate electricity, simultaneously, while implementing
three working device sets at three temperature levels arranged
in parallel. This cycle configuration is evaluated from the
energy, exergetic, and exergoeconomic viewpoints, while a
parametric study is accomplished.

The turbine has the highest total cost, among all components.
The energy and exergy efficiencies and the cost of the product
are 36.23%, 29.41%, and 45.97 $.GJ!, respectively. It’s found
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that the thermal efficiency can be increased by increasing the
expansion ratio, evaporator temperature, or by decreasing the
heater temperature. It was found that the exergy efficiency
could be increased by the increase in the expansion ratio or the
1% evaporator temperature, or by the decrease in the heater
temperature. While increasing the evaporation temperature,
the cost of the product increases gradually. This recovery cycle
is very attractive to apply in different industrial plants to
achieve the share for sustainable, and efficient energy, and
lower product costs.
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Figure 7. The effect of the 3" evaporator temperature
variation on the system performance
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NOMENCLATURE

Symbols

c cost per unit of exergy [$GJ-1]

¢ Cost rate

CRF capital recovery factor

E exergy rate (KW)

ED‘M total exergy destruction cost rate (kW)
f exergoeconomic factor

h specific enthalpy (kJ.kg™)

i interest rate

LMTD I(%]arithmic mean temperature difference
m mass flow rate (kg.s™)

N annual number of hours (hr)

P pressure (MPa)

0 heat transfer rate (kW)

r relative cost difference

s specific entropy (kJ.kg2.k™)

T temperature (<C or k)

|14 electrical power (kW)

Z investment cost of components ($)

Z investment cost rate of components ($/h)
Ztot total capital cost rate ($/h)

Abbreviations

HE heater

cond condenser

eva evaporator

ev expansion valve
tur turbine

Ej ejector

tot total value

pu pump
Subscripts

0 environmental stat
1,2,3, cycle locations
F fuel

in inlet

is isentropic

k each component
out outlet

P product

Greek symbols

n

efficiency (%)





