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exchangers are examined. Thermal efficiency and leve-

evaluated simultaneously in the present work. The
optimization problem of ORC is formed and solved using
heat transfer search algorithm. Operating parameters of
the nanofluid based ORC such as pinch point tempera-
ture difference of heat exchangers, evaporation pressure,
the mass flow rate of refrigerant, and concentration of
nanoparticles are investigated in the optimization study.
Further, the effect of turbine ratio, heat source tempera-
ture, and mass flow rate of heat source fluid on CuO and
Al,O; based ORC is explored and discussed. It was
observed that a total variation of 35.2% was obtained at
the cost of 3.5% variation in LEC between extreme design
points. The maximum thermal efficiency of 19.3% and
19.32% can be obtained with CuO and Al,O; with 2.616
and 2.62 $/kWh, respectively. Comparative results reveal
that CuO based ORC shows dominance in terms of
economic performance over Al,O; based ORC for any
given value of the thermal efficiency.
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1 | INTRODUCTION

To recover waste heat energy, Organic Rankine Cycle (ORC) has proven to be one of the
promising technology for converting low-grade thermal energy into high-grade electric energy.
Simple construction, ease of operation and maintenance and higher potential to recover waste
heat energy compared to other methods, ORC is been focused upon by many researchers from
the last two decades.' Extensive research has been done to enhance the performance of ORC
with the aim of achieving higher efficiency.*>

Experiments and simulation have shown that average thermal efficiency usually varies from
2% to 11% for small scale systems lesser than 5kW.*” ORC efficiency depends on multiple
parameters like manufactured components, working fluid, operating parameters, types of the
heat source and heat sink.® One of the important parameters for better operation of ORC is a
selection of working fluids and many researchers have proposed models to select the fluid based
on the application.” Liu et al'® showed that wet fluids are inappropriate for the ORC technology
as fluid will get converted to liquid vapor mixture and deteriorate turbine blades at the end of
expansion. Similarly, Hung et al® examined the performance of the ORC system with wet, dry and
concluded that isentropic fluids are ideal and considered to be the best among all available
fluids."' In support of Hung’s study, Imran et al® found that organic fluid R245fa is optimum
working fluid for basic ORC because of very low investment cost and nonharmful characteristics.

Cost is a major factor for feasibility and commercialization of the project and depending upon
the size of the plant, cost optimization has been a major area of focus for researchers. Much
experimental work has been done on the small scale ORC models and very less work is reported
for larger scales. Hajabdollahi et al'* performed thermo-economic optimization for four different
working fluids and they concluded that fluid R123 and R245fa has the highest thermal efficiency
with the lowest cost. They could achieve a thermal efficiency of 51% at the lowest cost of 86,253
$/kW. In one of his studies, Wang et al** achieved maximum exergy efficiency of 13.98% and a
minimum total investment of 1.293 X 10° USD when ORC was operated at 403.15K, 1.2 bar, and
mass flow rate of 15kg/s of exhaust gases. Scardigno et al'* obtained the highest thermal
efficiency of 9.65% using R134a as the working fluid with a minimum levelized energy cost of
0.114 $/kWh using 363.15K and 1kg/s of water. On a larger scale, Fu et al'®> developed an ORC
system of 250 kW with an axial turbine and working on R245fa. They achieved a net power
output of 225 kW with a thermal efficiency of 7.94%. Han et al'® built an ORC system of 200 kW
working with double stage radial turbine using R245fa as working fluid. They could achieve a
maximum of 201.2 kW with the heat source temperature of 144.1°C.

Scientists and researchers have been looking for methods to improve heat transfer and
numerous materials are considered as alternative options for enhancement of heat transfer.'”*!
Metals and metal oxides, semiconductor materials, carbon nanotube, graphene, and so on. are
used to enhance heat transfer. Selection of nanofluid usually depends on the thermo-physical
properties of the material.>*** To determine thermophysical properties of nanofluids, various
empirical models have been proposed but majorly they have failed to validate through
experimental data. Nanofluids are prepared by mixing solid particles into base liquids such as
alcohols, oils, water and so on, and it has been observed that major challenge during the
synthesis of the nanoparticles is agglomeration.”* For any nanofluid, thermal conductivity,
viscosity, density, and specific heat are the most important thermo-physical properties which
have to be investigated. Nallusamy?> showed that the thermal conductivity ratio increases with
an increase in particle volume fraction and his study were in good agreement with results
reported in.?°
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Heat transfer coefficient of heat exchangers operated with nanofluids is higher than operated
with conventional fluids.>’*° For a shell and tube heat exchanger, an experiment was
conducted by Farajollahi et al*° by dispersing Al,05 and TiO, with water and it was observed
that TiO,/water showed better heat transfer for lower concentrations whereas Al,Os/water
mixture works better for concentrations higher at 0.3 v/v%. Wang et al*' measured viscosity of
Al,O3 water and AL, O3 ethylene glycol nanofluids and results showed that with an increase in
the concentration of nanoparticles viscosity increases. Nallusamy>? concluded that dispersion of
Al,O3 nanoparticles in the water increases the thermal conductivity and viscosity of the
Nanofluid and with an increase in particle concentration, this augmentation increases. Pak and
Choi’s®® experiment supports that densities of Al,0; and TiO, nanofluids get improved by
14% and 16%, respectively, as in when added to water at 25°C. With an increase in the
concentration of nanoparticles, it can be observed that specific heats of the nanofluids mixture
Al,0O3/water, CuO/water, and SiO,/water reduce but eventually increases with increase in
temperature.®

Many researchers have been doing parametric optimization of the basic ORC and modified
ORC for low-grade waste heat recovery.”*>® Eventually researchers started using evolutionary
algorithms to optimize multi-objective problems. Wang et al** carried out multiobjective
optimization (MOO) using nondominated sorted genetic algorithm-II (NSGA-II) for condenser
with the objective of minimizing heat transfer area and pressure drop using R134a.>* Zhang
et al*® studied that R245ca is the most cost-effective during a thermo-economic study with the
shortest static investment payback period among six potential dry organic fluids. Artificial
Cooperative Search (ACS) algorithm was used by Turgut et al*' to optimize specific investment
cost (SIC) and second law efficiency of basic and single stage ORC using 12 different fluids.
Feng et al** used Non dominated sorted genetic algorithm II for MOO of exergy efficiency and
LEC for low-grade ORC using R245fa, pentane and their mixtures. To the best of authors
knowledge majority of the research is done in multi-objective optimization of the ORC using
various evolutionary algorithms using conventional heat transfer fluids. This work intends to
add nanoparticles to the source fluid and it is circulated within heat exchangers to recover
maximum thermal energy and heat transfer search algorithm is used to analyze the
performance.

This work deals with the study showing the importance and benefits of using nanoparticles
in the base fluid in the heat exchangers to enhance heat transfer. CuO and Al,O5 are considered
for the study and comparative analysis is done to examine thermo-economic performance.
Importance of pinch point temperature difference in evaporator and condenser, evaporation
pressure, the mass flow of refrigerants and concentration of the nanoparticles have been studied
and their effect on the objective function to minimize levelized energy cost and maximize
thermal efficiency is discussed. Optimization is carried out using a multi objective heat transfer
search algorithm. Refrigerant R245fa is used for the system analysis because of his nonharmful
effect on the environment. It has very low toxicity, low ozone depleting potential and low
flammability which makes it ideal fluid for the study. This work will help to understand the
effect of nanofluids on heat transfer between the source fluid and working fluid to maximize
thermal efficiency with minimum LEC.

Paper is organized in the following manner. ORC system is described in Section 2 along with
a thermodynamic and economic model for nanofluid based ORC. Heat transfer search
algorithm used to optimize the model is described in Section 3. Section 4 presents an
application example of the considered ORC system and includes results and discussion.
Investigation and study of the work is concluded in section 5.
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2 | SYSTEM DESCRIPTION AND THERMOECONOMIC
MODELING

Hot gases ORC is waste heat recovery technique used to utilize waste heat energy from the flue
gases and converting it into useful power. It differs from a conventional Rankine cycle as ORC uses
the organic fluid as its working fluid which has low boiling point temperature and can be
superheated even at low temperatures. Source fluid relatively at a lower temperature than
conventional Rankine cycle is used to convert organic fluid into superheated vapors. Heat transfer
in evaporator takes place at constant pressure although certain irreversibilites in the system cause a
pressure drop in the working fluid. Superheated vapor is expanded in a turbine and isentropic
expansion of the working fluid will convert thermal energy of the organic fluid to mechanical
energy of the turbine shaft which eventually is connected to the generator shaft. Low pressure, low
temperature working fluid is then condensed in a condenser wherein water at a low temperature
usually extracted from the natural water source is used to absorb the latent heat and condenses
working fluid back to the liquid form. Organic fluid coming out to the condenser is pumped to the
evaporator pressure using a pump wherein it again absorbs heat energy from the source fluid and it
gets converted to superheated vapor and the cycle continues. Schematic diagram of the system and
T-S diagram is shown in Figure 1 and Figure 2.

2.1 | Thermal model

Basic equations and correlations used in the investigation are presented in this section.
Thermodynamic properties of nanofluids mixture is calculated by well-established models suggested
by researchers. Among many properties, thermal conductivity, viscosity, density, and specific heat of
the nanofluid are important properties which are determined using proven models. Shell and tube
heat exchangers are used as evaporator and condenser for heat transfer between source fluid and
working fluid. Heat transfer area of the heat exchangers and levelized energy cost is determined for
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FIGURE 1 System layout of organic Rankine cycle [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 T-S diagram of ORC system. ORC, organic Rankine cycle [Color figure can be viewed at
wileyonlinelibrary.com]

the system giving the insights of its thermal performance based on the maximum energy recovery.
Correlations used in the analysis were taken from references.*****

Thermal conductivity is one of the major thermophysical properties which denotes the capacity of
any material to conduct heat. Thermal conductivity for liquids can be easily determined using
Fourier’s heat conduction principle. For nanofluid, there are many models developed which depends
on multiple factors like particle volume concentration, temperature, particle size, particle shape, pH,
and many more.> For this work, it is calculated using the equation suggested by Leong et al*’ as there
is a prominent effect of particle size and interfacial layer on the conductivity of nanofluid.

— (Knp - KI)QKI [2613 - ﬁ3 + 1] + (Knp + 2Kl)513 [Qﬁs (Kl B Kf) + Kf
613 (Knp + 2Kl) - (Knp - I<l)®[513 + ‘83 - 1]

Koy (€]

In Equation (1), 8 and (3, are constants which depends on the ratio of interfacial layer
thickness and particle radius (y = h/a). Their values are given as §=1+y and 3, =1 + y/2. For
the current study, the particle radius is taken as 20 nm and interfacial layer thickness as 1 nm.

The density of nanofluids is determined as given by Gherasim,

Brinkmans>® correlation is used to determine the viscosity of nanofluids.
Hpp = Nbf(l - @) 3)

Specific heat of nanofluid signifies heat capacities of solid and liquid phases when they are in
thermal equilibrium. Xuan®*® proposed a correlation for calculating specific heats of nanofluids,

1 - @)p;Cps + Dp,Cp,
Conf = L @
Pnf
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TABLE 1 Properties of nanoparticles

Thermal conductivity Density Viscosity Specific heat
Material W/m.K kg/m? Pa-s J/kg-K
Water 0.6072 997.04 8.94x10™ 4183
ALOs 40 3900 880
CuO 33 6400 530

Thermodynamic properties of nanoparticles are listed in Table 1.

2.1.1 | Shell side calculations

The organic fluid is pumped at a higher pressure and fed to the evaporator wherein it absorbs
heat energy from the source fluid. During heat transfer, working fluid gets converted to vapor
phase and it occupies more volume inside the heat exchanger. Hence it is circulated within the
shell side of the heat exchanger. Crossflow area for shell side, A.;, and equivalent diameter D,, is
calculated using Equations (5) and (7),

Ag = (Ds - ]tho)B (5)
D

N== 6
=3 (6)

2 mdy?

— 4(pt B 4 )
Dp= ————+ 7
7d,

The dimensionless Reynolds number and Prandtl number for the refrigerant can be
determined using Equations. (8) and (9).

"
R = ()2 ®)
f
Acs :uf
By = ©)
Ky

Nusselt number is expressed in terms of Reynolds number and Prandtl number which can be
estimated as Equation (10),

Nu = 0.0266 x Re}* x Pry*® (10)

Heat transfer coefficient of refrigerant is calculated in terms of Nusselt’s number which is given as,

_ Nuxk
D,

h

(1)
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2.1.2 | Tube side calculations

Nanoparticles synthesized with water is circulated within the tubes of shell and tube heat
exchanger. Based upon the concentration of the nanoparticles added, mass flow rate of
nanofluids is varied and determined. Weight of the nanofluids is calculated by,

(%) pnp
W= —|| — W 12
of (100 — Q)[be] b (12)

Cross sectional flow area of the tube is given by,

T
Apr = Zd?Nt,p (13)

The dimensionless Reynolds number and Prandtl number is calculated for tube side.
Moreover, Nusselt number and heat transfer coefficient for turbulent flow is calculated as,

Nu = 0.024 X Relf X Proft 14
h= Nu X k (15)
d;

Thermal performance of heat exchanger is expressed in terms of overall heat transfer
coefficient which is determined using the following Equation:

do
Lo dm(R) g
- == 4+ — 7 4 -9

(16)
U, I’lﬁg 2K, ]’lfT d;

21.3 | Pumping power
With an increase in the concentration of nanoparticles in the base fluid, viscosity increases, and
results in increased pumping power. For turbulent flow friction factor is determined by,

F =(0.790 In Re,y — 1.64)72 17)

Mean velocity of nanofluids is expressed as,

4m
Um — nf2
PnTd;

(18)

Nanoparticles have a higher density as compared to the base fluid. Hence upon
agglomeration, a viscosity of the mixture is bound to increase and eventually increase in
pressure drop will be observed. Also, pumping power will increase with an increase in pressure
drop of fluid within the heat exchanger. Pressure drop and pumping power is given by,
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Fp, Uy L
Ap = ——— 19
p 2d) (19)
P = Vy X Ap (20)
2.1.4 | Heat transfer surface area

Size of the heat exchanger is determined by heat transfer surface area and heat duty. Heat
transfer between source fluid and working fluid are obtained by,
Superheated region for evaporator,

Qg = mf(hz — h3) = my,(hiz — hyy) (21)
Two phase condensation region for condenser,

Qp = my(hs — hy) = my,(hiy — hy) (22)

Efficient heat transfer between two fluids in a heat exchanger is defined by a term called as
pinch point temperature difference (PPTD). It is defined at a point where the minimum
temperature difference between two fluids is observed. As shown in Figure 2, the difference
between temperatures at point 6 and 9 for the evaporator is minimum whereas it is minimum
between points 3 and 12 for the condenser. Smaller values of PPTD signifies efficient heat transfer
between the fluids and a higher amount of energy can be recovered. Similarly higher PPTD signifies
poor heat transfer between the source fluid and the working fluid. To enhance heat transfer in any
heat exchanger it is recommended to keep minimum possible PPTD but it eventually increases cost
of the heat exchanger. Moreover, it is expected that good design of heat exchanger will minimize the
heat loss to the surrounding and should have minimum pressure drop within the tubes.

APPTDeva = Ty — Ts (23)

APPTDcong = Tz — Thz (24)

Based on the pinch point temperature difference in the heat exchangers, temperatures of the
source fluid and working fluid is determined and logarithmic mean temperature difference
(LMTD) is determined which is represented as,

ATmax — ATmin
[ AT
ATmin

LMTD = (25)

Total heat transfer surface area of the heat exchanger is estimated by the following Equation:

Q

=& (26)
U, Xx LMTD

Anx
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Heat transfer surface area of the heat exchanger has a significant effect on the total cost of the
system and accounts to the majority of the investment in the system. Hence it is of utmost importance
to optimize the system for maximum thermal efficiency with a minimum area of heat exchangers.

One of the objective function for the current work is the thermal efficiency of the system
which is given by Equation (27). The system should work with maximum possible thermal
efficiency with a minimum amount of total investment.

W - W,

2
Qin ( 7)

N =

2.2 | Economic model

ORC works on the concept of waste energy recovery and it is of utmost importance that the
system developed to recover energy should be installed and operated with minimum investment.
To identify the performance of the system on economic grounds, levelized energy cost (LEC) is
selected as another objective function with the aim of minimizing it. The total cost of individual
components is calculated from using chemical engineering plant cost index for the year 2017.
The bare module of cost of the component is calculated using the following Equation:

Cbm,X = Cp,XFbm,X (28)
Where, Fp,, is bare module cost factor which is based on equipment material and working
pressures. Values of Fy,, . are specified in and listed in Table 2. C,, . denotes purchase cost which

is given by the following Equation:

logCpx = Kix + Ky x logY + K; x (logY?) (29)

In Equation (29), X is applicable for the type of equipment, that is, heat exchanger, turbine,
and pump whereas Y specifies heat transfer through a heat exchanger or power capacities of
turbine and pump. Values of component cost coefficients for K;, K,, and K3 are given in Table 2.
The total capital cost of the system can be calculated using the following Equation:

C = Z Com,x (30)

Considering the inflation rates of the market, the total cost of the system is calculated using
cost index for the year 2017 and 2001 which is 623.5 and 397. The expression for a total cost of
all the components is given as,

TABLE 2 Coefficients of the economic model

X Y Unit K x Ko x K;x e
Evaporator Area m? 4.3247 —0.3030 0.1634 2.9
Turbine Power output W, 2.7051 1.4398 —0.1776 3.5
Condenser Area m? 4.3247 —0.3030 0.1634 2.9

Pump Power input W, 3.3892 0.0536 0.1538 2.8
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C; X CEPCly;,

(31)
CEPCLygy

Ct,2()17 =

To calculate present value of an annuity, capital recovery factor is used which can be
estimated using the following Equation:

. .T
CRF = i(1+1)

“a+ir -1 (32)

Where, T denotes total life time of the ORC unit and i denotes interest rate, which corresponds
to 5%. LEC of the ORC system can be calculated by the following Equation:

CRF X Ci o017 + Cpy
top u/net

LEC =

(33)

Where, C,, denotes operation and maintenance cost which is considered as 1.5% of the total cost
and top denotes time of operation for a year which is set to 8000 hour.

3 | HEAT TRANSFER SEARCH (HTS) ALGORITHM

Patel et al>* developed an innovative metaheuristic optimization algorithm namely heat transfer
search algorithm. There are three fundamentals mode of heat transfer through which thermal
energy is transferred via conduction, convection, and radiation. Any unstable body tends to
attain thermal equilibrium using these three modes and tends to get into a stable state with the
surroundings. Inspired by the natural phenomenon, the HTS algorithm impersonates the
system and surroundings during the accomplishment of thermal equilibrium. It is formulated of
three modes namely “conduction phase,” “convection phase,” and “radiation phase” and equal
importance is given to each respective phase of the algorithm.

Similar to a thermodynamic system, molecules and temperature levels of the molecules are
imitated as population and design variables in the algorithm. Random population generation is
updated in any of the phases and each phase employs equal importance and execution is done
using a random number from the generated population. Based on the selection, accepted values of
the objective function are updated provided they have enhanced values than the prior. Results are
strengthened using updating the solution through individual phase is explained below.

Conduction heat transfer takes place between molecules when two bodies are in physical
contact and energy is transferred from molecules with higher energy to molecules with lower
energy. In HTS algorithm conduction phase imitates conduction heat transfer and higher and
lower energy level molecules are homologous to a population with the higher and lesser
objective function value. Solutions are updated by the given formula, for “n” indicates the
population size, “m” indicates the design variables, and “g” indicates the number of generation.

L {Ak,i + (—RA), iff(A) > f(AD if g <g_/CDF (33)

b Aj,i + (—RZA]',,'), lff(A]) <f(Ak)
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Ay = il:fl. i (_rl.A . o (AJ,) S ARUTIIN 8max/ CDF (34)
j,i ( rzA],l)’ lff(Aj) <f(Ak)

Where, A’ j,i is the updated solution for j =1,2,3......n and k is randomly selected solution; i is
a randomly selected design variable; g,,,, is the maximum number of generation specified; CDF
is conduction factor; R is the probability variable; R € [0, 0.33333]; r;€[0,1] is a uniformly
distributed random number.

Convection phase imitates convection heat transfer between a system and it is surrounding and
body tries to attain thermal equilibrium with the surrounding. In regard to the optimization
algorithm, the best solution is surmised to be surrounding and all other solution forms the system.
Design variable of the best solution interrelates with the corresponding mean design variable of the
population. In convection phase, solutions are updated based on the following equation.

Aj{,i =A; + R(A; — TCF X Apg) (35)
abs(R — r), ifg < ./COF
TCF = (R = n), ifg Ema (36)
round(1 + 1) + (—R%4;), if g > 8/ COF

Where, COF is the convection factor; R is the probability variable; R € [0.6666, 1]; r; € [0, 1]
is a uniformly distributed random number; A; and A, is the be the temperature of the
surrounding and system, respectively; TCF is a temperature change factor.

The radiation phase imitates radiation heat transfer between the system and its surrounding.
Similar to another phase, the system interacts with the surrounding to establish a state of
thermal steadiness. In this phase, solutions are updated as

A+ R(Ar; — A, iff(A; A
A :{ j R A0 T T g < moE )

! Aji + R4 — Ay, iff(A) < fA)’

Al

J

- {Aj,i ks = A, A > FAD e (38)

Aji + 14 — Ay, iff(A) <A’

Where RDF is the radiation factor; R is the probability variable; R € [0.3333, 0.6666];
r; €[0, 1] is a uniformly distributed random number.

Multi-objective heat transfer search (MOHTS) algorithm renders simultaneous
solutions for more than one objective function. MOHTS algorithm incorporates the
nondominated solution and save the obtained solutions in an external archive.>® The
MOHTS algorithm uses £-dominance based updating method to check the domination of
the solution in the archive. Extended details about MOHTS algorithm is documented in
the references.’*’

4 | APPLICATION EXAMPLE AND RESULTS DISCUSSION

Study of waste heat recovery system™ is done in which waste thermal energy from flue gases is
recovered using a mixture of nanoparticles and water in the heat exchangers and this energy is
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TABLE 3 Operating parameters of ORC system

Parameters Unit Value
Heat source temperature °C 140
Mass flow rate of heat source kg/s 17.6
Cooling water inlet temperature °C 20
Mass flow rate of cooling water kg/s 34.6
Turbine ratio 9.5
Turbine efficiency % 85
Pump efficiency % 85

Abbreviation: ORC, Organic Rankine Cycle.

imparted to working fluid thus producing power. Continuous fluctuation in the flow rate of flue
gases leads to the vacillating study of heat transfer between source fluid and working fluid.
Nanofluids after imbibing thermal energy is assumed to achieve a temperature of 140°C and it is
considered constant for analysis. Considering the challenges of global warming and ozone
depletion, R245fa is used as working fluid and used to expand in the expander to generate
mechanical energy. Moreover, its thermodynamic characteristics make it an ideal fluid to be
considered for the study. To enhance the heat transfer between heat source fluid and working
fluid, CuO and Al,O; nanoparticles are added to water in evaporator and condenser. In the present
investigation, nanoparticles are mixed with water and that nanofluid is used for heating and
cooling of working fluid in evaporator and condenser. During the heat transfer process, water does
not undergo a phase change process and hence nanofluid does not change their phase in
evaporator and condenser. Operating parameters for analysis is given in Table 3. Geometric
parameters of shell and tube heat exchanger considered for the study are tabulated in Table 4. In
this section, results obtained from the single and multiobjective optimization of the system are
presented and discussed. Comparative analysis for toward the end of the section, effect of design
variables, and effect of turbine ratio, the mass flow rate of heating source fluid and temperature of
heating source fluid is discussed.

Initially, single objective optimization is carried out for maximum thermal efficiency and for
minimum LEC for CuO and Al,O3; based ORC. Design variables for the investigation are mass
flow of refrigerant, evaporation pressure, pinch point temperature difference in heat exchangers
and concentration of nanoparticles in heat exchangers. The control parameters used for the

TABLE 4 Geometric parameters of shell and tube heat exchanger

Parameter Evaporator Condenser
Shell diameter, Dy 0.72m 0.65m
Outside diameter of tube, d, 12.7 mm 12.7 mm
Tube pitch, P; 1.25d, 1.3d,

‘Wall thickness, t 1.245 mm 1.651 mm
Tube length, L 2.438 m 2.8m
Number of passes, N, 4 3

Number of tubes, N; 1257 1107

Baffle spacing, B 0.5D; 0.5D;
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TABLE 5 Range of decision variables

Design variable Lower bound Upper bound
Mass flow of refrigerant, kg/s 6 8

Evaporation pressure, kPa 1950 2100

PPTDgy., °C 4 10

PPTDcong, °C 4 10
Concentration in evaporator (Deya), %V/V 1 10
Concentration in condenser (Q¢onq), %V/V 1 10

Abbreviation: PPTD, pinch point temperature difference.

investigation is given in Table 6. Results of single objective optimization show conflicting
behavior between two objective functions hence multiobjective optimization is carried out for
the nanofluids based system.

41 | Multi-objective optimization

In this section, multi-objective optimization using heat transfer search algorithm is carried out
and Pareto optimal curve is obtained with the objective of attaining maximum thermal
efficiency with minimum LEC. Study of thermo-economic performance of CuO and Al,0O;
based ORC is done. Bounds of the optimization are given in Table 5. Five optimal points A-E are
selected on the Pareto optimal curve and their effect on the objective functions is discussed.

Figure 3 represents Pareto optimal points generated during the multi-objective optimization
of CuO and Al,0; based ORC. The results obtained are compared with the Pareto optimal curve
of the ORC system operated without nanofluids. Effect of six design variables is studied on
thermoeconomic performance of the system. Moreover, the effect of concentration of CuO and
Al,O3 nanoparticles synthesized with water flowing in heat exchanger is investigated. It was
observed from the results that incorporation of nanofluids results in increased thermal
efficiency at lower LEC.

For minimum LEC, ORC system operated based on nanofluids yields increased thermal
efficiency of 12.49% compared to 12.3% for the conventional system. Reduction of 3.25% in LEC was
observed for the system operated with nanofluids resulting in enhanced heat transfer at a lower
cost. For the system operated with conventional fluid, variation in thermal efficiency and LEC of
55.28% and 4.03%, respectively, was observed between extreme points of Pareto optimal curve. The

TABLE 6 Control parameters of HTS algorithm

Selection probability of conduction phase 0-0.3333
Selection probability of convection phase 0.3333-0.6666
Selection probability of radiation phase 0.6666-1
Conduction factor 2

Convection factor 10

Radiation factor 2

Abbreviation: HTS, heat transfer search.
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FIGURE 3 Variation of thermal efficiency and levelized energy cost for CuO and Al,O3 based ORC.
LEC, levelized energy cost; ORC, Organic Rankine Cycle [Color figure can be viewed at wileyonlinelibrary.com]

net power output of 287.18 kW can be obtained from the system operated with conventional fluid at
the cost of 2.605 $/kWh. Upon using nanofluids in the system, it was observed that increased power
output can be obtained at a lower cost. For a system using CuO nanoparticles, the maximum power
output of 289.38 kW can be obtained at cost of 2.523 $/kWh and for system operated with Al,Os,
maximum output of 288.95kW can be obtained at 276.04 $/kWh.

The maximum thermal efficiency of 19.3% and 19.32% can be obtained with CuO and Al,O;
with 2.616 and 2.62 $/kWh, respectively. From the results, it can be observed that CuO is
dominating as compared to Al,Oz and gives higher thermal efficiency for reduced LEC. The
minimum thermal efficiency of 12.3% can be achieved with LEC of 2.523 $/kWh for CuO and
12.49% can be achieved with 2.53 $/kWh for Al,O3. On the Pareto curve, all the optimal point
signifies to 10% concentration of nanoparticles in the evaporator for both the case. Whereas the
concentration of nanoparticles in condenser has minimum values for maximum thermal
efficiency. Values of design variables for five optimal points A-E are given in Table 7.

Pinch point temperature difference in heat exchangers is found to be lower for CuO as
compared to Al,0O; based cycle. It results in reduced heat transfer surface area of heat
exchangers and resembles to lower cost of the system. For optimal points B and C, PPTD for
condenser is found to be maximum in CuO compared to Al,O; based cycle. Moreover, it can be
observed that PPTD for evaporator increases from point A to E as 5.9697°C to 6.5467°C and for
condenser it increases from 6.2918°C to 10°C for Al,0; based ORC. In CuO based ORC, PPTD
for evaporator increases from 5.937°C to 6.519°C and for condenser it increases from 6.254°C to
10°C. From the results, it can be concluded that variation in PPTD in the condenser is
significant compared to the evaporator to achieve Pareto optimal solution during multi-
objective optimization of nanofluids based ORC.

4.2 | Effect of turbine ratio

Figure 4 depicts the effect of turbine ratio on thermal efficiency and LEC of CuO and Al,O; based
ORC. Turbine ratio is varied in three steps starting from 9.25, 9.5, and 9.75. With an increase in
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FIGURE 4 Effect of turbine ratio on CuO and Al,0; based ORC during multiobjective optimization. LEC,
levelized energy cost; ORC, Organic Rankine Cycle [Color figure can be viewed at wileyonlinelibrary.com]

turbine ratio, thermal efficiency is seen to be increasing and CuO based ORC tends to achieve higher
thermal efficiency than Al,O; based cycle because of higher density and higher specific heats of CuO
nanofluids. Higher turbine ratio results in lower turbine exit pressure and higher amount of latent
heat can be absorbed in the condenser and hence higher thermal efficiency. For turbine ratio 9.25, the
optimal curve tends to converge for both the nanoparticles and maximum thermal efficiency of
19.90% is obtained at turbine ratio of 9.75 for Al,O5; with the LEC of 2.62 $/kWh. For Al,O; with an
increase in turbine ratio from 9.25 to 9.75, thermal efficiency increases by 12.49% and for CuO it
increases by 12.42%. At any given point for specific thermal efficiency, it can be observed that the LEC
of CuO based cycle is less than Al,O5 based cycle.

4.3 | Effect of heat source temperature

Higher heat source temperature has its significance on the exit temperature of working fluid from the
evaporator. The higher temperature of the working fluids yield higher turbine work and eventually at
the end of the expansion process, quality of the working fluid will be superheated. It ensures increased
life of the turbine blades. Effect of heat source temperature is shown in Figure 5. It can be observed
that with an increase in heat source temperature, thermal efficiency increases and LEC reduces
because of the higher magnitude of thermal energy being recovered in the heat exchanger. The study
is done from three different heat source temperature 135°C, 140°C, and 145°C. However, thermal
efficiency is almost same for both the nanofluids as there is little difference in thermal conductivity of
CuO and Al,O; which results in almost similar heat transfer between source fluid and working fluid.
19.91% is the maximum thermal efficiency which can be achieved in both the case with the LEC of
2.532 and 2.5403 $/kWh for CuO and Al,O; based cycle, respectively.

4.4 | Effect of mass flow rate of heat source

Variation in the mass flow rate of working fluid has an effect on heat duty and with an increase in
flow rate increased heat transfer can be achieved. Figure 6 represents the effect of mass flow rate on
thermal efficiency and LEC of the system and it can be observed that with an increase in mass flow
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FIGURE 5 Effect of heat source temperature on CuO and Al,O; based ORC during multi-objective
optimization. ORC, Organic Rankine Cycle [Color figure can be viewed at wileyonlinelibrary.com]

rate thermal efficiency of the system increases with decrease in LEC. Study of different mass flow
rates of heat source is carried out and its value is varied from 17, 17.6, and 18 kg/s. Its effect on LEC is
dominant in the case of CuO nanoparticles compared to Al,0; and maximum thermal efficiency of
19.4% and 19.64% can be achieved for CuO and Al,Os, respectively. It can be noted that the LEC of
AlLO; based cycle is 2.65 $/kWh whereas it is 2.60 $/kWh for CuO based cycle.

4.5 | Effect of design variables

To study the effect of design variables on optimal solutions, sensitivity analysis is carried out for
the Pareto points A-E represented on an optimal curve. Figure 7 and Figure 8 represents the
effect of design variables for CuO and Al,O; based ORC.

2,64
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262
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260/ X mu=I176 kg-’s}[—'ﬂr ALy
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Thermal Efficiency, %

FIGURE 6 Effect of the mass flow rate of heat source fluid on CuO and Al,O; based ORC during
multi-objective optimization. ORC, Organic Rankine Cycle [Color figure can be viewed at wileyonlinelibrary.com]
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ORC. ORC, Organic Rankine Cycle [Color figure can be viewed at wileyonlinelibrary.com]

Figure 7A and Figure 8B indicate the effect of the mass flow of refrigerant on thermal
efficiency and LEC of CuO and Al,O; based ORC, respectively. It can be observed that with an
increase in the mass flow rate of refrigerant increase in thermal efficiency increases for both the
cycles. With an increase in flow rate, more amount of energy can be absorbed in the evaporator
and hence heat rate of the heat exchangers increases which increases the thermal efficiency of
the system. Figure 7A and Figure 8B show the effect of evaporation pressure and it can be noted
that with increasing pressure thermal efficiency decreases and LEC increases. Effect of
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evaporation pressure is profound on LEC for higher pressure at point E as compared to lower
pressure at point A.

Figure 7C and Figure 8C show the effect of pinch point temperature difference in the
evaporator and with increasing temperature difference LEC of the system increases because
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higher temperature difference increases the total area of the heat exchanger. Similar behavior
can be observed in both CuO and Al,O; based ORC. Moreover, the decrease in thermal
efficiency is observed because of decrease heat transfer between source fluid and working fluid.

Effect of pinch point temperature difference in the condenser is shown in Figure 7D and
Figure 8D. Thermal efficiency and LEC is found to be decreasing with increasing pinch point
temperature difference in the condenser and after an optimum point, there is a steep increase in
LEC as compared to thermal efficiency. Heat rejection has a dominant effect on first law
efficiency of the system as compared to heat absorbed in the heat exchanger.
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Figure 7E and Figure 8E depict the effect of concentration of nanoparticles in the evaporator
and it can be observed that very few solution points are obtained by changing the concentration
of CuO and Al,O3; in the evaporator. This situation originate because of constraint infringement
with variation in values of design variables and hence optimized values are very sensitive.

Effect of concentration of nanoparticles in the condenser is represented in Figure 7E and Figure
8E. It shows with increasing concentration, thermal efficiency, and LEC increases. However,
increasing concentration of Al,O; in condenser has a negligible increase in thermal efficiency is
observed at higher concentrations from point D to E. Effect of concentration of nanoparticles in
condenser has a profound effect on thermal efficiency as compared to the evaporator.
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4.6 | Distribution of design variables

Figure 9 and Figure 10 shows the population distribution of design variables corresponding to
design variables. It can be observed that the effect of the mass flow of refrigerant, evaporation
pressure, and concentration of nanoparticles in the evaporator is invariable for CuO and Al,O3
based ORC. Scattered distribution is seen for the variables pinch point temperature difference in
heat exchangers and in the concentration of nanoparticles for the condenser. These variables
play a significant role in achieving optimal solution between thermal efficiency and LEC of the
system. Pinch point temperature difference in condenser shows most diversified distribution
among all the optimal solutions of design variables.

5 | CONCLUSION

This paper addresses thermoeconomic optimization of nanofluids based ORC for recovering
heat energy from exhaust flue gases. Working fluid used in the system is R245fa and CuO and
Al,O3; nanoparticles are considered for the investigation. It can be observed that heat
exchangers operated with nanofluid results in increased waste heat recovery and enhanced
thermal performance.

 Overall, 35.2% variation in thermal efficiency is observed at the cost of 3.5% variation in LEC
between extreme design points of Pareto front for Al,O3, and CuO based ORC.

« Further, for any given value of the thermal efficiency, lower LEC is observed with CuO based
ORC as compared to Al,0; based ORC.

« The effect of turbine ratio, mass flow rate of heat source fluid and temperature of heat source
is investigated and reported. With the increase in the turbine ratio, LEC of ORC is reduced for
a given value of thermal efficiency.

+ Likewise, the increase in heat source temperature as well as the mass flow rate of heat source
fluid also reduces the LEC of ORC at the given value of thermal efficiency.

« Distribution of each design variables corresponding to Pareto optimal solution points of Al,O5
and CuO based is also presented.

« Pinch point temperature difference for heat exchangers and concentration of nanoparticles in
condenser shows a profound effect on the optimal design of the system during thermo-
economic optimization.

NOMENCLATURE

A area (m?)

a particle radius (m)

A.  cross flow area (m?)

B baffle spacing (m)

C,  specific heat at constant pressure (J/kgK)
Cpm Dbare module cost ($)

C, total cost ($)

C,, maintenance cost ($)

CP  purchase cost ($)
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Dy shell diameter (m)

d, outside diameter of tube (m)
d; inside diameter of tube (m)
D, equivalent diameter (m)

F friction factor

F},, bare module cost factor

h specific enthalpy (J/kg)

hgs heat transfer coefficient of shell side (W/m?K)
her heat transfer coefficient of tube side (W/m’K)
K thermal conductivity (W/mk)

Kan thermal conductivity of wall of heat exchanger (W/mK)
L length of tube (m)

N; number of tubes

Nu  Nusselt number

P, tube pitch (m)

Pr Prandtl number

Q heat load (W)

Re  Reynolds number

top  time of operation (hrs)

U, overall heat transfer coefficient (W/m?K)

U, mean velocity (m/s)

W,e: net work output (W)

m mass flow rate (kg/s)

vV  volume flow rate (m>/s)

GREEK LETTERS
density (kg/m®)

viscosity (N.s/m?)
concentration

Q% ©

SUBSCRIPTS

np  nanoparticles
| liquid

f base fluid
eff  effective

nf nanofluid

sp single phase
tp two phase
eva evaporator
cond condenser

t total

ORCID
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