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Abstract

In this study, statistical methods (Taguchi, analysis of variance (ANOVA), and grey relational analysis (GRA)) are used to
evaluate the impact, contribution ratios, and order of importance of parameters on the energy and exergy efficiencies of the
simple organic Rankine cycle (SORC) and dual pressure organic Rankine cycle (DORC). The parameters being investigated
are the working fluid (A), pinch point temperature difference of the evaporator (B) and condenser (C), degree of superheating
(D), evaporator temperature (E), condenser temperature (F), turbine isentropic efficiency (G), pump isentropic efficiency
(H), and low-pressure evaporator temperature (J, for DPORC only). Whereas the Taguchi method determines the optimum
parameter combination for maximum system performance, ANOVA weighs the influence of individual parameters on the
performance of the target function, and GRA optimizes the multi-response characteristic function. The condenser and evap-
orator temperatures, pinch point temperature difference of the condenser and turbine isentropic efficiency are revealed as
the major process parameters for multi-response performance characteristics of SORC, with an influence factor of 44.79%,
20.96%, 14.81% and 10.69%, respectively. While considering three different working fluids: HFE7000 (1), R245fa (2), and
R141b (3), the combination A3B,C1D1E3sF1G3H3 is determined as the optimum operating condition for multi-response per-
formance characteristic of SORC with first- (energy) and second- (exergy) law efficiencies calculated as 18.64% and
51.69%, respectively. For DPORC, the turbine isentropic efficiency, condenser temperature, and pinch point temperature
difference of the condenser and evaporator are the main process parameters for multi-response performance with 41.90%,
17.80%, 14.75%, and 10.47% impact factors, respectively. The best operating condition is obtained as A1B1C1D3E2F1G3H3J2
with first- and second-law efficiencies computed as 13.17% and 57.33%, respectively.

Keywords: ANOVA; Dual pressure ORC; First- and second-law efficiencies; Grey relational analysis; Simple ORC;
Taguchi.

1. Introduction

The increased awareness of energy and environmental sustaina-
bility has spurred research interest in developing efficient and
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more environmentally friendly energy systems. Organic Ran-

kine cycles (ORCs) are considered one of those technologies

with promising potential for effective low-grade heat-to-elec-
tricity conversion, with wide application in exhaust waste heat
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Nomenclature

Ex  —exergy, W

Exp, —exergy destruction, W

h — specific enthalpy, J/kg

ho — specific enthalpy at the reference state, J/kg
m —mass flow rate, kg/s

P — pressure, Pa

Q — heat rate, W

S — specific entropy, J/(kg K)

So — specific entropy at a reference state, J/(kg K)
T — temperature, K, °C

Wa — actual enthalpy change in the turbine, J/kg
Ws — isentropic enthalpy change in the turbine, J/kg

Wump — POWer to drive pump
Whet sorc— Net power of simple organic Rankine cycle, W
Whet pporc— Net power of dual pressure organic Rankine cycle, W

Wiwrp — pOwer produced from the turbine, W

Greek symbols
n — efficiency

Subscripts and Superscripts
ch — chemical
cond - condenser

recovery, geothermal, solar, and biomass for electricity genera-
tion [1]. Instead of steam, it uses low-temperature organic work-
ing fluid, which makes it more flexible with good matching
characteristics between a wide temperature range of heat sources
and its working fluid, hence decreasing exergy losses in the
evaporator and consequently improving the overall cycle exergy
efficiency [2,3].

There are many studies in the literature that conduct analysis
on the thermal and exergy efficiency performance of ORC.
Some of them have focused on experimental and theoretical
studies of ORC performance enhancement, while others have
reported on the effect of different configurations on system per-
formance.

In general, the ORC system has been widely utilised for elec-
tricity generation from low- and medium-temperature geother-
mal wells. Igbong et al. [1] performed an exergo-economic and
optimization study of dual pressure ORC (DPORC) utilising ge-
othermal sources. In that study, the system optimised for maxi-
mum efficiency obtained an exergy efficiency and a cost per unit
exergy of 33% and 3.059 cent/kWh, respectively. Yamanka-
radeniz et al. [4] investigated the energy and exergy perfor-
mance of ORC with an internal heat exchanger. The study as-
sessed the effects of evaporator temperature and heat exchanger
effectiveness on the operation of the ORC system and concluded
that a maximum increase of 6.21% in exergy efficiency is
achievable depending on the working conditions. Igbong et al.
[5] carried out a comparative exergetic analysis of selecting
working fluid for various operating conditions of simple and re-
cuperative organic Rankine cycles. Sadeghi et al. [6] performed
a comparative thermodynamic analysis of different ORC con-
figurations (simple ORC (SORC), series two-stage ORC

cw — cooling water
ex — exergy

evap - evaporator

f —working fluid
heat — heat source
HP - high-pressure
in —inlet

IN —input

LP — low-pressure
out  —outlet

pp — pinch point
PreH - preheater

Sat  —saturation
SupH — superheater
sys — system

th — thermal

w — geothermal water

Abbreviations and Acronyms

ANOVA - analysis of variance

DOF — degree of freedom

DPORC - dual pressure organic Rankine cycle

GRA  —grey relational analysis
GRG  —grey relational grade
SORC - simple organic Rankine cycle

(STORC) and parallel two-stage ORC (PTORC)) using zeo-
tropic mixtures and powered by a geothermal heat source of
100 C. The result revealed that STORC has better net power out-
put when R407A refrigerant is used. Other interesting and useful
pieces of literature on ORC systems utilising geothermal sources
are those of Liu et al. [7], Mokhtari et al. [8], Sun et al. [9] and
Zare [10].

The low- and medium-temperature waste heat from plants
and industrial processes is being recovered and utilised by the
ORC system to generate electricity [11-13]. Mansoury et al.
[11] analyzed a two-stage ORC driven by waste heat recovered
from the exhaust gas and cooling water from an engine operating
under three modes. The authors carried out a parametric analysis
to ascertain how parameters affect the energetic and exergetic
performance of the system. Scardigno et al. [14] examined solar
thermal ORC systems and optimised the design parameters to
obtain maximum efficiencies (first and second law), and mini-
mum cost of energy. The study revealed that the R32-based
ORC system demonstrated higher performance over the R143a-
based system for energy efficiency but lower for second-law ef-
ficiency. The performance and power produced by the ORC are
directly affected by the system’s operating condition. Moloney
et al. [15] analyzed the effects of different turbine inlet temper-
atures and pressures on the performance of a supercritical ORC
system. In that investigation, the system’s first- and second-law
performance was assessed using various refrigerants, and the
system was optimised for maximum thermal and exergy effi-
ciencies, including net output power. Many researchers have re-
cently conducted parametric studies and optimization of ORC
systems to improve their thermodynamic performance [16-18].
Wang et al. [18] investigated the effect of an increase in turbine
inlet temperature on the ORC first- and second-law efficiencies,
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net output power, and turbine sizing factor. A parametric study
of the ORC was also performed using several hydrofluoroether
refrigerants (HFE7500, HFE7100 and HFE7000) at the same
operational conditions. Their results revealed that the HFE7000
showed better performance with regard to the first-law effi-
ciency and net output power. Li [16] analyzed the performance
of various ORC system configurations and computed the mass
flow rate requirement for a 30kW turbine work ORC system us-
ing the energetic and exergetic approaches. The assessment sug-
gested that the condenser temperature had a greater impact on
the system’s thermal efficiency than the evaporator temperature
and the exergy destruction appeared to be in the region of low
thermal efficiency.

The present study aims at utilising statistical methods for the
optimisation of the first- and second-law efficiencies of different
ORC system configurations. To effectively optimise the sys-
tem’s objective functions (performance or/and cost), the opti-
mum parameter combination and impact of weight of an indi-
vidual parameter must be established statistically. According to
the literature, the Taguchi technique and the analysis of variance
(ANOVA) method are widely used [19-21]. Bademlioglu et al.
[19] utilised the Taguchi and ANOVA methods to investigate
the optimum parameter combination and the impact of individ-
ual factors on the ORC thermal efficiency. In that study, the
evaporator temperature, evaporator’s pinch point temperature
difference, superheating temperature, condenser’s pinch point
temperature difference, condenser temperature, turbine and
pump isentropic efficiencies, and heat exchanger effectiveness
were selected as the operating parameters and their weight on
the cycle thermal efficiency were evaluated. The analysis con-
cluded that three parameters (evaporator and condenser temper-
ature, and turbine isentropic efficiency) account for 70% of the
total impact ratio, and the best and worst operating conditions
obtained produced a thermal efficiency of 18.1% and 9.6%, re-
spectively. In another study, Kumar and Karimi [21] used the
Taguchi and ANOVA techniques to obtain the optimum param-
eter combinations for optimising the energetic performance of
the ORC, and the level of importance of individual parameters.
Although these methods are well-established and widely used in
other areas [22-25], only a few studies have been published on
the application for ORC system performance improvement.

Whereas Taguchi and ANOVA techniques are deployed to
obtain statistically optimum performance of a system, they are
limited to linear objective functions and cannot determine the
optimum parameter combinations for multi-response perfor-
mance characteristics. Grey relational analysis (GRA) is another
statistical method capable of evaluating multiple objective func-
tions at the same time [20,27,28]. Bademlioglu et al. [20] per-
formed a multi-objective parametric optimisation of ORC using
the Taguchi-GRA method. In their study, the energetic and ex-
ergetic performance of the ORC were simultaneously optimised
statistically. The multi-response performance characteristic of
ORC was shown to be most influenced by the evaporator tem-
perature, turbine efficiency, the effectiveness of the heat ex-
changer and condenser temperature, with an impact ratio of
31.37%, 19.53%, 16.64% and 16.61%, respectively. The best
operating conditions for the multi-response performance of the
ORC were calculated as 18.1% and 65.52% for the first and sec-
ond-law efficiencies, respectively.

In the present study, parametric multi-response optimisation
of various ORC configurations is evaluated and a comparative
analysis is performed. The Taguchi-GRA statistical method is
utilised to simultaneously optimise the first and second-law ef-
ficiencies, the contribution ratio of individual parameters, and
the best parameter combination on the multi-response perfor-
mance characteristics of different ORC configurations. The
main contribution and benefit of this study can be summarized
as follows:

o Perform multi-objective performance optimisation of differ-
ent ORC configurations (SORC and DPORC) using statisti-
cal methods;

e Obtain the best parameter combination (operating condi-
tions) for the multi-response performance characteristics and
carry out a comparison of different ORC configurations;

e Investigate the impact of ORC configuration on the parame-
ter contribution ratio to the multi-response performance
characteristics of ORC.

2. Materials and methods

2.1. Description of system

Figures 1 and 2 show the schematic diagrams of the simple and
dual pressure ORCs, respectively, for geothermal heat source
utilization for electricity production. For the simple ORC
(Fig. 1), the organic refrigerant fluid leaving the condenser
(state 1) is compressed by the pump to the evaporator pressure
(state 2). The fluid enthalpy is then increased in the preheater
before entering the evaporator (state 3) as saturated liquid and
exiting from it (state 4) as a saturated vapour. Geothermal heat
is also used to superheat the saturated vapour in the superheater
(state 5). The working fluid then undergoes expansion to con-
denser pressure in the turbine (state 6) and it is cooled in the
condenser by the cooling water (state 7) into liquid (state 1).
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Fig. 1. Schematic diagram of simple ORC powered by
a geothermal heat source.

In the dual pressure ORC (Fig. 2), after the refrigerant is
pressurized in the low-pressure (LP) pump to LP evaporator
pressure (P,p) (state 2), the fluid flows through the preheater-1
where it is further heated and exits at P, saturated liquid tem-
perature (state 3). The refrigerant flow is then divided into two
parts. One part of the fluid is further compressed to high-pres-
sure (HP) evaporator pressure in the (HP) pump (state 3b), while
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Fig. 2. Schematic diagram of dual pressure ORC powered by
a geothermal heat source; LP — low pressure, HP — high pressure.

the other is transferred to the LP evaporator (state 3a). The high-
pressure fluid exiting the HP pump (state 5) is channelled
through preheater-2, where it absorbs heat before entering the
HP evaporator (stage 6). Saturated liquid at P_p temperature en-
ters the HP evaporator and exits as saturated vapour (state 7).
The fluid is further superheated before leaving the superheater
(state 8) to be expanded in the HP turbine. The refrigerant exit-
ing the HP turbine (state 9) mixes with the fluid from the LP
evaporator (state 4) and then undergoes turbine expansion in the
LP turbine (state 10). The working fluid vapour exiting the LP
turbine (state 11) is condensed in the condenser by cooling water
(state 12) into the liquid flow (state 1) exiting the condenser.
For the purpose of this study, to simplify the calculation, the
following assumptions were adopted:
e The entire system undergoes steady-state flow condi-
tions;
e Pressure drop and heat losses in the components are neg-
ligible;
e Changes in potential and kinetic energy are negligible;
e The range of values of parameters considered in the cur-
rent study is based on an extensive literature survey by
Bademlioglu et al. [20].

2.2. System modelling

Simple and dual-pressure ORC systems are modelled based on
an energy and exergy balance at the system’s component level.
The performance calculation of the physical properties of the
fluids utilised is achieved with the help of the Engineering Equa-
tion Solver (EES) [29].

2.2.1. Energy and exergy models

The mass and energy conservation relations, including the ex-
ergy balance equations for individual system components, are
expressed as follows [30,31]:

2 Mout, )
X Miphin + ch — X Mouehour — Vi/cv =0, 2

ZExin - ZExout + ZExheat +X VV] - ExD,] =0, (3)

Xy, =

where m represents mass flow rate, h is the specific enthalpy,
0., is the heat transferred and W, is the work rate. The quanti-
ties Ex and Ex, stand for exergy and exergy destruction, respec-
tively. Subscripts in and out refer to the inlet and outlet, respec-
tively. Subscripts heat and J pertains to the heat source and J-th
system component, respectively. The total exergy at each state
point is the summation of the physical and chemical exergies
when the potential and kinetic components are neglected. It can
be expressed as [30]:

Ex = Exyp + Exgp. 4)
The specific physical exergy is expressed as:
Expp = m[(h — ho) = To(s = so)], (®)

where so and hg are the entropy and enthalpy at the reference
state. The physical exergy determines the maximum useful work
that can be done when the system state changes from the specific
state (T, P) to the reference state (To, Po).

The net output power of the SORC and DPORC systems are
defined as follows, respectively:

Wnet,SORC = Wturb - I/i/pump: (6)

Whet,opore = Whp,y, + Wipgy) — (WHPpump + WLPpump)v

()

where Wy, is the power produced from the turbine and Wy,
is the pump running power. Subscripts HP and LP refer to high
pressure and low pressure, respectively.

The first-law (thermal) and second-law (exergy) efficiencies
of the SORC system are defined as, respectively:

__ Whet,sorC
NMensore = 6 (8)
IN
_ Whnetsorc
Nex,sorRC =~ — )
IN

and for the DPORC system, they are expressed as:

_ Wnet,DPORC
Nth,DPORC = “on (10)
IN
_ Wnet,DPORC
Nex,pPORC = — p — (11)
IN

where Q,y and E;y define the heat input and exergy input, re-
spectively, for the SORC and DPORC systems from the geo-
thermal heat source. The heat input Q,y is equal to Q, for SORC
(Fig. 1) and Q,, for DPORC (Fig. 2).

The exergy input is defined as follows:

_To
T]N)’
where T represents the temperature of the stream at that state.
The energy and exergy equations for each component of the
SORC and DPORC systems are shown in Table 1.

The thermodynamic models of SORC and DPORC systems
used in this study were initially validated against literature data

EIN = QIN( (12)
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[1,32-34]. The thermal efficiencies and evaporator and conden-  reveal a good agreement between the present results obtained
ser temperatures of the systems are compared with those ob-  with those published in the literature.
tained from the literature and are presented in Table 2. Results

Table 1. Energy and exergy destruction equations for individual components of the cycles.

Cycle Component Energy equations Exergy destruction relations
SORC MMy o(he — hyp) = 1y (hs — hy) . . . . .
system Superheater " . EXpe, o= (Exo + Exy) — (Exs + Exy0)
o QSupH =mygq (h9 - h10) P
mw,lo(hlo —hyy) = mf(h4 —h3) : . . . .
Evaporator ExDemp = (Ex10 + Ex3) — (Exy + Exyy)

Qevap = mw,lO (hlo - hll)
Wy hs — he
Newrb =7~ = 7 7 . . . .
Turbine YU ws hs — hg Exp ey = Exs — (Exg + Wigrp)
Wturb = mf(hs - hs)
mw,n(hu - h1z) = mf(h3 - hz)

Preheater . . EXDPreH = (Exu + Exz) — (Exs + Ex;5)
Qpren = M1 (hyy — hyp)
mw,s(hs - h7) = mf(hG - h1) 9 3 3 . .
Condenser . . Exp = (Exe + Ex;) — (Exy + Exg)
Qcona = me (he —hy) cond
T
Pump e Wa hy = hy ExDpump =(Ex; + M/pump) —Ex,
M'/pump = mf (hz - hl)
DPORC 1ty 14 (hag — hys) = 1y (hg — hy) . . . ) .
system Superheater EXpgypn = (Ex; + Exy4) — (Exg + Exyp)

QSupH = mf(hs - h7)
mw,15(h1s —hye) = mf(h7 —he)
Q.Hp,euap = mf (h; = he)

_ W4 _ hg — hg
WP Tubine 0 W Ba—hag Exop s = Exe — (Exo + Wip rurs)
Whp_turp = mf (hs — ho)
mw,m(hm —hyy) = mf(hs —hs)
QPTEHZ = mf(hs —hs)
NHP_pump = s = m 5 . . .
HP Pump Wa  hs—hsp EXpyp pump = EX3p + Whp pump) — EXs

Whp_pump = 1y (hs — h3yp)

mw,17(h17 - h18) = mf(h4 - h3a)

HP Evaporator E.xDHPJmp = (Exls + Exs) — (Exy6 + Ex;)

Preheater 2 EXpp, oy, = (Ex16 + Exs) — (Ex;7 + Exg)

LP Evaporator . . EXDLP_EWZ, = (Exy7 + Exs,) — (Exy + Exyg)
QLP_evap =ms (hy — h3a)
n Wy hio — hyy
turb — T : q q n
LP Turbine wg  hio = hygs EXDLP_mrb = Exyo — (Ex11 + Wip turp)

WLP_turb = mf (h1o - h11)
mw,w(hw - h19) = mf(h3 - hz)
QPreHl = mf (hz —hy)

W  hys—hy

Preheater 1 ExDPreHl = (Ex18 + Exz) — (Ex3 + Exyo)

e =y "y = hy

LP Pump ExDLp_pump = (Exl + WLP_pump) - Exz
WLP_pump = mf (hz - hl)
mcw(hm - hlZ) = mf(hll - h1) . . . . .
Condenser EXpona = (Exyp + Ex;1) — (Exy + Exy3)

Qcond = mf(hll - hl)
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Table 2. Validation of parameters and cycle efficiencies.

Performance SORC
parameters Isobutane R245fa
for SORC/ Ref. Present Error Ref. Present
DPORC [33] study % [34] study
Tsar np - - - - -
Tsae 1p 96.53 96.53 0.00 112.9 112.9
Pyp - - - - -
P;p 1861.4 1859 -0.128 1670 1672
Typ - - - - -
myp 82.53 82.92 +0.472 181.8 182
Nen 10.00 10.21 +2.10 12.17 12.31
TNsys 5.97 6.052 +1.373 8.064 8.060
Woer 32699 3324  +1.654 5294 5301

2.3. Methodology
2.3.1. Taguchi optimisation and analysis of S/N ratio

Taguchi optimisation is a design of experiment (DOE) technique
that proposes an efficient approach to solving design problems
and uses analysis of variance (ANOVA) to rank the order of im-
portance of different factors for a given target function. In the
present work, the Taguchi—Grey relational method is applied to
simple ORC (SORC) and dual pressure ORC (DPORC) to opti-
mise the parameter factors and levels and determine their order
of importance for different ORC configurations.

Figure 3 shows a flow chart representing the application of
Taguchi—Grey relational analysis for parametric optimisation of
different ORC configurations. In this work, the performance
characteristics for the first (N = 1) ORC configuration are ini-
tially calculated to obtain the cycle thermal and exergy efficien-
cies. Different control parameters, levels, and objective func-
tions for the considered ORC configuration are identified. The
orthogonal array table for the optimum trial runs is selected
based on the number of parameters (factors), levels, and the total
degree of freedom (DOF), which is the summation of each pa-
rameter’s degree of freedom (DOF). For the SORC, Table 3
shows the number of factors and levels used for the analysis.
Since there are eight factors with three levels, the total DOF
is 25, which is the individual DOF number for each factor of
each factor level minus one [20,35]. Therefore, the orthogonal
array of L27 (38) is used for SORC analysis as shown in Tables
4 and 5. The results from each run, which are the first- and sec-
ond-law efficiencies of the cycles, are transformed into the S/N
ratios. The purpose of the S/N ratio calculation is to estimate the
effect of the noise factors on the response and minimize that ef-
fect. There are three performance characteristics for calculating
the S/N ratios; the lower is better, the nominal is best, and the
higher is the better criteria [36]. Since the study seeks the maxi-
mization of both target functions (the first- and second-law effi-
ciencies), the S/N ratio of higher is better (HB) is selected for
this analysis:

S/Nyg = —10log (331, 1/y?), (13)

Error
%

0.00

+0.119
+0.110
+1.150
-0.049
+0.132
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Ref.
[34]
113.3
76.60
2530
1230
62.90
32.80
10.22
7.066
3871

DPORC
Isobutane R245fa
Present Error Ref. Present
study % [34] study
113.3 0.00 133.9 133.9
76.60 0.00 86.80 86.8
2525 -0.197 2520 2516
1251 +1.707 935 935
62.96 +0.095 141.7 142.4
32.62 -0.548 62.20 62.10
10.23 +0.097 12.51 12.25
7.032 -0.481 9.306 9.092
3865 -0.154 6108 5984
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Table 3. SORC and DPORC parameters and levels in the analysis.

SORC DPORC Parameters
A A Working fluid
B B AN s
C C ATpp,cand
D D ATy
E E Tevap
F F Tcond
G G Neurd
H H r]pump

J TLP,evap

where n refers to the number of cases, and y; indicates the value
of results for the i-th performance calculations.

The analysis of variance (ANOVA) is a good statistical tool
for determining the contribution ratio to individual control pa-
rameters in the target functions. It is used alongside the Taguchi
method to determine the contribution ratio and rank each param-
eter’s significance.

2.3.2. Grey relational analysis

The Taguchi method is incapable of accurately determining the
impact of parameters on multi-objective functions at the same
time. Therefore, the grey relational analysis (GRA), which is
more appropriate for achieving more than one target function
simultaneously, is adopted in this study. There are six steps, as
indicated in Fig. 3, and they enable the transformation of multi-
response optimisation problems into single-response optimisa-
tion problems. The procedure begins with normalizing the anal-
ysis results of the target responses between the ranges of 0 and
1, also called grey relational generating.

The three common normalization procedures used are higher
is better (HB), nominal is best (NB), and lower is better (LB)
[26]. Since the aim of this study is the simultaneous maximiza-
tion of the first- and second-law efficiencies, the HB criterion is
selected as given:

x{ (k)—min x{ (k)

max x? (k)— min x{ (k)’

yi(k) =

(14)

where yi(k) refers to the normalised value of the response result,
x? is the optimum value, and max x? (k) and min x/ (k) repre-
sent the maximum and minimum values of x{ (k), respectively.

After the identification coefficient ¢ has been selected, the
grey relational coefficient (&) is then computed using equations:

_ Amint PAmax
50 = 5060+ amar 15)
Boi (k) = yo (k) — yi(K), (16)
Amax = maxmax (yo (k) —; (k)), (17)

Levels
1 2 3
HFE7000 R245fa R141b
0 10 15
0 5 10
0 5 10
110 130 150
30 35 40
0.75 0.8 0.85
0.75 0.8 0.9
75 80 85

Bmin = minmin (3, (6) = ;(6)), (18)

VjEi V

where yo(Kk) is the reference sequence, yi(k) is the comparative
sequence, and Ao; is the difference between yo(k) and yi(k). Quan-
tities Amin and Amax are the minimum and maximum values of Ao,
respectively. The value of the identification coefficient is in the
range 0 < ¢ < 1 and is generally taken as 0.5. Grey relational
coefficient (&) indicates the correlation between the target and
actual normalized values [26].

Each factor/parameter of the objective function is weighted
based on the degree of its influence on the first- and second-law
efficiencies. For each response, the difference between the max-
imum and minimum values of each parameter’s S/N ratio is
known as Delta (see the fourth row in Table 5 and the fifth row
in Table 7). The sum of the values of Delta for each parameter
of each response is obtained (see the fifth row in Table 5 and the
sixth row in Table 7). Then the weight factor is calculated as the
ratio of the sum of the values of Delta from each parameter to
the total value of Delta of the entire responses (see the seventh
row in Tables 5 and 7) in accordance with the expression [37]:

4 i,
2j=1 Delta;j

W, = ——————
t Z?:llz:?zl Deltaij’

(19)
where p is the number of parameters and m is the number of
responses.

Finally, the grey relational grade (y;) for different weight fac-
tors, which indicates the degree of the relationship between the
reference and comparative sequences is calculated. Since this
study aims to maximize the first- and second-law efficiencies,
the best result will correspond to the maximum grey relational
grade.

The total grey relational grade for a given weight factor is
expressed as follows:

vi =5 Zieawiedi(k), (20)

where n is the number of runs, wy is the weight factor for k-th
performance characteristics.
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3. Results and discussion

As aforementioned, this work investigates the multi-parameter
performance optimisation of SORC and DPORC, while simul-
taneously accounting for both the thermal and exergy efficien-
cies. The main aim of this work is to establish the order of im-
portance and optimised parameter combination for both SORC
and DPORC configurations and compare the results. The
Taguchi method provides a quantitative impact of individual pa-
rameters on the cycle performance. The grey relational analysis

(GRA) is then deployed for the optimisation of parameters af-
fecting the cycles with multi-objective functions, such as ther-
mal and exergy efficiencies. The parameters and levels of the
SORC and DPORC are presented in Table 3. The L27 (3%) and
L27 (3% orthogonal arrays were designed for a standard three-
level orthogonal array with 8 and 9 variables for SORC and
DPORC, respectively. Tables 4 and 5 show 27 different cases
with various combinations of factors in the orthogonal array.
The analysis calculates the first- and second-law efficiencies for
these cases, which are then transformed into S/N ratios, as
shown in Tables 4 and 5.

Table 4. SORC L27 orthogonal array with their first and second-law efficiencies and S/N ratios.

Parameters
A B C D E F G H Results S/N Ratio
Cases Levels Ntn Nex Nt Nex
1 1 1 1 1 1 1 1 1 11.53 62.11 -18.763 -4.137
2 1 1 1 1 2 2 2 2 12.99 59.82 -17.728 -4.463
3 1 1 1 1 3 3 3 3 14.20 58.45 -16.985 -4.664
4 1 2 2 2 1 1 1 2 10.84 60.63 -19.299 -4.346
5 1 2 2 2 2 2 2 3 12.37 58.52 -18.153 -4.654
6 1 2 2 2 3 3 3 1 13.35 57.03 -17.490 -4.878
7 1 3 3 3 1 1 1 3 10.16 59.23 -19.862 -4.549
8 1 3 3 3 2 2 2 1 11.56 57.14 -18.741 -4.861
9 1 3 3 3 3 3 3 2 12.74 55.80 -17.897 -5.067
10 2 1 2 3 1 2 3 1 12.40 53.60 -18.132 -5.417
11 2 1 2 3 2 3 1 2 11.82 50.83 -18.548 -5.878
12 2 1 2 3 3 1 2 3 15.33 51.02 -16.289 -5.845
13 2 2 3 1 1 2 3 2 11.63 57.31 -18.688 -4.835
14 2 2 3 1 2 3 1 3 11.17 54.70 -19.039 -5.240
15 2 2 3 1 3 1 2 1 14.07 55.14 -17.034 -5.171
16 2 3 1 2 1 2 3 3 13.26 55.11 -17.549 -5.175
17 2 3 1 2 2 3 1 1 12.36 52.04 -18.159 -5.673
18 2 3 1 2 3 1 2 2 15.76 52.35 -16.065 -5.622
19 3 1 3 2 1 3 2 1 10.85 49.55 -19.291 -6.099
20 3 1 3 2 2 1 3 2 15.47 50.55 -16.210 -5.926
21 3 1 3 2 3 2 1 3 14.49 47.90 -16.779 -6.393
22 3 2 1 3 1 3 2 2 12.49 48.88 -18.069 -6.217
23 3 2 1 3 2 1 3 3 17.12 50.33 -15.329 -5.963
24 3 2 1 3 3 2 1 1 15.72 47.31 -16.071 -6.501
25 3 3 2 1 1 3 2 3 11.70 50.86 -18.636 -5.872
26 3 3 2 1 2 1 3 1 16.18 51.67 -15.820 -5.735
27 3 3 2 1 3 2 1 2 15.01 48.75 -16.472 -6.241
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Table 5. DPORC L27 orthogonal array with their first and second-law efficiencies and S/N ratios.

Parameters
A B C D E E G H J Results S/N Ratio
Case Levels Ntn Nex Nen Nex
1 1 1 1 1 1 1 1 1 1 11.14 58.10 -19.062 -4.716
2 1 1 1 1 2 2 2 2 2 11.99 58.46 -18.424 -4.662
3 1 1 1 1 3 3 3 3 3 11.94 59.77 -18.460 -4.470
4 1 2 2 2 1 1 1 2 2 10.30 57.62 -19.743 -4.788
5 1 2 2 2 2 2 2 3 3 10.91 58.57 -19.244 -4.646
6 1 2 2 2 3 3 3 1 1 8.382 62.34 -21.533 -4.104
7 1 3 3 3 1 1 1 3 3 9.627 57.09 -20.330 -4.868
8 1 3 3 3 2 2 2 1 1 8.938 59.67 -20.975 -4.484
9 1 3 3 3 3 3 3 2 2 7.179 63.83 -22.879 -3.899
10 2 1 2 3 1 2 3 1 2 11.76 50.83 -18.592 -5.877
11 2 1 2 3 2 3 1 2 3 10.63 49.97 -19.469 -6.025
12 2 1 2 3 3 1 2 3 1 11.98 50.76 -18.431 -5.889
13 2 2 3 1 1 2 3 2 3 11.01 53.18 -19.164 -5.485
14 2 2 3 1 2 3 1 3 1 9.009 52.35 -20.907 -5.621
15 2 2 3 1 3 1 2 1 2 10.40 52.57 -19.659 -5.585
16 2 3 1 2 1 2 3 3 1 12.11 51.62 -18.337 -5.743
17 2 3 1 2 2 3 1 1 2 10.16 50.54 -19.862 -5.927
18 2 3 1 2 3 1 2 2 3 11.23 51.05 -18.992 -5.840
19 3 1 3 2 1 3 2 1 3 10.09 46.24 -19.922 -6.699
20 3 1 3 2 2 1 3 2 1 12.38 47.43 -18.146 -6.478
21 3 1 3 2 3 2 1 3 2 9.545 45.54 -20.405 -6.832
22 3 2 1 3 1 3 2 2 1 11.02 45.80 -19.156 -6.782
23 3 2 1 3 2 1 3 3 2 13.95 47.70 -17.109 -6.429
24 3 2 1 3 3 2 1 1 3 10.54 45.48 -19.543 -6.843
25 3 3 2 1 1 3 2 3 2 10.40 46.64 -19.659 -6.624
26 3 3 2 1 2 1 3 1 3 13.21 48.02 -17.582 -6.371
27 3 3 2 1 3 2 1 2 1 7.719 44.56 -22.249 -7.021

To ensure the integrity of this study for both first and second-  ranking (order of significance) on the SORC’s first- and second-
law analysis, the response table with average S/N ratios, the rank  law efficiencies. The order of importance of parameters with re-
or order of importance of the parameters, and the graphs show-  gard to the first-law (thermal) efficiency is Tevap > working fluid
ing the parameter contribution ratios for SORC and DPORC are > Tcond > #turb > A Tpp, cond > Hpump > A Tppevap > ATsh, and for the
presented. Table 6 shows the average S/N ratios and parameter

Table 6. SORC average S/N ratios for the first and second-law efficiencies.

Parameters First-law efficiency
Levels A B C D B F G H
1 -18.32 -17.64 -17.19 -17.69 -18.70 -17.19 -18.11 -17.72
2 -17.72 -17.69 -17.65 -17.67 -17.53 -17.59 -17.78 -17.66
3 -16.96 -17.69 -18.17 -17.66 -16.79 -18.23 -17.12 -17.62
Delta (max-min) 1.36 0.05 0.98 0.03 1.91 1.05 0.99 0.10
Rank 2 7 5 8 1 3 4 6
Z Delta 6.47
Weight 68.66%

Second-law efficiency
Levels A B C D E F G H
1 -4.624 -5.425 -5.380 -5.151 -5.183 -5.255 -5.440 -5.386
2 -5.428 -5.312 -5.430 -5.418 -5.377 -5.393 -5.423 -5.399
3 -6.105 -5.422 -5.349 -5.589 -5.598 -5.510 -5.296 -5.373
Delta (max-min) 1.481 0.113 0.080 0.438 0.415 0.255 0.144 0.026
Rank 1 6 7 2 3 4 5 8
Z Delta 2.95
Weight 31.33%
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Table 7. SORC ANOVA table for first- and second-law efficiency.

Parameters DOF SS mMS F Contribution, % DOF SS MS F Contribution, %
First-law efficiency Second-law efficiency
A Working fluid 2 8.3589 4.17944 474.60 21.34 2 9.8930 4.94649 8641.24 82.01
B ATppyemp 2 0.0160 0.00798 0.91 0.04 2 0.0745 0.03726 65.09 0.62
C ATy cona 2 43294 | 216470 | 245.82 11.06 2 0.0297  0.01484 25.92 0.25
D ATgy 2 0.0031  0.00157 0.18 0.01 2 0.8767  0.43836  765.80 7.27
E Tovap 2 16.7349 = 8.36746 | 950.18 42.73 2 0.7754  0.38768 677.25 6.43
F - 2 5.0378 | 251890 | 286.04 12.86 2 0.2935 0.14675 256.37 2.43
G Newrb 2 4.5500 2.27499 258.34 11.62 2 0.1116 0.05578 97.45 0.92
H Npump 2 0.0437 0.02183 2.48 0.11 2 0.0031 0.00156 2.73 0.03
Error 10 0.0881 | 0.00881 0.22 10 0.0057  0.00057 0.05
Total 26 39.1618 100.00 26 12.0632 100.00
second-law (exergy) efficiency it is Working fluid > ATsy > Tevap
> > > > > i
Tcond Thurb ATpp,e-vap Zﬂjpp,cond 7’];.)ump, as ShOWﬂ in Table 6. Main Effects Plot for SN ratios
After the Taguchi analysis, analysis of variance (ANOVA) Data Means
is performed to determine the contribution ratios of the parame- aso—2 : < ® : . ¢ "
ters, and for the first-law efficiency, the parameters with the o g
highest influence are found to be the evaporator temperature (E),
. . . - 8 -5
working fluid (A), condenser temperature (F) and turbine effi- 3 " "
ciency (G), with contribution ratios of 42.73%, 21.34%, 12.73% § = el g g e | P
. - ° . L o . 2 d
and 11.62%, respectively, as presented in Table 7. The study § = ; E o
=

concludes that the findings from the Taguchi and ANOVA
methods are compatible with each other.

From Fig. 4, the optimum operating conditions are deter-
mined as working fluid = R141b (As), ATppevap = 0°C (By),
ATpp, cond = 0°C (C1), ATsy = 10°C (Ds3), Tevap = 150°C (Es),
Teond = 30°C (F1), b = 85% (G3) and #pump = 90% (Hs), and
under these conditions, the first-law efficiency of SORC is com-
puted as 18.78%.

Similarly, the most effective parameters influencing the sec-
ond-law efficiency of SORC are determined as working fluid,
degree of superheating, evaporator temperature, and condenser
temperature, with contribution ratios of 82.01%, 7.27%, 6.43%

Main Effects Plot for SN ratios
Data Means
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Fig. 4. Effect of each parameter on SORC first-law efficiency.
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Fig. 5. Effect of each parameter on SORC second-law efficiency.

and 2.43%, respectively, as shown in Table 6. The optimum op-
erating conditions for the second-law efficiency objective func-
tion of SORC are determined as working fluid = HFE7000 (A1),
ATppevap = 5°C (Bz), ATpp, cond = 10°C (Ca), ATsy = 0°C (Dl),
Tevap = 110°C (E1), Teond = 30°C (F1), 7w = 85% (Gs) and
npump = 90% (Hs), as presented in Fig. 5. For these conditions
(A1 B2 C3 D1 E1 F1 G3 Hg), the second-law efficiency is calcu-
lated as 65.09%, which is clearly higher than the efficiencies of
cases 1-27 (see Table 4). The contribution ratio or importance
level of the different parameters on the target objective function,
as determined by the ANOVA method, is presented in Table 6.
It can be observed that the Taguchi and ANOVA methods are in
complete agreement as regards the order of importance of the
parameters. Indicating that the working fluid has the highest in-
fluence on the exergy efficiency with about 82.01%, 4TsH, Tevap,
and Teong have a total effect of 16.13%, and other parameters cu-
mulatively account for 1.86% of the exergy efficiency.
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Table 8. DPORC average S/N ratios for the first- and second-law efficiencies.

Parameters First-law efficiency
Levels A B C D E F G H J
1 -20.07 -18.99 -18.77 -19.46 -19.33 -18.78 -20.17 -19.64 -19.87
2 -19.27 -19.56 -19.61 -19.58 -19.08 -19.66 -19.38 -19.80 -19.59
3 -19.31 -20.10 -20.27 -19.61 -20.24 -20.21 -19.09 -19.21 -19.19
Delta (max-min) 0.80 1.11 1.49 0.15 1.16 1.42 1.09 0.59 0.68
Rank 6 4 1 9 3 2 5 8 7
Z Delta 8.49
Weight 71.62%

Second-law efficiency
Levels A B C D E F G H J
1 -4.516 -5.739 -5.713 -5.618 -5.732 -5.663 -5.849 -5.623 -5.649
2 -5.777 -5.588 -5.706 -5.673 -5.628 -5.733 -5.691 -5.665 -5.625
3 -6.676 -5.642 -5.551 -5.678 -5.610 -5.573 -5.429 -5.681 -5.695
Delta (max-min) 2.160 0.152 0.162 0.060 0.122 0.160 0.421 0.057 0.069
Rank 1 5 3 8 6 4 2 9 7
Z Delta 3.363
Weight 28.37%

The Taguchi and ANOVA results of the DPORC system’s
parameters importance level are displayed in Tables 8 and 9, re-
spectively. Result analysis indicates that the order of parameter
influence on the DPORC first-law (thermal) efficiency is
ATPPYCOHd > Teond > Tevap > ATpp,evap > Nwrb > Working fluid > TLP,evap
> npump > ATsh, and for the second-law (exergy) efficiency is
working fluid > Tturb > ATpp,cond > Teond > ATpp,evap > Tevap > TLP,evap
> ATsH > npump, @S Shown in Table 8.

Table 9. DPORC ANOVA table for first- and second-law efficiency.

As presented in Table 9, the parameters with the most sig-
nificance on the first-law efficiency performance are
ATpp.cond (C), Teond (F) and Tevap (E), With contribution ratios of
21.61%, 19.83% and 14.36%, respectively. For the second-law
(exergy) efficiency, the parameters with significant influence
are the working fluid (A) and turbine efficiency (G), with con-
tribution ratios of 93.53% and 3.58%, respectively, and the other
parameters cumulatively accounting for about 2.89%.

Parameters DOF SS Ms F Contribution, % DOF SS MS F Contribution, %
First-law efficiency Second-law efficiency

A Working fluid 2 3.696 1.8483 7.93 7.92 2 21.196 10.5981 585.55 93.53
B ATm,_e,,ap 2 5.508 2.7542 11.81 11.81 2 0.106 0.0531 2.94 0.47
C ATy cona 2 10.088 5.0441 21.63 21.61 2 0.151 0.0756 4.18 0.67
D ATsy 2 0.106 0.0530 0.23 0.23 2 0.020 0.0102 0.56 0.09
E Tevap 2 6.701 3.3503 14.37 14.36 2 0.078 0.0392 2.17 0.35
F Teond 2 9.254 4.6274 19.85 19.83 2 0.116 0.0580 3.20 0.51
G Newrb 2 5.668 2.8442 12.15 12.15 2 0.811 0.4058 22.42 3.58
H Thomvszzro 2 1.688 0.8442 3.62 3.62 2 0.015 0.0079 0.44 0.07
J Topevap 2 2.084 1.0422 4.47 4.47 2 0.022 0.0111 0.62 0.10

Error 8 1.865 0.2331 4.00 8 0.144 0.0181 0.64

Total 26 46.661 100.00 26 22.662 100.00
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Main Effects Plot for SN ratios
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Fig. 6. Effect of each parameter on DPORC first-law efficiency.

The optimum operating condition of the DPORC system for
maximum thermal and exergy efficiencies can be determined
from Figs. 6 and 7, respectively. It is observed that the operating
conditions of working fluid = R245fa (Az), ATppevap = 0°C (Ba),
ATgpeond = 0°C (C1), ATsy = 0°C (D1), Tevap = 130°C (E2),
Teond = 30°C (F1), b = 85% (G3) and #pump = 90% (Hs), and
Tipevap = 85°C (J3) produced the optimum first-law efficiency,
and the operating conditions of working fluid = HFE7000 (A1),
ATopevap = 10°C (B2), ATppcond = 10°C (Cs), ATsw = 0°C (Dy),
Tevap = 150°C (E3), Teonda = 40°C (F3), 7w = 85% (Gs) and

Main Effects Plot for SN ratios
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Fig. 7. Effect of each parameter on DPORC second-law efficiency.

fpump = 75% (H1), and Tip evap = 80°C (J2) produced the optimum
exergy efficiency of the DPORC system, as shown in Figs. 6 and
7, respectively. For the condition (A;B1CiD1E2F1G3H3Js) the
thermal efficiency is calculated as 14.64%, and for
(A1B2C3D;E3F3GsH1J2) the exergy efficiency is computed as
63.08%.

Up to this point in the analysis, the first- and second-law ef-
ficiencies have been optimised separately. However, to carry out
the multi-response performance optimization, the grey relational

Table 10. Normalized results, grey relational coefficients, grey relational grade and order.

SORC
Case Normalized results Grey rgléuonal Gr.ey
coefficients relational

Ntn Nex MNtn Nex grade
1 0.1968 1.0000 0.3837 1.0000 0.5767
2 0.4066 | 0.8453 0.4573 | 0.7637 0.5532
3 0.5733 | 0.7527 0.5395 | 0.6691 0.5800
4 0.0977 | 0.9000 0.3566 | 0.8333 0.5059
5 0.3132  0.7574 0.4213 | 0.6733 0.5002
6 0.4583 | 0.6568 0.4800 | 0.5930 0.5154
7 0.0000 = 0.8054 0.3333 | 0.7198 0.4544
8 0.2011 | 0.6642 0.3849 | 0.5982 0.4517 20
9 0.3707  0.5736 0.4428 | 0.5397 0.4731
10 0.3218 0.4250 0.4244 0.4651 0.4371 21
11 0.2385 = 0.2378 0.3964 | 0.3961 0.3963 25
12 0.7428 | 0.2507 0.6603 | 0.4002 0.5787
13 0.2112  0.6757 0.3880 = 0.6066 0.4564
14 0.1451 | 0.4993 0.3690 | 0.4997 0.4099 23
15 0.5618 = 0.5291 0.5329 | 0.5150 0.5272
16 0.4454 0.5270 0.4741 0.5139 0.4865
17 0.3161 = 0.3196 0.4223 | 0.4236 0.4227 22
18 0.8003 | 0.3405 0.7146 | 0.4312 0.6257
19 0.0991 @ 0.1514 0.3569 | 0.3708 0.3612 27
20 0.7629 | 0.2189 0.6783 | 0.3903 0.5880
21 0.6221  0.0399 0.5695 | 0.3424 0.4983
22 0.3348 | 0.1061 0.4291 | 0.3587 0.4070 24
23 1.0000 = 0.2041 1.0000 @ 0.3858 0.8075
24 0.7989 | 0.0000 0.7132 | 0.3333 0.5941
25 0.2213 | 0.2399 0.3910 | 0.3968 0.3928 26
26 0.8649 | 0.2946 0.7873 | 0.4148 0.6705
27 0.6968 @ 0.0973 0.6225 | 0.3565 0.5391

Order

DPORC
. Grey relational Grey
LS BN coefficients relational Order
Nt Nex Ntn Nex grade
0.5850 0.7026  0.5464 0.6270 0.5692 8
0.7105 0.7213  0.6333 0.6421 0.6357 4
0.7031 0.7893  0.6274 0.7035 0.6489 3
0.4609 0.6777  0.4812 0.6081 0.5172 14
0.5510 0.7270  0.5269 0.6468 0.5609 9
0.1777 0.9227  0.3781 0.8661 0.5165 15
0.3615 0.6502  0.4392 0.5884 0.4815 18
0.2598 0.7841  0.4032 0.6984 0.4869 16
0.0000 1.0000  0.3333 1.0000 0.5224 11
0.6766 0.3254  0.6072 0.4257 0.5556 10
0.5097 0.2807  0.5049 0.4101 0.4780 20
0.7091 0.3217  0.6322 0.4243 0.5732 7
0.5658 0.4473  0.5352 0.4750 0.5181 13
0.2703 0.4043  0.4066 0.4563 0.4207 25
0.4757 0.4157 0.4881 0.4611 0.4804 19
0.7283 0.3664 06479 0.4411 0.5892 6
0.4403 0.3103 0.4718 0.4203 0.4571 21
0.5983 0.3368  0.5545 0.4298 0.5191 12
0.4299 0.0872  0.4672 0.3539 0.4350 24
0.7681 0.1489  0.6832 0.3701 0.5943 5
0.3494 0.0509  0.4346 0.3450 0.4091 26
0.5673 0.0644  0.5361 0.3483 0.4828 17
1.0000 0.1629  1.0000 0.3739 0.8223 1
0.4964 0.0477  0.4982 0.3443 0.4545 22
0.4757 0.1079  0.4881 0.3592 0.4515 23
0.8907 0.1796  0.8206 0.3787 0.6952 2
0.0798 0.0000  0.3521 0.3333 0.3467 27
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Table 11. SORC response table for grey relational grade.

Parameters

Levels A B C D E F G H

1 -5.845 -6.016 -5.184 -5.748 -6.953 -4.653 -6.306 -6.057
2 -6.434 -5.778 -6.070 -6.112 -5.697 -6.029 -6.357 -6.030
3 -5.628 -6.113 -6.654 -6.047 -5.257 -7.225 -5.243 -5.820
Delta 0.806 0.336 1.470 0.365 1.696 2.572 1.114 0.237
Rank 5 7 3 6 2 1 4 8

Table 12. SORC ANOVA table for grey relational grade.

Parameters DOF SS MS F Contribution, %

A Working fluid 2 3.1352 1.5676 13.43 4.71

B ATy evap 2 0.5360 0.2680 2.28 0.81

C ATy cona 2 9.8603 4.9301 41.96 14.81

D ATsy 2 0.6800 0.3400 2.89 1.02

E Topap 2 13.9512 6.9756 59.37 20.96

F Toond 2 29.8167 14.9084 126.88 44.79

G Newrd 2 7.1188 3.5594 30.29 10.69

H Mpump 2 0.3031 0.1515 1.29 0.46

Error 10 1.1750 0.1175 1.76
Total 26 66.5762 100.00

analysis (GRA) method is utilised to linearize the first and sec- Main me%;:m ::s' SN ratios
ond-law efficiency target functions to a single multi-response . . - 5 - S . .
performance function. As mentioned previously, the GRA i '
method optimises the operating condition to obtain maximum 50 ‘
first- and second-law efficiencies, simultaneously. The proce- 2 ! 4 !
dure for the GRA method is implemented as illustrated in the =N, 1| A . f 2
flowchart in Fig. 3, and the results, including order of im- B \ /YN N | % o
portance, are shown in Table 10. The calculation of the weight $. Y \ -
factor of each target function (first- and second-law efficiency) . ! ‘
has a strong effect in determining a realistic result of the multi- & 5
response performance and the grey relational grade (GRG). 5
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Based on Eq. (16), the weight factors of the first- and second-
law efficiencies are 68.66% and 31.33% for SORC, and 71.62%
and 28.37% for DPORC, respectively, as shown in Tables 6 and Fig. 8. Effect of each parameteron the multi-response characteristics
8. Therefore, the equation of the grey relational grade (GRG) for SORC system.

based on their weight factors for the SORC and DPORC systems
can be expressed as, respectively:

Signal-to-noise: Larger is better

Main Effects Plot for SN ratios
Data Means

GRGspre = 0.6866GRC,,, o1 + 0.3133GRC;, ¢/ ncs (21) » : c o ;
GRGppore = 0.7162GRCy,, poone + 0-2837GRC,, 0o - (22) ol * - N PR
2 g .

where GRCTIth,SORc’ GRCTlex,SORc’ GRCﬂth,DPORc' GRCﬂex,DPORC .;,h ==
represent the first- and second-law efficiency’s grey relational a £ e *
coefficients (GRCs) for SORC and DPORC systems, respec- 2wl 8
tively. - . e

The variation in grey relational grade (GRG) for the different e
multi-response performance cases (1 — 27) of the SORC and e T T
DPORC systems is illustrated in Table 10. It can be observed Signal-to-noise: Larger s better
that case 23 (AsB.CiD3EF1GsHs) and case 19
(AsB1C3D2E1FsGzH;:) for the SORC system, and case 23 Fig. 9. Effect of each parameter on the multi-response characteristics
(A3B,C1D3E;F1G3H3lz) and case 27 (AsB3Cz D1EsF2G1H2J1) for for DPORC system.
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the DPORC system, have the maximum and minimum values of
GRG among cases 1 — 27, respectively.

From Figs. 8 and 9, the optimum parameter combinations for
maximum first- and second-law efficiency (multi-response per-
formance) for the SORC system are determined as working fluid
= R141b (As), ATppevap = 10°C (B2), ATppcond = 0°C (Co),
ATsi=0°C (D1), Tevap = 150°C (Es3), Tcona = 30°C (Fu),
Hurb = 85% (G3) and #pump = 90% (Hs), and for the DPORC sys-
tem as working fluid = HFE7000 (A1), 4Tppevap = 0°C (Ba1),
ATppycond = OOC (Cl), ATSH = 100C (DS), Tevap = 1300C (EZ),
Tcond = 3OOC (Fl), Hturb = 85% (G3) and Hpump = 90% (H3), and
Tipevap = 80°C (J,). The first- and second-law efficiencies are
calculated as 18.64% and 51.69% for SORC and 13.17% and
57.33% for DPORC, respectively, within these optimum condi-
tions for the multi-response performance characteristics.

Furthermore, the response table for the grey relational grade

Table 13. DPORC response table for grey relational grade.

(GRG) of SORC and DPORC systems is generated to determine
the importance level of each parameter. For the SORC system,
the order of importance of parameters is Tcond (44.79%) >
Tevap (20.96%) > ATpp,cond (14.81%) > 5w (10.69%) > working
fluid (4.71%) > ATsw (1.02%) > ATppevap (0.81%) >
7pump (0.46%), and the ANOVA results of the GRG of SORC are
presented in Table 11 and 12. The order of importance of pa-
rameters for the multi-response performance characteristics of
the DPORC System |S nturb > Tcond > ATppycond > Tevap > WOI‘kIng
ﬂUId > ATpp,evap > V]pump > TLPyevap > ATSH, as ShOWI’] |n Table 13,
and with contribution ratios of 44.79%, 20.96%, 14.81%,
10.69%, 4.71%, 1.02%, 0.81% and 0.46%, respectively (Ta-
ble 14).

A comparison of parameter contribution ratios to the multi-
performance characteristics for SORC and DPORC systems is
shown in Figs. 10 and 11, respectively.

Parameters
Levels A B C D E F G H J
1 -5.257 -5.383 -4.950 -5.717 -5.871 -4.805 -6.835 -5.822 -5.987
2 -5.893 -5.662 -5.789 -5.899 -5.035 -6.048 -5.841 -5.907 -5.549
3 -5.961 -6.066 -6.373 -5.496 -6.205 -6.259 -4.436 -5.383 -5.576
Delta 0.704 0.683 1.423 0.403 1.170 1.454 2.399 0.524 0.437
Rank 5 6 3 9 4 2 1 7 8
Table 14. DPORC ANOVA table for grey relational grade.
Parameters DOF SS MS F Contribution, %
A Working fluid 2 2.7170 1.3585 8.17 4.35
B ATy evap 2 2.1208 1.0604 6.38 3.40
C ATy cona 2 9.2062 4.6031 27.68 14.75
D ATgy 2 0.7335 0.3668 2.21 1.18
E e 2 6.5366 3.2683 19.66 10.47
F Teond 2 11.1119 5.5559 33.41 17.80
G Newrd 2 26.1531 13.0766 78.64 41.90
H Npump 2 1.4245 0.7123 4.28 2.28
J Tipevap 2 1.0819 0.5409 3.25 1.73
Error 8 1.3302 0.1663 2.13
Total 26 62.4158 100.00
1.8% - Error 2.1% - Error

0.5% (H) - n_pump
\l 4.7% (A) - Working fluid

10.7% (G) - n Turb’ 0.8% (B) - AT_(pp,evap)
A : / 14.8% (C) - AT_(pp.cond)
il ’ 1% (D) - AT_SH
{a =3

21% (E)- T_evap

Fig. 10. Contribution ratio of each parameter to multi-response
characteristics of SORC.

4. Conclusions

This work uses the Taguchi—-GRA method to optimise parameter
combinations for maximum multi-response performance char-

1.7% (J) - T_(LP,evap)
2.3% (H) - n_pump “| 4.4% (A) - Working fluid

3.4% (B) - AT_(pp.evap)

’,‘ 14.8% (C) - AT_(pp,cond)
> 1.2% (D) - AT_SH

41.9% (G) - n_Turb
e ' 10.5% (E) - T_evap

17.8% (F) - T_cond

Fig. 11. Contribution ratio of each parameter to multi-response
characteristics of DPORC.

acteristics. The contribution ratios of parameters to the charac-
teristics of SORC and DPORC systems are determined, and
comparative analysis is performed. In this study, the fundamen-
tal parameters used for the analysis are working fluid, pinch
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point temperature difference in the evaporator, pinch point tem-
perature difference in the condenser, superheating temperature,
evaporator temperature, condenser temperature, turbine and
pump efficiencies for the SORC system. For the DPORC sys-
tem, the LP turbine evaporation temperature is added to all pa-
rameters selected previously for SORC. The effects of these pa-
rameters on SORC and DPORC first and second law efficiencies
are investigated. The grey relational analysis method is then de-
ployed to linearize the first- and second-law efficiency functions
to a single multi-response performance objective function, to de-
termine the order of importance of these parameters and their
contribution ratios to the multi-response performance process. It
is worth noting, that the objective of this multi-response optimi-
sation process is to optimise parameter combinations to simul-
taneously achieve an increase in the first and second-law effi-
ciencies of SORC and DPORC systems.

Results obtained based on the methods discussed above are
as follows:

e For the SORC system, the order of importance of the pa-
rameters on the first law (thermal) efficiency is Tevap >
working fluid > Teond > #turb > A Tpp.cond > Hpump > AT pp,evap >
ATsn, with the most significant parameters being found to
be evaporator temperature (E), working fluid (A), conden-
ser temperature (F) and turbine efficiency, with contribu-
tion ratios of 42.73%, 21.34%, 12.73% and 11.62%, re-
spectively. The optimum operating condition determined
is AsB1C1D3sEsF1G3H3, which calculates the first-law (ther-
mal) efficiency as 18.78%.

e The order of importance for the second law (exergy) effi-
ciency is working fluid > ATsq > Tevap > Tcond > Hurb >
ATopevap > ATpp.cond > 1pump. The most effective parameters
influencing the second-law efficiency of SORC are deter-
mined as working fluid, degree of superheating, evaporator
temperature, and condenser temperature, with contribution
ratios of 82.01%, 7.27%, 6.43% and 2.43%, respectively.
The optimum operating conditions for the second-law ef-
ficiency objective function of SORC are determined as
A1B2C3D;E1F1G3H3 with the second-law efficiency calcu-
lated as 65.09%.

e For the DPORC system, the parameters’ level of im-
portance on the thermal efficiency was determined as
ATop.cond > Teond > Tevap > ATppevap > frurb > Working fluid >
Tip.evap > 1pump > 4 Tsh, With the most influential parameters
identified as A Tpp,cond (C), Teond (F) and Tevap (E), with con-
tribution ratios of 21.61%, 19.83% and 14.36%, respec-

tively. The optimum condition observed was
A;B1C1D;1E2F1G3H3J; with an estimated cycle thermal ef-
ficiency of 14.64%.

. On the other hand, the order of importance of parameters
for the second law (exergy) efficiency is working fluid >
Nturb > ATpp,cond > Tcond > ATpp,evap > Tevap > TLP,evap > ATSH >
npump. The parameters with significant influence are the
working fluid (A) and turbine efficiency (G), with contri-
bution ratios of 93.53% and 3.58%, respectively, and other
parameters cumulatively accounting for about 2.89%. An
optimal exergy efficiency of 63.08% was obtained with the
operating condition of A2B,C3D:1E3F3G3H1J>.

e The Grey relational analysis was implemented to simulta-
neously maximize both thermal and exergy efficiencies.
For the SORC, the optimum operating condition for maxi-
mum  first- and  second-law  efficiencies is
AsB,C:D:EsF1GsH3, with 18.64% and 51.69% as the
multi-response performance of the first- and second-law
efficiency, respectively. For DPORC, 13.17% and 57.33%
are the first- and second-law efficiency, respectively, ob-
tained at the optimum operating condition of
A1B1C1D3EF1G3H3J».

Based on the analysis and thermodynamic comparison in-
vestigated in this study, SORC shows better thermal efficiency
(+5.54%pt.) while DPORC represents a more advanced system
in terms of exergy efficiency (+5.64%pt.). This could be at-
tributed to the improved heat utilization due to the addition of
LP turbine and heat exchangers (LP evaporator, Preheater 2,
etc.). However, a more informed comparison will require the
economic assessment of both systems, which is recommended
for further research.
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