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ABSTRACT    
Solar heat transfer fluid (HTF) plays a crucial role in the 
performance of parabolic trough solar collectors (PTSC) and 
the energy systems integrated with them.  In this study, a 
multi-attribute decision-making (MADM) analysis is employed 
to prioritize the HTFs for three solar-driven multi-generation 
energy systems. These systems are based on a direct-fed 
organic Rankine cycle (ORC) and bottom-cycle arrangement of 
a double-effect absorption refrigeration cycle and a Kalina 
cycle system. The ORC configurations include simple, 
regenerative, and ORC integrated with an internal heat 
exchanger. The MADM analysis shows that the optimal HTF 
for all systems is Therminol 66 for which ORC based system 
demonstrates the best performance in both energy (80.17 %) 
and exergy (33.21 %) viewpoints. Additionally, this system 
exhibits the highest performance in terms of net present value 
(82.6 M$), dynamic payback period (2.19 years) and cost of 
energy (0.018 $/kWh). 
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1. Introduction 

Solar-driven multi-generation energy 
systems are one of the proven 
technologies to enhance the efficiency of 
Stand-alone cycles, reduce energy 
consumption, and the harmful impacts on 
the environment [1-3]. Parabolic trough 
collector (PTSC) is the most proven and 
mature solar thermal technology for power 
production [4].  Additionally, Solar Heat 
Transfer Fluid (HTF) plays an important role 
in the design phase, thermodynamic and 

economic performance of a PTSC power 
supply system [5].    

Numerous studies have evaluated the HTFs 
in the PTSC. Mwesigye and Yilmaz [6] 
conducted a numerical analysis to evaluate the 
performance of a PTSC system. The results 
indicate that molten salts exhibit higher 
thermal performance compared to other 
synthetic or mineral oils  Arslan and Günerhan 
[7] numerically studied the performance of a 
PTSC utilizing dowtherm A, solar salt, and 
pressurized air. The study found that the 
performance of molten salt was slightly higher. 
In another numerical study, Okonkwo et al. [8] 
investigated the performance of six different 
working fluids: pressurized water, supercritical 
𝐶𝑂2 (𝑆𝐶 − 𝐶𝑂2), Therminol VP-1 and oil-
based nanofluids containing 3 volumetric ratios 
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of CuO, 𝐹𝑒3𝑂4, 𝐴𝑙2𝑂3 dispersed in Therminol 
VP-1. The study revealed that Therminol VP-1 
with 𝐴𝑙2𝑂3 exhibited the highest thermal 
efficiency. Bellos et al. [9] evaluated the use of 
the gas working fluids in PTSC systems from a 
thermodynamic perspective. The results 
indicated that helium is the optimal choice for 
inlet temperatures up to 700 K, while carbon 
dioxide is more suitable for higher temperature 
levels. The performance of different HTFs 
(Therminol VP-1, Dowtherm Q, Hitec XL, 
Helium, and supercritical carbon dioxide) for 
high-temperature solar thermal applications is 
examined by Vutukuru et al. [10]. Liquid HTFs 
exhibit a significantly higher figure of merit 
compared to gaseous HTFs. Zaharil and 
Hasanuzzaman [11] performed a 
thermodynamic analysis of six HTFs 
(pressurized water, Therminol VP-1, Syltherm 
800, Solar Salt, Hitec XL, and liquid Na) under 
Malaysian climatic conditions. Liquid Na 
outperformed the other HTFs in terms of 
thermal efficiency. Thermo-economic 
comparison of Dowtherm A, Solar Salt, Hitec, 
and Hitec XL is conducted by Pan et al. [12]. 
Based on their analysis, solar salt resulted in 
the lowest levelized cost of electricity (LCOE). 
Islam et al. [13] investigated the performance 
of PTSC using three HTFs (ammonia, nitrogen, 
and carbon dioxide). The maximum collector 
efficiency was obtained using carbon dioxide. 

In terms of using nanofluids, Brahim and 
Jemni [14] compared the thermal performance 
of PTSC using Syltherm-800 and Therminol-
VP1 non-metallic nanofluids. The Results 
indicated that Syltherm 800 with CuO and 
𝐶𝑒𝑂2 nanoparticles were the superior choices. 
In another study, Ekisiler et al. [15] examined 
three hybrid nanofluids (Ag–ZnO/Syltherm 
800, Ag–𝑇𝑖𝑂2/Syltherm 800, and Ag–
MgO/Syltherm 800) while considering three-
dimensional turbulent flow conditions. The 
study reported that the Ag–MgO/Syltherm 800 
hybrid nanofluid exhibited the highest thermal 
efficiency. Bellos and Tzivanidis [16] 
investigated the use of various nanoparticles 
(Cu, CuO, 𝐹𝑒2𝑂3, 𝑇𝑖𝑂2, 𝐴𝑙2𝑂3 and 𝑆𝑖𝑂2) 
dispersed in thermal oil (Syltherm 800) in a 
PTSC. The results indicated that Cu was the 
most efficient nanoparticle. Mwesigye and 
Meyer [17] studied the optimum thermal 
operating conditions of a nanofluid-
based PTSC with Cu-Therminol VP-1, Ag-

Therminol VP-1 and 𝐴𝑙2𝑂3-Therminol VP-
1.  They found that Ag-Therminol VP-1 has 
the highest thermal performance. Comparison 
tof he thermal efficiency of a PTSC using 
mono and hybrid nanofluids is performed by 
Al-Oran et al. [18]. Mono nanoparticles 
(𝐴𝑙2𝑂3, 𝐶𝑒𝑂2, CuO) and hybrid combinations 
were dispersed in Syltherm 800. They 
observed that using 𝐴𝑙2𝑂3was more efficient. 

Regarding PTSC-driven power generation 
systems, Alashkar and Gadalla [19] performed 
a thermoeconomic analysis of a PTSC-driven 
power generation system integrated with 
thermal energy storage, considering Therminol 
VP-1 and Hitec Solar. The results indicated 
that Therminol VP-1 and Hitec Solar Salt were 
the optimal fluids in terms of annual energy 
output and net annual savings, respectively. In 
another study, Biencinto et al. [20] conducted 
an annual yield comparison of PTSC-powered 
power plants using nitrogen and Therminol 
VP-1. The results reported that Therminol VP-
1 exhibited slightly higher performance from 
the viewpoint of annual net electrical 
production. Ramamurathi and Nadar 
[21]  examined the performance of a 
thermoelectric generator powered by PTSC, 
considering four HTFs (Therminol VP-1, 
Therminol XP, 𝐴𝑙2𝑂3-Therminol XP, and 
CuO-Therminol XP. The results showed that 
CuO-Therminol XP was the optimal fluid in 
terms of power generation. Research studies 
are scarce on the selection and assessment of 
the HTF in multi-generation energy systems 
driven by PTSC. In this regard, Assareh et al. 
[22] evaluated a solar-geothermal cogeneration 
system, considering Therminol VP-1, 
Therminol 59, Syltherm 800, and Marlotherm 
SH as HTFs. The results indicated that 
Therminol 59 was the optimal fluid in terms of 
energy efficiency and net output power. 
However, from the viewpoints of exergy 
efficiency and LCOE, Therminol VP-1 and 
Syltherm 800 were identified as the optimal 
fluids, respectively. 

According to the literature reviewed, 
selection of the HTF for PTSC has been mostly 
based on one attribute or a set of consistent 
attributes, which could be challenging, 
especially in problems in which multiple 
attributes exhibit different trends.  Therefore, 
the current study utilizes multi-attribute 
decision-making (MADM) analysis to decide 
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based on all important criteria of the system, 
even those with opposite trends. Additionally, 
despite the significant contribution of HTF to 
the performance of PTSC-driven power 
generation systems, there is a shortage of 
studies on the selection and assessment of 
HTFs in such systems. Overall, the main 
contribution of this article is the employment 
of the MADM analysis to perform assessment 
and thermoeconomic prioritization of HTF for 
three novel tri-generation systems involving 
different organic Rankine cycle (ORC) 
structures (simple, ORC incorporating internal 
heat exchanger and regenerative ORC). 
Organic Rankine cycle (ORC), Kalina cycle 
system (KCS) and absorption refrigeration 
cycle (ARC) are integrated into solar power 
generation systems. This is because of the 
adaptability of ORC to low and medium-
temperature heat sources (60 − 350℃) [23-
25], and suitable thermal matching between the 
heat source and the working fluid temperature 
profile in the KCS [26]. Additionally, ARC is 
the most common mode for cooling production 
in solar-powered energy systems [27, 28].  

The article is structured in the following 
manner. Section 2 outlines the three proposed 
hybrid systems. Section 3 presents the 
thermodynamic and economic modeling 
approach. The MADM analysis is described in 
section 4. It is followed by validation of the 
modeling, and presentation and discussion on 
the results in Sections 5 and 6, respectively. 

Nomenclature 

A Area (m2) 
C Concentration ratio 
D Diameter (m) 
d Deviation 
Ex Exergy (kJ) 
𝐸𝑥̇ Exergy rate (kW) 
F Focal length (m) 
G Solar irradiation (kW/m2) 
H hour 
h Specific enthalpy (kJ/kg)  
K Incident angle modifier 
k Thermal conductivity (W/m2. K) 
L Collector length (m) 
𝑚̇ Mass flow rate (kg/s) 
P Pressure 
𝑃̇ Power rate (kW) 
Q Heat (kJ) 
𝑄̇ Heat rate (kW) 
R/r Normalization value 

T Temperature 
V Velocity (m/s) 
W Collector width (m) 
w Criterion weight 
𝑊̇ Electrical power rate (kW) 
x Concentration  
Greek symbols 
𝛼 Absorptivity 
𝛾 Intercept factor 
𝜀 Emissivity 
𝜂 Energy efficiency (%) 
𝜃 Incident angle 
𝜇 Dynamic viscosity (m2/s) 
𝜌 Reflectivity 
𝜎 Stefan-Boltzmann constant (W/m2. K4) 
𝜏 Transmissivity 
𝜓 Exergy efficiency (%) 
Subscripts 
ab Absorber 
amb Ambient 
ap Aperture 
b Beam 
C Construction 
cd Condenser 
ci Cover inner surface 
co Cover outer surface 
coll Collector 
con Concentrator 
cov Cover 
cr critical 
el Electrical 
eng Engineering 
ev Evaporator 
max Maximum 
opt Optimum 
r Receiver 
reg Regenerator 
ri Receiver inner surface 
ro Receiver outer surface 
S Solar 
t Total 
th Thermal 
tur Turbine 
u Useful 
fm Film 
g Generator 
HP Heating process 
in Inlet 
loss Heat losses 
m Motor 
Abbreviation 
ARC Absorption refrigeration cycle 
CAPEX  Capital Expenditure 
CCHP Combined cooling, heat and power 
CEPCI Chemical engineering plant cost index  
COE Cost of Energy 
CRF Capital recovery factor 
DEARC Double-effect absorption refrigeration 
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cycle 
DPP Dynamic payback period 
EV Expansion valve 
FFH Feed fluid heater 
GWP Global warming potential 
HP Heating process 
HPG High-pressure generator 
HTF Heat transfer fluid 
HTHE High-temperature heat exchanger 
IHE Internal heat exchanger 
KCS Kalina cycle system 
LCOE Levelized cost of electricity 
LMTD Logarithmic mean temperature 

difference 
LPG Low-pressure generator 
LTHE Low-temperature heat exchanger 
MADM Multy attribute decision making 
MR mass flow ratio 
NOF Net outranking flow 
NPV Net present value 
Nu Nusselt number 
OPEX Operating expenditure 
ODP Ozone depletion potential 
ORC Organic Rankine cycle 
OWF Organic working fluid 
Pr Prandtl number 
PTSC Parabolic trough solar collector 
Re Reynolds number 
rev Revenue 
RORC Regenerative organic Rankine cycle 
SF Solar field 

2. System description  

The combined cooling, heating and power 
(CCHP) systems in the present study, employ 
the PTSC as the prime mover and utilize the 
ORC, KCS, heating process unit and DEARC 
to generate power. Three thermal 
configurations are proposed in the ORC cycle, 
namely simple ORC, ORC-IHE and RORC 
systems. The thermal energy collected by the 
PTSC is absorbed by the HTF, which supplies 
the required thermal energy for the ORC and 
KCS. The heating process (HP) unit and 
DEARC are directly fed by the ORC. The solar 
field is made up of 40 rows, each consisting of 
17 collectors of LS-2 type. The mass flow rate 
of the HTF per single row is set to 0.5 kg/s.  

2.1. ORC based system 

The simple ORC system shown in Fig. 1-a, 
which is based on ORC, operates by pumping 
the OWF from the outlet of the high-pressure 
Generator (HPG) (state 32) to the evaporator, 
where it is utilized to produce power in the 

turbine. The heat required for the HP unit and 
the HPG is supplied by the fluid exiting the 
turbine (state 35). 

The ORC-IHE based system (Fig. 1-b) 
incorporates an intermediate heat exchanger 
(IHE). Initially, the fluid leaving the HPG 
(state 32) is pumped to the IHE for preheating 
before proceeding to the evaporator and 
turbine. The fluid exiting the turbine (state 36) 
provides heat to the IHE and, after being 
discharged from it, supplies the required 
thermal energy for the HP and DEARC 
systems. 

The regenerative ORC (RORC) based 
system (Fig. 1-c) includes a feed fluid heater 
(FFH). The fluid leaving the HPG (state 32) is 
directed to the FFH where it is combined with 
the high-pressure vapor coming out of the 
turbine (state 37). This combined stream is 
then pumped towards the evaporator and 
turbine. The low-pressure vapor at the outlet of 
the turbine (state 38) provides the necessary 
heat for the HP and DEARC systems. 

2.2. Kalina cycle 

All three CCHP systems illustrated in Fig. 1 
employ the KCS11-type Kalina cycle. In the 
KCS system, the working fluid absorbs heat 
from the HTF in the evaporator (state 5). It 
then separates into two phases: rich ammonia-
water saturated vapor (state 6) for power 
generation and poor ammonia-water saturated 
liquid (state 7) for regeneration. The poor 
ammonia-water liquid undergoes a throttling 
process (state 10) and is subsequently mixed 
with the expanded rich ammonia-water from 
the turbine (state 8). The fluid leaving the 
condenser (state 12) is then pumped towards 
the regenerator for pre-heating and directed 
back to the evaporator to complete the cycle. 

2.3. Double effect Absorption refrigeration 
cycle 

All tri-generation systems employ a double 
effect LiBr-H2O absorption chiller that 
operates in a series-flow configuration, as 
shown in Fig. 1. The weak solution leaving the 
absorber (state 28) is pre-heated by passing 
through the low and high temperature heat 
exchanger (LTHE and HTHE) before entering 
the HPG (state 31). In the HPG, a portion of 
water evaporates, producing primary 
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refrigerant vapor (state 15) and medium 
solution (state 22). The medium solution then 
goes through HTHE and the expansion valve 
EV-4 before entering the low-pressure 
generator (LPG). In the LPG, the primary 
refrigerant vapor condenses (state 16), creating 
secondary refrigerant vapor (state 18) and 
strong solution (state 25). The condensed 
primary refrigerant vapor mixes with the 
secondary refrigerant vapor in the condenser 

after passing through valve EV-2. The 
refrigerant then enters the evaporator at a lower 
temperature due to heat rejection in the 
condenser and throttling in valve EV-1 (state 
20). Finally, the strong solution passes through 
LTHE and expansion valve EV-3 before 
mixing with the refrigerant vapor (state 21) in 
the absorber to produce the weak solution 
(state 28). 

  

(a) (b) 

 

(c) 

Fig. 1. Schematic representation of the ORC based (a), ORC-IHE based (b) and RORC based (c) trigeneration 
systems. 
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2.4. General methodology and assumptions 

The present study aims to perform multi-criteria 
optimization of the HTF for three proposed 
CCHP systems by utilizing the MADM method 
based on thermodynamic and economic 
characteristics. In this manner, the input data (as 
listed in Tables 1, 2, and 3) are set, and the 
purchase cost equations of various system 
components are employed to calculate 
thermodynamic and economic performance 
metrics. Subsequently, the PROMETHEE II 
scheme, a MADM technique, combined with 
Shannon’s entropy method is utilized for 
thermoeconomic prioritization of the HTF 
considering different OWFs. Additionally, the 
Golden Section Search method is employed to 
determine the optimal mass flow ratio of OWF 
and HTF. A numerical code is developed in 
MATLAB® to solve the governing equations 
and post-process the results. It is linked with the 
Engineering Equation Solver (EES®) to extract 
thermodynamic properties. The assumptions 
considered in this study are as follows: 

 Steady-state operation 
 Dead state pressure and temperature of 

101.325 kPa and 298.15 K, respectively 
 Negligible pressure drop and friction in 

the piping system and heat exchangers 
 Minimal changes of kinetic and potential 

energy/exergy 
 Pre-defined isentropic efficiencies for 

pumps and turbines 
 Saturated liquid state at condensers 

outlet and saturated vapor state at 
evaporators outlet 

 Discarding chemical exergy of the 
working fluid in the DEARC [29] 

 The mixture temperature at the separator 
inlet of the KCS is 30℃ less than the 
dew point temperature. 

3. Mathematical modeling 

3.1. Parabolic trough solar collector 

Considering  𝑇𝑖𝑛 as the HTF temperature at the 
receiver inlet and 𝑇𝑎𝑚𝑏 as the ambient 
temperature, the useful heat gain is obtained 
using [30] 

𝑄̇𝑢 = 𝐾1𝑄̇𝑠 − 𝐾2(𝑇𝑖𝑛
4 − 𝑇𝑎𝑚𝑏

4 ). (1) 

The values for coefficients 𝐾1 and 𝐾2 are 
determined using the data provided in Table 4, 
and 𝑄̇𝑆 refers to solar beam irradiation, which 
is defined as  

𝑄̇𝑆 = 𝐴𝑎𝑝𝐺𝑏, (2) 

where 𝐴𝑎𝑝 and 𝐺𝑏 denote the collector aperture 
area and solar beam intensity, respectively. 
Considering 𝑄̇𝑢 as the thermal input, and 
performing energy balance on the solar 
collector, the HTF outlet temperature is 
obtained using[30] 

𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 + 𝑄̇𝑆 (
𝐾4

𝑚̇𝑐𝑃
) −

(
𝐾5

𝑚̇𝑐𝑃
) (𝑇𝑖𝑛

4 − 𝑇𝑎𝑚𝑏
4), 

(3) 

where 𝑐𝑃 and 𝑚̇ are constant-pressure specific 
heat and mass flow rate of HTF, respectively. 

Table 1. Input data for PTSC [30, 31]. 

Parameter Symbol Value Parameter Symbol Value 
Geometrical parameters     
Width  𝑊 5 m Length 𝐿 7.8 m 
Focal length  𝐹 1.71 m Concentration ratio 𝐶 22.74 
Receiver inner area 𝐴𝑟𝑖 1.617 m2 Receiver outer area 𝐴𝑟𝑜 1.715 m2 
Cover inner area 𝐴𝑐𝑖 2.671 m2 Cover outer area 𝐴𝑐𝑜 2.818 m2 
Receiver inner diameter 𝐷𝑟𝑖  0.066 m Receiver outer diameter 𝐷𝑟𝑜 0.070 m 
Cover inner diameter 𝐷𝑐𝑖  0.109 m Cover outer diameter 𝐷𝑐𝑜 0.115 m 
Aperture area 𝐴𝑎𝑝 39 m2 Number of rows 𝑁𝑟 40 
Optical/operating parameters    
Receiver emittance 𝜀𝑟 0.2 Cover emittance 𝜀𝑐𝑜𝑣 0.9 
Receiver absorptivity 𝛼 0.96 Cover transmissivity 𝜏 0.95 
Intercept factor 𝛾 0.99 Concentrator reflectivity 𝜌𝑐𝑜𝑛 0.83 
Incident angle 𝜃 0° Incident angle modifier 𝐾(𝜃 = 0°) 1 
Maximum optical efficiency 𝜂𝑜𝑝𝑡,𝑚𝑎𝑥 75% Solar beam intensity 𝐺𝑏 650 W/m2 
HTF mass flow rate at each 
row 

𝑚̇𝐻𝑇𝐹 0.5 kg/s HTF temperature at the 
collector inlet 

𝑇4 55 ℃ 
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Table 2. Input data for ORC (three types), DEARC and KCS [32-34]. 

Cycle/Parameter Value Cycle/Parameter Value 
ORC/KCS  DEARC  

Turbine isentropic efficiency 0.9 HPG temperature 120 ℃ 
Pump isentropic efficiency 0.9 Condenser temperature 35 ℃  
Electrical generator efficiency 0.95 Absorber temperature 35 ℃  
Electrical motor efficiency 0.95 Evaporator temperature 7 ℃ 
Regenerator effectiveness 0.75 LPG pinch point temperature 5 ℃ 
ORC turbine inlet pressure 2000 kPa Effectiveness of heat exchangers 0.7 
ORC feed fluid heater pressure  500 kPa Solution pump efficiency 0.95 
ORC pump inlet temperature 123 ℃   
KCS condenser temperature 30 ℃   
KCS separator inlet pressure 35    
NH3 concentration at KCS separator 
inlet 

0.9   

Table 3. Input data for economic analysis [35] 

Parameter Definition Value 
d Discount rate 5 (%) 
N Project life time 25 (year) 
Cel Electrical cost 0.214 ($/kWh) 
Cℎ Heating cost 0.107 ($/kWh) 
C𝑐 Cooling cost 0.071 ($/kWh) 

Table 4. Definition of coefficients 𝑲𝟏 to 𝑲𝟓 used in the PTSC modelling  [30, 31]. 

Coefficient Definition 

𝐾1
* 

1
3

3

4

4
1



 
 

 

in

opt

T K
η

K
 

𝐾2 
1

3

3

3

4

4
1



 
 

 

inT K
K

K
 

𝐾3
** 

1
3

5

4
1



 
 

 

*

* amb ro r

ro r

T A ε σ
A ε σ

K
 

𝐾4
*** [

1

ℎ𝑓𝑚𝐴𝑟𝑖
+

1

2𝑚̇𝑐𝑃
]

−1

 

𝐾5 
3

,co cov amb co cov oA ε σT A h  

*  
𝜂𝑜𝑝𝑡 is optimal efficiency of the collector, expressed as  opt conη K θ ρ γτα , where 𝐾(𝜃) represents the incident angle modifier 

coefficient, given as [36]:     4 4 2 6 3 8 41 2.2307 10 1.1 10 3.18596 10 4.85509 10           K θ θ θ θ θ  
** 

𝜀𝑟
∗ in definition of 𝐾3 is expressed as 1

11


  
   
   

* c ro

r

r c ci

ε A
ε

ε ε A

 

*** ℎ𝑓𝑚 is convective heat transfer coefficient for the flow inside the absorber pipe, expressed as  0.8 0.40.023 /fm rih k Re Pr D  [30]. 

3.2. Thermodynamic performance of tri-
generation systems 

The thermodynamic performance of the tri-
generation systems is evaluated by utilizing the 
overall net electrical, heating, and cooling 
powers, as well as the overall energy and 
exergy efficiencies. The overall net electrical 
power for cycles or multi-generation system  is 
calculated as   [37] 

𝑊̇𝑛𝑒𝑡,𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = ∑ 𝑊̇𝑡𝑢𝑟𝜂𝑔 − ∑
𝑊̇𝑝𝑢𝑚𝑝

𝜂𝑚
 (4) 

where 𝜂𝑔 and 𝜂𝑚 are the efficiencies of the 
electrical generator and pump electromotor, 
respectively. 

The heating power generated by the HP unit 
(𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔) and the cooling power produced by 

DEARC (𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔) are calculated as 
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𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝑚̇𝐻𝑃
𝑂𝑅𝐶(ℎ𝐻𝑃,𝑖𝑛

𝑂𝑅𝐶 − ℎ𝐻𝑃,𝑜𝑢𝑡
𝑂𝑅𝐶 ) (5) 

𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑚̇𝑒𝑣
𝐷𝐸𝐴𝑅𝐶(ℎ𝑒𝑣,𝑜𝑢𝑡

𝐷𝐸𝐴𝑅𝐶 − ℎ𝑒𝑣,𝑖𝑛
𝐷𝐸𝐴𝑅𝐶) , (6) 

where 𝑚̇𝐻𝑃
𝑂𝑅𝐶 and 𝑚̇𝑒𝑣

𝐷𝐸𝐴𝑅𝐶 represent mass flow 
rates of HP unit and DEARC evaporator, 
respectively.  

The overall energy and exergy efficiencies 
are, respectively,  given by [32, 37] 

𝜂𝐶𝐶𝐻𝑃 =
𝑊̇𝑛𝑒𝑡,𝑜𝑣𝑒𝑟𝑎𝑙𝑙+𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔+𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑄̇𝑖𝑛
, 

and 
(7) 

𝛹𝐶𝐶𝐻𝑃 =
𝑊̇𝑛𝑒𝑡,𝑜𝑣𝑒𝑟𝑎𝑙𝑙+ 𝐸𝑥̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔+𝐸𝑥̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝐸𝑥̇𝑐𝑜𝑙𝑙
, (8) 

where 𝑄̇𝑖𝑛 is the input (solar) energy and 
𝐸𝑥̇𝑐𝑜𝑙𝑙 is the collector exergy, which is 
calculated as [37] 

4
˙
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,

1 4
1
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coll ap t b

sun sun

T T
Ex A G

T T
 (9) 

where 𝑇0 is surrounding temperature and 𝑇𝑠𝑢𝑛 
is the sun temperature (6000 K) [37].  Also, 
heating exergy in the HP unit and cooling 
exergy in the DEARC evaporator (𝐸𝑥̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

and 𝐸𝑥̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔) are given by [38] 

𝐸𝑥̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝑚̇𝐻𝑃(𝑒𝑥𝐻𝑃,𝑜𝑢𝑡 − 𝑒𝑥𝐻𝑃,𝑖𝑛), 

and 
(10) 

𝐸𝑥̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝑚̇𝐻𝑃(𝑒𝑥𝐻𝑃,𝑜𝑢𝑡 − 𝑒𝑥𝐻𝑃,𝑖𝑛), (11) 

where 𝑇𝑒𝑣
𝐷𝐸𝐴𝑅𝐶 is the temperature of the 

DEARC evaporator. 

3.3. Economic Modeling of tri-generation 
system 

The economic performance of the CCHP 
systems is examined by considering NPV, 
DPP, LCOE and cost of energy (COE). Several 
important parameters including capital 
expenditure (CAPEX), operation and 
maintenance expenditure (OPEX), annual 
revenue (rev) and net revenue (𝑟𝑒𝑣𝑛𝑒𝑡) are 
involved.  

CAPEX and OPEX are expressed as  [39, 40] 

,   eq t c con engCAPEX Z Z Z Z and (12) 

0.06OPEX CRF.CAPEX  (13) 

The total equipment purchase cost (𝑍𝑒𝑞,𝑡) is 
determined by the thermodynamic and 
geometrical factors outlined in Table 5. 
However, the costs of the separator, mixer, and 

expansion valve are significantly lower than the 
other components, so they have been excluded 
from consideration [41, 42]). In addition, civil 
and construction (𝑍𝑐), contingency (𝑍𝑐𝑜𝑛), and 
engineering and supervision (𝑍𝑒𝑛𝑔) costs are 
calculated as [39, 40] 

,0.2c eq tZ  Z  (14) 

,0.15con eq tZ  Z  (15) 

 ,0.15  eng eq t c conZ Z Z Z  (16) 

The capital recovery factor (CRF) is 
determined by taking into account the discount 
rate (d) and the project's lifetime (N) using [43] 

 

 

1

1 1




 

N

N

d d
CRF

d
 (17) 

The CEPCI as a modifier coefficient is 
employed to update the costs to the present 
year based on the values obtained from Table 6 
at the base year, expressed as [44] 




 present year

 base year

Cost at present year

     CEPCI
Original cost

CEPCI

 (18) 

For the base years 2000, 2005, 2010, 2012 
and 2015 (as listed in Table 6) and 2023  as the 
present year, CEPCI is 394.1, 468.2, 550.8, 
584.6, 556.8 and 798, respectively [45]. The 
area of heat exchangers is the main parameter 
for the assessment of their costs (Table 6), 
which is calculated as [39] 

𝐴𝑘 =
𝑄̇𝑘

𝑈𝐾 . 𝐿𝑀𝑇𝐷𝐾
 (19) 

where 𝑄̇𝑘 is heat transfer rate and 𝑈𝐾 is the 
overall heat transfer coefficient, as presented in 
Table 6. The logarithmic mean temperature 
difference (LMTD) for each heat exchanger is 
given by 

   , , , ,
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, ,
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(20) 

where the indices h and c stand for hot and 
cold streams, respectively. 

The 𝑟𝑒𝑣 and 𝑟𝑒𝑣𝑛𝑒𝑡 of the plant are 
calculated as [35]  

𝑟𝑒𝑣 = ∑ 𝑃̇ ∙ 𝐻 ∙ 𝐶, (21) 

, netrev rev OPEX  (22) 
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where 𝑃̇ and C notifies the power production 
rate and its cost, respectively, and H indicates 
annual operating hour that is considered as 
3285 hours in this study. 

Finally, NPV, DPP, COE and LCOE are 
[35, 46, 47]: 

 

,

1 1

  



N

net i

i
i

rev
NPV CAPEX

d
 (23) 

𝐷𝑃𝑃 = 𝑙𝑛 (
1

1 −
𝐶𝐴𝑃𝐸𝑋. 𝑑

𝑟𝑒𝑣𝑛𝑒𝑡

) . (𝑙𝑛 (1

+ 𝑑))−1 

(24) 

𝐿𝐶𝑂𝐸 =
𝐶𝑅𝐹 ∙ 𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋

𝑊̇𝑛𝑒𝑡,𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ∙ 𝐻
 (25) 

𝐶𝑂𝐸

=
𝐶𝑅𝐹 ∙ 𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋

(𝑊̇𝑛𝑒𝑡,𝑜𝑣𝑒𝑟𝑎𝑙𝑙 + 𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔) ∙ 𝐻
 (26) 

Table 5. Purchase cost equations for various components of trigeneration systems [39, 48, 49] 

Equipment Cost equation base year 
Solar cycle   
PTSC 𝑍𝑃𝑇𝑆𝐶 = 170𝐴𝑎𝑝 2015 

Pump 𝑍𝑝𝑢𝑚𝑝 = 1120(𝑊̇𝑝𝑢𝑚𝑝)
0.8

 2012 

ORC/KCS   

Turbine 𝑍𝑡𝑢𝑟 = 4405(𝑊̇𝑡𝑢𝑟)
0.7

 2012 

Pump 𝑍𝑝𝑢𝑚𝑝 = 1120(𝑊̇𝑝𝑢𝑚𝑝)
0.8

 2012 

HE 𝑍𝐻𝐸 = 130 (
𝐴𝐻𝐸

0.093
)

0.78

 2005 

Evaporator 𝑍𝑒𝑣 = 130 (
𝐴𝑒𝑣

0.093
)

0.78

 2005 

Condenser 𝑍𝑐𝑑 = 1773𝑚̇𝑣𝑎𝑝𝑜𝑟  2010 

DEARC   

Evaporator/ Absorber 𝑍𝑒𝑣/𝑎𝑏
𝐷𝐸𝐴𝑅𝐶 = 16000 (

𝐴𝑒𝑣/𝑎𝑏
𝐷𝐸𝐴𝑅𝐶

100
)

0.6

 2000 

Condenser 𝑍𝑐𝑑
𝐷𝐸𝐴𝑅𝐶 = 8000 (

𝐴𝑐𝑑
𝐷𝐸𝐴𝑅𝐶

100
)

0.6

 2000 

Generator 𝑍𝑔𝑒𝑛
𝐷𝐸𝐴𝑅𝐶 = 17500 (

𝐴𝑔𝑒𝑛
𝐷𝐸𝐴𝑅𝐶

100
)

0.6

 2000 

Pump 𝑍𝑝𝑢𝑚𝑝
𝐷𝐸𝐴𝑅𝐶 = 2100 (

𝑊̇𝑝𝑢𝑚𝑝
𝐷𝐸𝐴𝑅𝐶

10
)

0.26

 (
(1 − 𝜂𝑝𝑢𝑚𝑝

𝐷𝐸𝐴𝑅𝐶)

𝜂𝑝𝑢𝑚𝑝
𝐷𝐸𝐴𝑅𝐶

)

0.5

 2000 

HE 𝑍𝐻𝐸
𝐷𝐸𝐴𝑅𝐶 = 12000 (

𝑍𝐻𝐸
𝐷𝐸𝐴𝑅𝐶

100
)

0.6

 2000 

Table 6. Overall heat transfer coefficient of heat exchangers [39, 50] 

Parameter 
Value 

(
𝑲𝑾

𝒎𝟐𝑲
) 

Parameter 
Value 

(
𝑲𝑾

𝒎𝟐𝑲
) 

Parameter 
Value 

(
𝑲𝑾

𝒎𝟐𝑲
) 

Parameter 
Value 

(
𝑲𝑾

𝒎𝟐𝑲
) 

𝑈𝑒𝑣  1.5 𝑈𝐻𝐸 1 𝑈𝑒𝑣
𝐷𝐸𝐴𝑅𝐶  1.1 𝑈𝑐𝑑

𝐷𝐸𝐴𝑅𝐶  0.5 
𝑈𝑐𝑑 1.1 𝑈𝑔𝑒𝑛

𝐷𝐸𝐴𝑅𝐶  1.3 𝑈𝑎𝑏
𝐷𝐸𝐴𝑅𝐶  0.8 𝑈𝐻𝐸

𝐷𝐸𝐴𝑅𝐶  0.7 
        

 
4. Multi-attribute decision-making analysis  

MADM approaches aim to identify optimal 
outcomes in intricate problems encompassing 
multiple criteria and conflicting objectives 
[51]. These techniques have extensive usage in 

various research topics regarding 
energy systems including optimization 
[52,53], location selection [54], 
technology prioritization [55-58], 
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resource selection [59, 60], and energy 
policy-making [61].  

The process of prioritizing HTFs along with 
the optimal selection of OWFs is a complex 
decision-making problem that involves different 
thermodynamic and economic criteria and 
objectives with different trends. Applying 
MADM methods to this problem provides a 
reliable approach [62]. In this manner, 
PROMETHEE (preference ranking organization 
method for enrichment evaluation) [63] is 
utilized as a MADM technique.  PROMETHEE 
is considered one of the most efficient 
outranking methods for addressing multi-criteria 
problems and has been widely utilized in 
energy applications [64-68]. 
The  PROMETHEE I provides a partial ranking 
of alternatives, while PROMETHEE II, an 
enhanced version, establishes explicit priorities 
among the alternatives [69, 70]. The outranking 
principle is employed to rank the alternatives, 
and a pairwise comparison of the alternatives is 
conducted to determine their rankings based on 
a comprehensive evaluation criterion known as 
the net outranking flow (NOF) [71]. This 
approach is particularly appropriate for 
problems with a limited number of alternatives 
that need to be assessed using multiple criteria 
[69, 72, 73]. Due to the explicit ranking ability 
of the PROMETHEE II, and also a finite 
number of alternatives in this study (the 
candidate HTFs and OWFs), this method is 
applied.  

Shannon's entropy method is employed to 
determine the weight of thermodynamic and 
economic criteria. The basis of this technique 
is the theory of entropy, in which criteria with 
lower entropy values are more informative and 
are assigned higher weights [74]. Figs 2 and 3 
schematically represent procedures of the 
PROMETHEE II method [75] and Shannon’s 
entropy [76]. 

4.1. HTF selection 

Thermal oils are the most widely used HTFs in 
PTSC plants due to their well-established and 
advanced technology, as well as their 
commercial availability. They have a lifespan 
of over 30 years, low vapor pressure, and are 
reasonably priced [5, 77, 78]. Therefore, the 
current study employs thermal oils as the HTF. 
Based on the physical and thermodynamic 

properties of PTSC and the solar field, as well 
as the maximum usage temperature of the 
HTF, four fluids, namely Therminol vp1, 
Therminol 66, Therminol xp and Syltherm 800 
are selected as the HTF. The properties of 
these fluids are summarized in Table 7. 

4.2. OWF selection 

The initial selection of OWFs is performed 
considering environmental aspects and 
thermodynamic limitations. Several criteria are 
used for this purpose, as follows: 

1. In accordance with the Kyoto and 
Montreal Protocols, fluids with high 
global warming potential (GWP) and 
ozone depletion potential (ODP) are 
being phased out. Therefore, fluids with 
GWP lower than 150 [79] and zero ODP 
are considered. 

2. The critical temperature and pressure of 
OWF must be higher than the minimum 
temperature and maximum pressure in 
the ORC cycle. 

3. The operating temperature range of the 
ORC cycle should be in the stability 
temperature range of each selected 
OWF. 

4. In order to avoid the adverse effect of 
moisture on the turbine blades and 
efficiency, a dry turbine exit is ensured. 
[80]. 

Regarding the above environmental and 
thermodynamic criteria, Table 8 presents the 
list of selected OWFs for the optimization 
process. 

The evaluation of different thermodynamic 
and economic parameters revealed that 
maximizing the ORC evaporator heat 
absorption capacity (𝑄̇𝑒𝑣

𝑂𝑅𝐶) is the key quantity 
to achieving the highest performance of the tri-
generation system (see section 6.1). 
Additionally, improving the mass flow ratio of 
the OWF and HTF (MR) has a direct impact on 
𝑄̇𝑒𝑣

𝑂𝑅𝐶. Therefore, an optimization process is 
conducted to identify the optimal MR with 
𝑄̇𝑒𝑣

𝑂𝑅𝐶 as the objective function. In this regard, 
the Golden Section search method is utilized to 
optimize the 𝑀𝑅𝑜𝑝𝑡 considering 0.5 ≤ 𝑀𝑅 ≤

2.5 . The constraint in determining the 
maximum value of 𝑄̇𝑒𝑣

𝑂𝑅𝐶 is the minimum outlet 
temperature of HTF evaporator, which should 
not be lower than the sum of the OWF 
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evaporator inlet temperature and pinch point 
temperature. This technique sequentially 
narrows a search interval to determine the 
minimum or maximum value of a unimodal 

function. The search step size across the entire 
process is the golden ratio ((√5 − 1)/2) [81]. 

 

Fig. 2. Procdure of PROMETHEE II method 
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Fig. 3. Procedure of Shannon’s entropy method  

Table 7. Thermodynamic properties of selected HTFs [28, 82] 

Parameters HTF 
Therminol vp1 Therminol 66 Therminol xp Syltherm 800 

Density at 25℃ 1060 kg/m3 1005 kg/m3 875 kg/m3 936 kg/m3 
Normal boiling point  257 ℃ 359 ℃ 358 ℃ 400 
Temperature range 
(Recommended) 

12 to 400 ℃ -3 to 345 ℃ -20 to 315 ℃ -40 to 400 ℃ 

Table 8. Primary ORC fluids selected for the optimization stage based on environmental and thermodynamic aspects 

Fluids  𝑻𝑪(℃)  𝑷𝑪(𝑲𝑷𝒂)  ODP  GWP 
Ν-Pentane*, **  196.5  3364  0  4 
Isohexane*, **  224.6  3040  0  3 

N-Hexane  234.7  3058  0  3 

N-Heptane  267  2727  0  3 

Cyclohexane  280.5  4081  0  4 
N-Octane  296.2  2497  0  3 
Benzene  288.9  4894  0  3.4 
Toluene  318.6  4126  0  3.3 
p-Xylene  343  3532  0  3 
Ethylbenzene  344  3622  0  3 
* These fluids are not selected for RORC system, because of unrealistic results (𝑃33 <
𝑃32). 
** Regarding thermal stability condition of ORC, N-pentane are not selected when HTF is 
Therminol vp1 and Syltherm 800, and Isohexane just considered for Therminol xp. 

4.3. Decision-making criteria 

The current study considers a set of main 
thermodynamic and economic criteria as 
decision parameters. Overall energy and 
exergy efficiencies, overall net electrical, 
heating, and cooling power are selected as 
thermodynamic criteria, along with NPV, DPP, 
COE, and LCOE as economic metrics. These 
metrics are introduced in Section 3. 

5. Validation 

The modeling precision of the PTSC, ORCs, 
and KCS in this study is evaluated by 
comparing them with the work of Dudley et al. 

[83], Safarian and Aramoun [84], and He et al. 
[85], respectively (Tables 9-11). The 
comparison is conducted under the same 
conditions and operating characteristics as 
reported in the literature. The outcomes notify 
a good agreement in terms of the relative error. 
In addition, to validate the modeling of the 
DEARC, an integrated DEARC with a CCHP 
system [32] is utilized.  By applying the same 
input heat from the ORC to the DEARC and 
maintaining similar operating conditions, the 
COP calculated by the current model is 1.18, 
which is precisely the same as the value 
reported in [32]. 
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Table 9. Verification of the results obtained for the PTSC system with the experimental results of Dudley et al. [83]. 

 

Input data  Results & errors 

𝑮𝒃 

(
𝒘

𝒎𝟐
) 

𝑻𝒂𝒎𝒃 
(𝐊) 

𝑻𝒊𝒏 
(𝐊) 

𝑽̇ 

(
𝑳

𝒎𝒊𝒏
) 

 𝑻𝒐𝒖𝒕(𝐊)   𝜼𝒆𝒏(%) 

 
Present 
study 

Ref. 
value 

Relative 
error 
(%) 

 
 

Present 
study 

Ref. 
value 

Relative 
Error 
(%) 

1 933.7 294.35 375.35 47.7  397.6 397.15 0.11  73.13 72.51 0.85 
2 968.2 295.55 424.15 47.8  447 446.45 0.12  72.25 70.9 1.90 
3 982.3 297.45 470.65 49.1  493.1 492.65 0.09  71.18 70.17 1.43 
4 909.5 299.35 523.85 54.7  542.5 542.55 0.009  69.4 70.25 1.21 
5 937.9 301.95 570.95 55.5  590 590.05 0.008  67.54 67.98 0.64 
6 903.2 304.25 629.05 56.3  647.3 647.15 0.02  64.11 63.82 0.45 
7 920.9 302.65 652.65 56.8  671.3 671.15 0.02  62.62 62.34 0.44 

Table 10. Verification of the results obtained for the three ORC-based cycles with the results reported by Safarian and 

Aramoun [84]. The input data is: 𝑻𝒄𝒅 = 𝟐𝟓℃; 𝑷𝒆𝒗 = 𝟐. 𝟓 𝐌𝐏𝐚; 𝑷𝑭𝑭𝑯 = 𝟏 𝐌𝐏𝐚; 𝜼𝒕𝒖𝒓 = 𝟎. 𝟖; 𝜼𝒑𝒖𝒎𝒑 = 𝟎. 𝟖𝟓 

Cycle  𝜼𝒆𝒍 (%) 

  
Present 
study 

Ref. 
value 

Relative 
error (%) 

ORC  19.63 19.46 0.8 
ORC-IHE  21.7 21.5 0.9 

RORC  22.4 22 1.8 

Table 11. Verification of the results obtained for the KCS cycle with the results reported by He et al. [85]. 

Input data  Results & errors 

𝑷𝟏(𝑴𝑷𝒂) 𝑿𝟏 
 𝜼𝒆𝒍 (%) 

 
Present 
study 

Ref. 
value 

Relative 
error (%) 

1.5 0.59  8.02 7.97 0.6 
2 0.69  8.62 8.46 1.8 

2.5 0.81  9.34 9.19 1.6 
3 0.92  10.28 10.23 0.4 

 

6. Results and discussion 

Firstly, this section presents the 
thermoeconomic prioritization of HTFs using 
the MADM approach. Then, the tri-generation 
systems are examined in terms of their 
economic and thermodynamic characteristics. 
The input data for modeling ORCs, KCS and 
DEARC are summarized in Table 2. 

6.1. Thermoeconomic Prioritization of HTF  

In this paper, the MADM results are 
exclusively presented for the selection of 
HTFs, with the deliberate exclusion of OWFs 
to maintain the paper's conciseness. Because of 
the enhancement of thermodynamic and 
economic characteristics with an increase of 
𝑄̇𝑒𝑣

𝑂𝑅𝐶 (as shown in Fig. 4) and due to the direct 
impact of MR on the 𝑄̇𝑒𝑣

𝑂𝑅𝐶, the optimal value 
of MR is first determined for the tri-generation 

systems for different HTFs and OWFs, as 
listed in Table 12. Additionally, prior to the 
multi-criteria selection of HTF for each 
system, the optimal OWF is determined based 
on the optimum value of MR using the MADM 
approach, as presented in Table 13.  

The optimal HTFs for tri-generation systems 
are determined by the PROMETHEE method 
based on the net outranking flow (NOF). The 
NOF provides an overall measure of the 
superiority of an alternative compared to others 
from a multi-criteria thermo-economic 
perspective. Fig. 5 presents the calculated NOF 
of selected HTFs for different tri-generation 
systems based on the optimal OWFs and MR. 
Multi-criteria optimization of HTF indicates that 
the maximum NOF for all systems is obtained by 
Therminol 66. In the other words, Therminol 66 
results in the highest overall performance in a 
multi-criteria thermo-economic viewpoint.  
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(a) 

 

(b) 

Fig. 4. Effect of ORC evaporator heat absorption on the thermodynamic and economic characteristics. (HTF: 
Therminol vp1, OWF: N-octane) 

Table 12. Optimum MR for the candidate OWFs for different HTFs 

  The missing values are for the fluids that are filtered out at specific conditions, as in the footnote of Table 8.  

OWF 
 ORC 

based system   ORC-IHE 
based system  RORC 

based system 
 𝑯𝑻𝑭𝟏 𝑯𝑻𝑭𝟐 𝑯𝑻𝑭𝟑 𝑯𝑻𝑭𝟒  𝑯𝑻𝑭𝟏 𝑯𝑻𝑭𝟐 𝑯𝑻𝑭𝟑 𝑯𝑻𝑭𝟒  𝑯𝑻𝑭𝟏 𝑯𝑻𝑭𝟐 𝑯𝑻𝑭𝟑 𝑯𝑻𝑭𝟒 

N-Pentane  ----- 1.12 1.30 -----  1.91 2.06 1.73 1.65  ----- ----- ----- ----- 
Isohexane  ----- ----- 1.36 -----  1.37 1.45 1.12 1.19  ----- ----- ----- ----- 
N-Hexane  1.06 1.23 1.42 0.87  1.16 1.23 1.28 1.02  1.05 1.22 1.41 0.86 
N-Heptane  1.07 1.26 1.41 0.87  0.98 1.22 1.37 0.66  1.04 1.25 1.38 0.85 

Cyclohexane  1.21 1.41 1.50 1.00  1.14 1.37 1.50 0.79  1.19 1.40 1.50 0.99 
N-Octane  1.09 1.29 0.48 0.89  1.03 1.27 0.48 0.83  1.05 1.27 1.50 0.85 
Benzene  1.41 1.65 1.29 1.17  1.39 1.64 1.29 1.14  1.39 1.65 1.29 1.16 
Toluene  1.42 1.35 0.62 1.16  1.40 1.35 0.62 1.14  1.38 1.35 0.62 1.13 
P-xylene  0.91 0.65 0.62 0.94  0.91 0.65 0.62 0.94  0.91 0.65 0.62 0.94 

Ethylbenzen
e  0.92 0.68 0.62 0.94  0.92 0.68 0.62 0.94  0.92 0.68 0.62 0.94 

(𝐻𝑇𝐹1, 𝐻𝑇𝐹2, 𝐻𝑇𝐹3, 𝐻𝑇𝐹4) = (Therminol VP1, Therminol 66, Therminol XP, Syltherm 800) 
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Table 13. Optimal OWFs selected for three tri-generation systems for different HTFs 

HTF 
Trigeneration system 

ORC based system ORC-IHE based system RORC based system 
Therminol VP1 Toluene Toluene Benzene 
Syltherm 800 Toluene Toluene Benzene 
Therminol 66 Benzene Benzene Benzene 
Therminol XP N-Heptane Cyclohexane N-hexane 
 
6.2. Performances of tri-generation systems 

The results presented in this section are based on 
the optimal HTF obtained in section 6.1. The 
input energy and exergy (𝑄̇𝑖𝑛 and 𝐸𝑥̇𝑐𝑜𝑙𝑙) are the 
same in all systems. Table 14 presents 
thermodynamic and economic performance 
characteristics of different systems. In terms of 
heating and cooling, ORC based system is 
superior, while in terms of overall net electrical 
power, ORC-IHE based system is the best. The 
results indicate that ORC based system leads to 

the highest performance in both energy and 
exergy efficiencies (80.17 % and 33.21 %, 
respectively). This is because of significant 
heating power and exergy in the heating process 
of the ORC-based system compared to the other 
hybrid systems. In terms of economic 
characteristics like NPV, DPP and COE,  ORC 
based system leads to the best performance, since 
it has the highest overall output power (17385.7 
kW). Additionally, ORC-IHE based system 
outperforms other systems in terms of LCOE. 

 

 
 

(a) (b) 

 

(c) 

Fig. 5. NOF of selected HTFs: (a) ORC based; (b) ORC-IHE based; (c) RORC based  
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Table 14. Thermodynamic and economic performance of tri-generation systems 

Metrics  ORC based  ORC-IHE based  RORC based 
𝜓𝐶𝐶𝐻𝑃  (%)  33.21  32.01  32.25 
𝜂𝐶𝐶𝐻𝑃 (%)  80.17  71.89  74.42 

𝑊̇𝑛𝑒𝑡,𝑜𝑣𝑒𝑟𝑎𝑙𝑙  (kW)  2702.4  2909.9  2801.9 
𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 (kW)  13383.0  11388.5  12156.6 
𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 (kW)  1297.3  1289.4  1176.3 

NPV (M$)  82.6  74.5  77.0 
LCOE ($/kwh)  0.118  0.111  0.114 

DPP (year)  2.19  2.45  2.35 
COE ($/kWh)  0.018  0.021  0.020 

Table 15. Comparison of economic characteristics of the present systems with those of literature 

Metric 
 Present systems  Literature 
 ORC based ORC-IHE based RORC based  Ref. Amount 

COE ($/kwh)  0.018 0.021 0.020  [86] 0.023 
LCOE ($/kwh)  0.118 0.111 0.114  [87] 0.25 

 

In order to compare the performance of 
present system with literature in a multi-criteria 
approach, COE and LCOE are employed and 
the results are presented in Table 15. It is 
evident that the current configurations lead to 
greater performance. Such enhancement is 
mainly because of higher efficiency of the 
present systems compared to the literature 
(46.3 and 25% for [86] and [87], respectively). 

7. Conclusions 

This study applied the MADM method based 
on multiple thermodynamic and economic 
criteria for the prioritization of HTFs in PTSC-
driven energy systems. The investigated 
systems consisted of PTSC as the prime mover, 
different types of ORC system directly fed by a 
solar field, and DEARC and KCS as two 
bottoming cycles. The PROMETHEE II 
method combined with the Shannon's entropy 
scheme was utilized for multi-criteria selection 
of HTFs. Overall energy and exergy 
efficiencies, overall net electrical, heating, and 
cooling power, NPV, DPP, COE, and LCOE 
were selected as thermodynamic and economic 
criteria.  

Considering thermophysical properties of 
the PTSC and the solar field, as well as the 
maximum allowable temperature of each HTF, 
Therminol vp1, Therminol 66, Therminol xp 
and Syltherm 800 were selected. MADM 
analysis of the systems was carried out in terms 
of net outranking flow to evaluate them in a 

multi-criteria thermoeconomic viewpoint. 
Therminol 66 was found as the optimal HTF 
leading to the highest overall performance for 
all three trigeneration systems. 

Based on the optimal HTF, the ORC based 
system demonstrated the best performance in 
terms of heating and cooling powers, as well as 
both energy and exergy efficiencies (80.17 % 
and 33.21 %, respectively). Additionally, this 
system exhibited the highest performance in 
terms of NPV (82.6 M$), DPP (2.19 year) and 
COE (0.018 $/kWh). In contrast, ORC-IHE 
based system resulted in the highest overall net 
electrical power and LCOE (0.111 $/kWh). 
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