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ABSTRACT 

In this research work Waste Heat Recovery from a Practical Gas Power Cycle (GPC) combined with an Organic 

Rankine Cycle (ORC) through a Loop Heat Pipe Heat Exchanger (LHP Hex.) has been presented for Industrial. 

Six Eco-friendly refrigerants namely R600, R134a, R290, R152a, R125 & R124 have been used as working 

fluids for ORC along with 4 easily available working fluids such as Water, Ethanol, Methanol & Acetone for 

LHP. Peak Temperature of GPC, Working Fluids of ORC & LHP Hex. and Condenser Pressure of ORC have 

been kept as the input variables for the combined cycle, whereas, the net-work output of the ORC, First Law & 

Second Law Efficiency, Irreversibility Associated with the major components, required flow rates of the 

different working fluids and Most Suitable working fluids are the Output Performance Parameters. The 

combination of Water (LHP H Ex.) & R290 (ORC) is the most suited working fluids among all the 24 

Combinations studied. Moreover, the First & Second Law Efficiencies of the System at 1500K Peak GPC 

Temperature & 65 kPa ORC Condenser Pressure have been recorded as 32% & 80 % respectively with 170 kW 

net-work output. The irreversibility related to each different component of the lower system has been around 80 

kW.  The ratio of the mass flow rate of R290 to Water has been around 1.42.  
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INTRODUCTION 

Energy has been the source of life for ages, while, humankind has been looking for different highly efficient 

energy sources. From small-scale hydro-power plants to large-scale hydel plants, from low power-producing 

steam & gas engines to large capacity steam power plants, gas power plants & IC engines, the world has seen a 

huge technological enhancement. It has been observed in the high energy input cycles (Rankine/Brayton), 

there’s a large energy source left unutilized, which results in unutilized monetary expenditure, loss of exergy & 

Global Warming. Hence, the study of combining two different cycles has been persistent for a very long time 

i.e., power cycles with power cycles & power cycles with refrigeration cycles. In such combined systems, waste 

heat recovery has been the topmost priority. In this research work, two power cycles namely Gas Power Cycle 

(GPC) and Organic Vapor Power Cycle (Organic Rankine Cycle (ORC)) are connected through a Loop Heat 

Pipe (LHP) as a Loop Heat Pipe Heat Exchanger (LHP HEx.) on computer-based simulations. The waste heat of 

the Brayton Cycle is utilized through LHP Hex. for input to the Boiler of the ORC. The working fluids in the 

ORC are eco-friendly refrigerants namely R124, R125, R152a, R600, R290&R134a, while the working fluids 

for the LHP have been chosen to be Acetone, Ethanol, Methanol & Ammonia. In this research work, 24 

combinations have been studied with different input variables. The benefit of these refrigerants is that they can 

be converted into vapors at relatively low temperatures, hence making possible the use of low-temperature 

sources quite effectively. The LHP acts as a superconductor of Heat, providing almost constant effectiveness 

around 90% (Evaporator & Condenser of LHP), moreover, for the interfaces between GPC, ORC & LHP 

average effectiveness may be taken as 0.65-0.7 based on the literature. The previous research works are 

summarized in the following Para; 

Angelino et. al. [1] studied the geothermal Organic Rankine Cycle (ORC) with combinations of n-butane & n-

hexane. Where the results showed that the ORC with such combinations delivered 6.8% more force than with 
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sole n-pentane. Papadopoulos et. al. [2] projected a thorough method for fluid selection through a simulation-

aided system following process optimization, physical, chemical, eco-friendly, safety evaluating the economic 

properties of pure ORC fluids. Demuth [3] performed a case study on a geothermal power plant working on 

two-component mixtures of natural hydro-carbons for specified compositions at 137  C and 182  C temperature of 

geothermal water. The efficiency increases up to 14% for the sub-critical cycles compared to the most efficient 

pure working fluid as propane. Hung et. al. [4] analyzed an ORC employing diverse working fluids among wet, 

dry & isentropic fluids. Dry and isentropic fluids exhibited better thermal efficiencies, moreover, did not get 

condensed during the expansion process, hence, resulted in smaller damage. Tchanche et. al. [5] analyzed 

thermo-physical characteristics along with the results of 20 fluids in a low-temperature solar ORC. R134a was 

finally recommended. Heberle et al. [6] performed the exergy analysis of zeotropic mixtures as the working 

fluids in which the results exhibited that the efficiency had increased up to 15% in comparison with that of pure 

fluid for heat source temperature below 120°C. Liu et. al. [7] studied the effect of temperature glide during the 

zeotropic condensing process on the thermal efficiency, exergy efficiency, and work of the ORC system. Yang 

et. al. [8] deliberated the performance of eight zeotropic mixtures working as fluids for a waste heat recovery 

system of the vehicle engine. Wang et. al.  [9] performed a comparative study on three different compositions 

(0.9/0.1, 0.65/0.35, and 0.45/0.55) of R245fa/R152a to pure R245fa in a low-temperature solar ORC. The 

second law efficiency of subcritical cycles was studied.  Dwivedi et al. [10] analyzed the viability of LHP Ex for 

intra-cycle heat exchange for the VARS. Fabian Korn [11] accomplished numerous experiments on heat pipes to 

establish it to be the most effective method to transport thermal energy.  

GAP IN THE LITERATURE 

It has been observed through the literature review that the Brayton Cycle and the ORC can be connected through 

the LHP to obtain better utilization of waste heat and highly effective performance. The outlet of the Brayton 

Cycle has been routed through the LHP for waste heat utilization. This in turn results in a novel system on 

which investigation has been made in this research work. Hence, the research investigation aims at the 

feasibility study of such a system, and the results have been discussed and concluded. The objective of this 

research article is not to analyze and report on the GPC, LHP, or ORC as sufficient work has been published on 

the different parameters of such systems.   It can be observed that the flexible nature of LHP makes its use very 

attractive in an industrial set-up in which heat can be efficiently transferred from the source to the sink over 

large distances.  

MATERIALS AND METHODS 

In this newly envisaged combined system, ORC has been connected with the Gas Power Cycle (GPC) and 

works on the heat rejected from the Power Cycle (Fig. 1). The exhaust of the GPC is passed through the 

evaporator of the Loop Heat Pipe (LHP), where it vaporizes the working fluid in the LHP; further, these vapors 

are then used to supply input heat to the boiler of the ORC through the Condenser of LHP. The condenser of the 

LHP is integrated with the evaporator of the boiler to achieve better flexibility in the operations. Moreover, LHP 

performs as a superconductor of heat owing to the extremely extensive heat transfer coefficient observed in the 

Boiling-Condensation phenomenon. The software-based mathematical modeling analysis has been performed 

keeping the variation in peak temperature (T5 or TPEAK) and the pressure ratio (r or P3/P1) of the GPC in 

consideration. Parametric analysis of the rest of the components is recorded with the help of the simulations 

based on the equations for GPC, LHP & ORC in published literature and textbooks. 
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Figure 1. Gas Power Cycle Combined with Organic Vapour Power Cycle through a Loop Heat Pipe 

Fig 2 has been drawn based on the available literature and texts to present the T-s plot of the complete cycle. 

The bottom cycle is the ORC & Top cycle is the GPC. In the middle of both the LHP Heat Exchangers are used 

to connect the both instead of a regular heat exchanger. The Evaporator of the LHP has been equipped with 

baffles, fins assembly & multiple passes to maximize the effectiveness between the heat transfer between the 

High Energy Gas Mixture & the working fluid of LHP in the evaporator of LHP, whereas, in the condenser of 

the LHP boiling & condensation heat transfer will take place which has the maximum effectiveness of all the 

arrangements. To even facilitate the drop-wise condensation & nucleate boiling phases to prevail necessary 

precautions have been made.  The symbols have their usual meaning and the cycles consist of the usual 

components such as compressor, turbine, boiler, condenser combustion chamber, and others as consisted of a 

simple cycle for the software-based simulations.   
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Figure 2. T-s Plot for Gas Power Cycle Combined with Organic Vapour Power Cycle through a Loop Heat 

Pipes 

Figure 3 explains the structure of the LHP as well as the methodology of working. It shows the different 

compartments of the LHP-Evaporator. Moreover, the flow of the fluid within the LHP can be explained in 

Figure 3. A fluid near-saturated liquid state enters the evaporator where it evaporates to become 

saturated/superheated vapor. Further, the subcooled liquid goes out of the condenser tube to the compensation 

chamber of the LHP hence completing the loop. 

 

Figure 3. The Sectional view of Loop Heat Pipe Evaporator [10]. 

Table 1A & 2B contains the 10-working fluids being considered in the analysis. The working fluids of the LHP 

and that of the ORC have been presented. The equation solver software draws the value of properties 

corresponding to the state and generates results through several simulations. 

 

Table 1A. Combination of working fluids for ORC 

ORC Working Fluid R124 R125 R134a R152a R290 R600 

Table 1B. Combination of working fluids for LHP-Ex 

LHP Working Fluid Acetone Ethanol Methanol Water 
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METHODOLOGY & EQUATIONS USED 

The novel system works on a wide range of working parameters as input in the computer-based modeling 

software. Working fluids combinations, Peak Temperature of GPC, Condenser Pressure of ORC, the mass flow 

rate in GPC, etc. have been taken as the basic input parameter. The pressure ratio of the GPC has been taken as 

5. Similarly, for example, the boiler temperature & pressure of the ORC has been connected to the Condenser 

Temperature of the LHP which in turn is dependent on the pressure ratio and peak temperature of the GPC, an 

attribute of the combined system. First Law & Second Law Analysis have been done for the combined system & 

components. To assess the feasibility of such a system for industrial applications, the applicable equations from 

standard texts and literature available have been modeled into the equation solving software to run iterations and 

to obtain the results based on which conclusions could be presented from this investigation.     

Following Input, variables have been used to obtain a comprehensive analysis of the combined system & 

components. The limits of both the cycles have been fixed i.e. Peak Temperature (T5) & Sink Pressure & 

Temperature (P9 & T9). All 

Table 2. Input parameters & Abbreviations/Symbols 

Gas Power Cycle [14] 

Table 3A, 3B & 3C show the list of parameters & abbreviations/symbols used during the analysis, whereas, 

Table 2 shows the list of input parameters for the analysis. Effect of mass flow rate in GPC has been kept as 

input similar to the Peak Temperature so assess the total heat exchange through the LHP Ex. 

Table 3A. List of parameters & respective abbreviations for GPC 

Parameters 
Abbreviations/ 

Symbols 

Gas Power Cycle  

Inlet Temperature (K) & Pressure (kPa) to Compressor of Gas Power Cycle (GPC) T1, P1 

Outlet Temperature (K) & Pressure (kPa) to Compressor of GPC T3, P2 

Inlet Temperature (K) & Pressure (kPa) to Combustion Chamber of GPC T4, P2 

Inlet Temperature (K) & Pressure (kPa) to Turbine of GPC T5, P2 

Inlet Temperature (K) & Pressure (kPa) to Regenerative Heat Exchanger of GPC T7, P1 

Inlet Temperature (K) & Pressure (kPa) to Loop Heat Pipe Connecting the Power Cycles T8, P1 

Work Input in the GPC (kW) WinB 

Heat Input in the GPC (kW) Qadd 

Work Output in the GPC (kW) WoutB 

Net-Work Output in the GPC (kW) WnetB 

Heat Exchange between GPC & LHP in kW QGP-LHP 

Flow Rate of Air in GPC (kg/s) ṁa 

Flow Rate of Gas in GPC (kg/s) ṁg 

Pressure Ratio r 

Heat Exchange in Regenerator in kW QR 

 

Input Parameters for the Analysis Abbreviation/Symbols 

Working Fluids of LHP  

Working Fluid of ORC  

Inlet Temperature (K) to Turbine of GPC T5 

Condenser Pressure of ORC (kPa) P9 
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Isentropic compression the work required for the compressor is given by: 

T2/T1 = r 
(γ-1/ γ)

 = T5/T6                (1) 

T3= T1+ (T2 – T1)/ηC&T7 = T5 – (T5-T6) ηT,                         (2) 

Where ηT can be taken as 0.92 &ηC can be taken as 0.86 

WinB= H3 – H1=ṁacpa (T3-T1)…                                                                                                                             (3) 

Isobaric heat addition the net heat added is given by  

Qadd = H5 – H4 =ṁacpa (T5-T4) = ṁFCV (Calorific Value of Fuel= 43 MJ)                    (4) 

Isentropic expansion the work done by turbine is given by  

WoutB= H7 – H5 =ṁgcpg (T7-T5)            (5) 

WNetB= WoutB - WinB             (6) 

ηB = WNetB / Qadd              (7) 

Heat Exchanged in the Regenerator 

QR = H4 – H3 =ṁacpa (T4-T3)            (8) 

Where, T4 = T3 + ɛR(T7-T3)            (9) 

Isobaric heat rejection (in a heat exchanger), the net heat rejected is given by  

QRej = H8– H1= ṁgcpg (T8-T1)          (10) 

Where T8 = T7-ɛR(T7-T3)&ɛR can be taken as 0.75        (11) 

Exergy Analysis 

Compressor 

Exergy & Irreversibility for Compressor 

XComp= ma (h1-h3) – To ma (s3-s1)          (12) 

IComp= To ma (s3-s1)                      (13) 

Wheres3-s1= cPa (T3-T1) – Ra ln(P3/P1)         (14) 

Regenerator 

ΔsRH= sHo – sHi             (15) 

ΔsRC= sCo – sCi                        (16) 

xC = (hCo-hCi) – To (sCo-sCi)           (17) 

xH = (hHi-hHo) – To (sHi-sHo)          (18) 

IR = ToΔ o= To[ṁg(s7-s8) - ṁa(s4-s3)]          (19) 

Where, s7-s8= cPg ln(T7/T8) &s4-s3= cPa ln(T4/T3)        (20) 

Combustion Chamber 

XCC = Qadd – ToSgen                         (21) 

ICC= ToSgen                         (22) 

Where, Sgen= ṁgcPg ln(T5/T4) - Q add/ Tav           (23) 

Turbine 
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XT= mg (h5-h7) – To mg (s5-s7)                        (24) 

IT = To mg (s5-s7)                         (25) 

Where, s5-s7 = cPg (T5-T7) – Rg ln(P5/P7)                      (26) 

ITotalORC= IComp+ ICC+ IR+ IT             (27) 

Exergetic efficiency =                  (28) 

Loop Heat Pipes [12]: 

Table 3B. List of parameters & respective abbreviations for LHP-Ex 

Parameters 
Abbreviations/ 

Symbols 

Loop Heat Pipe Hex.  

Evaporator Temperature LHP Connecting the Power Cycles (K) TEvLHP 

Condenser Temperature LHP Connecting the Power Cycles (K) TCondLHP 

Heat Absorbed in the Evaporator of the LHP Connecting the Power Cycles (kW) QEvLHP 

Heat Transported to the Condenser of the LHP Connecting the Power Cycles (kW) QCondLHP 

Heat Input to the Boiler of the ORC Through the LHP Connecting the Power Cycles (kW) QinLR 

The surface tension N/m σ 

The latent heat of vaporization at heat pipe temperature in kJ/kg hfg 

The viscosity of the liquid in Pa-s. μl 

The Figure of Merit in kW/m
2
 MFh 

The X-sectional area of wick in m
2
 Aw 

The Permeability of the wick material in m
2
 khp 

The effective length of the heat pipe in m Leff 

The pore radius in m rp 

The acceleration due to gravity in m/s
2
 g  

The inclination angle in degrees Φ  

The density of vapor in heat pipe in kg/m
3
 ρl 

Mass Flow Rate in the Evaporator & Condenser of LHP in kg/s ṁLHP 

Heat Exchange in the Evaporator& Condenser of LHP Respectively in kW 
QEvLHP 

&QCondLHP 

Entropy inlet & outlet of the Evaporator of LHP in kJ/kgK 
sEviLHP& 

sEvoLHP 

Entropy inlet & outlet of the Condenser of LHP in kJ/kgK 
sCondiLHP 

&sCondoLHP 

Enthalpy inlet & outlet of the Evaporator of LHP kJ/kg 
hEviLHP& 

hEvoLHP 

Enthalpy inlet & outlet of the Condenser of LHP kJ/kg 
hCondiLHP 

&hCondoLHP 

Entropy Generation in the Evaporator & Condenser of LHP Respectively in kW/K 
 genEvLHP 

  genCondLHP 

Mean Temperature Diff. in the Evaporator & Condenser of LHP Respectively in K 
TH-HP 

& TL-HP 

The temperature of the vapor in LHP in K TvLHP 

The characteristic dimension of the liquid/vapor interface (m) λ 
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Thickness thermal layer (m) 𝛿 

Heat Transfer in LHP as per Sonic Limitation in kW QS 

Heat Transfer in LHP as per Entrainment Limit Limitation in kW QEnt 

Heat Transfer in LHP as per Capillary Limit Limitation in kW QCap 

X-sectional area of the duct of LHP (m
2
) A 

Irreversibility in different components in kW I 

Permeability of the Wick Material khp 

QGP-LHP = mgcPg(T8-T1)           (29) 

ĖGP-LHP = mg (h8-h1) – To mg (s8-s1)          (30) 

Where, s8-s1 = cPg (T8-T1) – Rg ln(P8/P1)         (31) 

Effectiveness of LHP Evap-GPC Heat Exchanger ɛLHPEv-GPC= 0.75 

Effectiveness of LHP Cond-ORC Heat Exchanger ɛLHPCond-ORC= 0.85 

Figure of Merit for comparing different working fluids for LHP: 

MFh= ρl σhfg / μl              (32) 

The axial heat flow rate due to the sonic limitation was calculated from the following equation  

QS = π rp
2
ρvhfg              (33) 

The maximum heat transfer due to the entrainment limit was determined using the equation 

QEnt = π rp
2
hfg√(2 π ρvσcosϕ / λ)          (34) 

The maximum heat transfer due to the capillary limit was determined using the equation 

QCap= (MFh)(Awkhp/Leff) {(2/rp)-(ρlgLeffsinϕ / σ)}           (35) 

The degree of superheat to cause nucleation is given by: 

ΔT = 3.06 σlTvLHP/ ρvhfg𝛿           (36) 

With reference to mass flow rate of warm and cool air, the heat transfer rates to the evaporator and condenser 

sections are calculated as follow: 

qe= mcp(Te,in - Te,out) = ρ u Acp (Te,in- Te,out.)         (37) 

qc = mcp(Tc,in – Tc,out) = ρ u Acp (Tc,in– Tc,out.)          (38) 

HTF = 2MFhAkhp/ rp            (39) 

Effectiveness 

ϵLHP = qact / qmax= Te,in - Te,out/ Te,in – Tc,in)                                                                                         (40) 

Exergy Analysis of LHP- Evaporator: 

QEvLHP= ṁgcp (T8 – T1)                                                                                                         (41) 

ṁEvLHP= QevLHP/ (hEvoLHP- hEviLHP)                                                                             (42) 

 genEvLHP= ṁEvLHP(sEvoLHP- sEviLHP) - QevLHP/ TH-HP                                                             (43) 

TH-HP= (T8-T1) / ln (T8/T1)                                                   (44) 

IgenEvLHP=To ( genEvLHP)                                                   (45) 

XEvLHP= ṁgcp (T8 – T1)-IgenEvLHP                                                                                          (46) 
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Exergy Analysis of LHP-Condenser: 

QCondLHP= ṁORChfgevORC= QinLR                                                  (47) 

ṁCondLHP= ṁEvLHP= ṁLHP                                                   (48) 

 genCondLHP= ṁCondLHP(sCondoLHP - sCondiLHP) –QCondLHP/ TL-HP                    (49) 

TL-LHP= (TCondLHP + TEvapORC) / 2                                                  (50) 

IgenCondLHP=To( genCondLHP) (51) 

XCondLHP= QCondLHP- IgenCondLHP                       (52) 

ITotalLHP= IgenEvLHP+ IgenCondLHP                                     (53) 

Organic Rankine Cycle [14] 

Table 3C. List of parameters & respective abbreviations for ORC 

Parameters 
Abbreviations/ 

Symbols 

Organic Rankine Cycle  

Inlet Temperature (K) & Pressure (kPa) to the Pump of Organic Vapour Power Cycle 

(ORC) 
T9, P9 

Inlet Temperature (K) & Pressure (kPa) to the Boiler of ORC T10, P10 

Inlet Temperature (K) & Pressure (kPa) to the Turbine of ORC T13, P13 

Inlet Temperature (K) & Pressure (kPa) to the Condenser of ORC T14, P14 

Work Output from the Turbine of ORC (kW) WoutR 

Work Input to the Pump of ORC (kW) WinP 

Net-Work Output from the ORC (kW) WnetR 

Exergy in kW & kJ/kg respectively X&x 

Enthalpy in kW & kJ/kg respectively H & h 

The temperature of the Environment in K To 

Effectiveness of Different Components ɛ 

The efficiency of Different Components η 

Specific Heats Ratio γ 

The power absorbed by the pump is estimated by equation  

WinR = (h10-h9)                                           (54) 

ηp= (h10s-h9)/(h10-h9)                                                    (55) 

QEvpR= (h13-h10)                                                    (56) 

(h13-h10) = cpR(Tin-Tpp)                                             (57) 

The useful work output can be estimated by equation.  

WoutR = (h13-h14)                                                                       (58) 

QConR= (h14-h9)                                                  (59) 

Where QConRstands for the heat rejected heat in the condenser (kW)  

Thermal efficiency is defined as the ratio of the network output to heat supplied to the evaporator.  

ηTh= (WoutR–WinP)/QEvpR                                     (60) 

Exergy destruction in pump 

The exergy destruction rate in the pump is given by equation  
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Ipump= To(s9-s10)                                               (61) 

TH-ORC = (Tin + Tpp)/2, the energy destruction in evaporator can be estimated by equation.  

Ievp= To[(s13-s10) -(h13-h10/TH-ORC)]                        (62) 

Where; 

Ievpis the exergy destruction rate in the evaporator (kW), s13 is specific entropy at boiler outlet kJ/kgK) 

Exergy destruction in turbine  

The equation gives the exergy destruction rate in the expander. 

ITurb= To (s14-s13)                                         (63) 

ITurbis the exergy destruction rate in the turbine (kW), s14 is specific entropy at turbine outlet (kJ/kgK) 

Exergy destruction in the condenser 

TL-ORC = (Tci + Tco)/2 can be used to estimate the exergy destruction in the condenser. The equation gives the 

exergy destruction in the condenser.  

Icon = ṁR×To[(s9-s14) -(h9-h14/TL)]                         (64) 

Icon refers to the exergy destruction rate in condenser (kW) 

The system’s total energy destruction can be calculated by combining equations  

ITotalORC= IPump+ IEvap+ ITurb+ ICon                     (65) 

This gives: 

ITotal = To× [ – ]                               (66) 

Exergetic efficiency =                         (67) 

Table 4 contains the details of the recommended and non-recommended wick material for the LHP-Evaporator 

with the corresponding working fluids. While constructing the LHP, these details need to be kept in mind. In 

this research work Copper, Silica or Stainless Steel can be invariably used based on thermal effectiveness & 

cost-effectiveness. 

Table 4. Heat Pipe working fluids & material compatibility [12]  

Working Fluid 
Recommended 

Material 

Not Recommended 

Material 

Acetone Copper, Silica, Aluminium, Stainless Steel  

Methanol Copper, Silica, Stainless Steel  Aluminium 

Water 
Copper, Silica, Aluminium, Stainless Steel, 

Nickel, Carbon Steel 

Silica, Aluminium, Stainless Steel, 

Nickel, Carbon Steel,Inconel 

Ethanol NA NA 

 

Similar to the table above, Table 5 contains the details of the suitable operating temperature range, based on 

which the working fluid can be decided for the LHP. In this research work, the operating range is about 400-450 

K. Hence, the corresponding working fluids i.e., Ethanol, Acetone, Methanol & Water have been chosen. It can 

be seen that the LHP can be used to extract heat from relatively low temperature sources, making it extremely 

useful for such a system. 

Table 5. Heat Pipe working fluids useful operating temperatures [12] 

Working Fluid Melting Point (ºC) Boiling Point at ATP (ºC) Useful Range (ºC) 

Acetone -95 57 0-120 
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Methanol -98 64 10-130 

Ethanol -112 78 0-130 

Water 0 100 30-200 

The next section discusses the results obtained from the simulations through various plots and data obtained. 

RESULTS AND DISCUSSIONS 

Software-based simulations have been prepared on engineering equation solver based on the modeled equations 

of GPC, LHP & ORC. The Peak Temperature of the GPC (T5), Condenser Pressure of ORC (P9), and working 

fluids for LHP &ORC have been kept as the input variables for this research work. The input heat source that 

has been obtained for the Boiler of ORC is in the range of 400K-450K (127   C-177   C) as a constant source 

owing to the condensation in the LHP. All 4 working fluids selected for this range are compatible. For the 

construction of such LHP, Silica, Copper, and Stainless Steel can be selected. Different performance parameters 

such as Net-Work Output of ORC (WnetR), Exergy (X) &Irreversibility (I) of different components, 

Corresponding Efficiencies & Effectiveness of the Components (η &ɛ), and Mass Flow rates of the working 

fluids have been closely recorded and studied through different simulations and the results have been presented 

and explained in the following sections. 

Peak Temperature Of Gpc (T5) As Input Variable 

The Peak Temperature (T5) has been varied from 1400 K to 1800K. In Fig 4 and Fig 5 comparative study of 

Exergy and Irreversibility has been recorded for Condenser and Boiler of the ORC for 6 selected refrigerants. 

For Condenser of ORC, it can be seen that the Irreversibility range from 10kW to 50 kW with R125 having the 

highest value, whereas, the top most Exergy results with R600 with a range from 40 kW to130 kW.  

 

Figure 4. Irreversibility & Exergy associated with the Condenser of the ORC 

The comparative study of Exergy and Irreversibility have been recorded for Condenser and Boiler of the ORC 

for 6 selected refrigerants. It can be assessed that the Irreversibility for Boiler for all the refrigerants lies within 

the range of 10kW to 30 kW. Moreover, R125 shows the maximum Irreversibility in the condenser whereas 

R600 has the lowest. Exergy of the condenser varies from a range of 40 kW to 190 kW. The highest Exergy has 

been observed for R125 whereas the lowest has been observed for R600. 
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Figure 5. Irreversibility & Exergy associated with the Boiler of the ORC 

The following Fig 6 & 7 represent the results of Exergy & Irreversibility associated with the LHP Condenser & 

Evaporator. It can be seen that the exergy is being transferred from the evaporator to the condenser with high 

effectiveness. Moreover, sufficient exergy is available at the condenser to transfer to the Boiler of the ORC to 

complete the connections. It can again be seen that R600 has generated the best possible results for the subject 

input variables. In the Evaporator the range for Exergy is from 700 kW to 1150 (kW), whereas, the 

Irreversibility ranges from 150 kW to 350 kW. On the other hand, for the Condenser, the Exergy available 

varies from 550 kW to 900 kW and Irreversibility from 60 kW to 250 (kW). 

 

Figure 6. Irreversibility & Exergy associated with the Evaporator of the LHP 

It can be seen that the LHP effectively with high efficiency interconnects the two cycles and high work output 

can be achieved with maximum waste heat utilization. Refrigerants being used for ORC can also be seen 

affecting the overall performance of the heat exchange taking place within the Condenser of the LHP. For R125, 

an exceptional ratio of transfer of Exergy from Evaporator to Condenser can be seen to have taken place. 
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Figure 7. Irreversibility & Exergy associated with the Condenser of the LHP 

The First Law & Second Law Efficiency for the ORC has been presented in Fig 8. The range for First Law 

Efficiency is from 25% to 32% with the maximum value for R125 whereas the Second Law Efficiency has the 

range of 73 % to 80% with R152a having maximum results. 

 

Figure 8. First & Second Law Efficiencies of the ORC 

Subsequently, in Fig 9 Net-Work Output of the ORC can be observed. R600 & R124 have coinciding and least 

results. For R290, the maximum net-work output has been obtained.  

 

Figure 9. Net-Work Output of the ORC 
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In Fig 10 the Mass Flow rate inside the LHP and the ORC has been presented. It can be seen that requirement of 

the amount of working fluid in the LHP is quite less i.e., in the range of 0.3 kg/s to 0.5 kg/s when compared to 

the mass flow rate required for the ORC in which the range varies from 0.8 kg/s to 3.4kg/s for the subject input 

parameters. 

 

Figure 10. Mass Flow Rates in LHP & ORC 

It can be seen that for the given input condition of Peak Temperature of GPC, Maximum Network Output in the 

ORC has been obtained for R290 and the Max First Law & Second Law Efficiency for R290 & R152a 

respectively. For the different components such as LHP, Boiler & Condenser maximum Exergy achieved is with 

R125, R152a, and R600& R125 respectively. It can also be seen that the Mass Flow of LHP is relatively lower 

than the ORC for the given condition. The overall Exergy transfer within the LHP is highly effective and 

efficient.  

Condenser Pressure (P9) Of Orc As Input Variable 

The performance parameters have been studied for LHP & ORC by varying the Condenser Pressure of the ORC 

(P9). It has been varied from 10 kPa to 100 kPa. Fig 11 shows the Irreversibility & Exergy in the condenser of 

the ORC. R125 isn’t suitable for the pressure range as the value of the Exergy is extremely low. R600 has the 

maximum Exergy ranging from 65kW to 90kW. It can also be seen that the trend for other refrigerants is the 

same and parallel except R124 which has a zigzag trend ranging from 45 kW to 67.5 kW. Irreversibility also 

decreases with the range of pressure for all the refrigerants. For R152a, the irreversibility can be seen to be the 

lowest and constant at 25 kW. Moreover, for R124 the irreversibility is maximum. Fig 12 shows the Exergy of 

the boiler. Trends for all the refrigerants are similar and decreasing with maximum Exergy for R125 & ranging 

from 200 to 110 kW. The lowest Exergy value is associated with R600 ranging from 100 to 40 kW. 

Irreversibility data for all the refrigerants are coinciding and almost constant near 10 kW. Only R124 shows the 

zigzag trend. 
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Figure 11. Irreversibility & Exergy associated with the Condenser of the ORC 

 

Figure 12. Irreversibility & Exergy associated with the Boiler of the ORC 

Exergy & Irreversibility in the LHP has been studied in Fig 13& 14. It can be seen from the Figures that for both 

Evaporator and Condenser of the LHP, the values are quite distinct and have the same trends for Exergy and 

Irreversibility. It can also be seen that the values of the Exergy in the evaporator are constant except for R134a. 

Similarly, Irreversibility is constant except for R152a. The Evaporator Exergy has the range of 1000kW for 

R152a -700kW for R125 and Irreversibility has values varying from 380kW for R152a to 280 kW for R125. 

 

The Condenser Exergy has values from 640 kW for R125 to 540 kW for R 152a and Irreversibility varies from 

140 kW for R125 to 60 kW for 152a. The performance of the Evaporator & Condenser has been observed to be 

high and low for the same refrigerants.  
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Figure 13. Irreversibility & Exergy associated with the Evaporator of the LHP 

 

Figure 14. Irreversibility & Exergy associated with the Condenser of the LHP 

In Figure 15 the First Law & Second Law Efficiencies are presented. It can be observed that the First Law 

Efficiency varies from 38% for R290 to 22% for R124. The trend for the first law efficiencies is as expected.  

 

The Second Law Efficiency for the ORC ranges from 81% for 152a to 74% for R125. The results vary with 

every refrigerant and input variable. Brief disruptions can be observed forR125 & R290 hence it can’t perform 

for the complete range. 
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Figure 15. Irreversibility & Exergy associated with the Condenser of the LHP 

Work out from Figure 16 can have been studied to be 190 kW for R290 to 110 kW for R600. R125 & R290 

can’t perform for the complete range. Brief disruptions can be observed. 

 

Figure 16: Irreversibility & Exergy associated with the Evaporator of the LHP 

Working Fluid Of Lhp As Input Variable 

In this segment results on the Mass Flow Rate of LHP & ORC have been presented varying the working fluid of 

the LHP, the Condenser Pressure of the ORC. Following Fig 17presents the results with Acetone as the working 

fluid in the LHP. It can be seen that for the 3 working fluids in the ORC namely R290, R600 & R152a the mass 

flow trend is parallel, increasing & in the same range 0.5 kg/s to 1.1 kg/s. For R134 the increasing trend from 

1.3 to 2.5 kg/s is similar to R 125 from all other refrigerants. For R125 we get a continuously increasing trend 

from 1.9kg/s to 2.5 kg/s and for R124 the discontinuously increasing trend of in the range of 1.8 kg/s to 2.3 kg/s. 

The same trend in the ORC can be seen independent of the working fluid of the LHP. 
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Figure 17. Mass Flow Rates in LHP & ORC with Acetone as LHP Fluid 

 

Figure 18. Mass Flow Rates in LHP & ORC with Ethanol as LHP Fluid 

In Figure 17 the mass flow rate for Acetone in the LHP varies from 1.5 kg/s with R125 in the bottom cycle to 3 

kg/s with R152a as the fluid in the ORC. Moreover, we can see that with pressure increase in the boiler the 

required mass flow rate has a decreasing trend. Whereas, in Fig 18, the results have been discussed for Ethanol 

in the LHP. The mass flow rate varies from 0.85kg/s forR125 and 1.65 kg/s for R152a. The trends are similar to 

the Acetone. In Fig 19 mass flow of Methanol can be seen to vary from 0.65 kg/s for R125 to 1.2 kg/s for 

R152a. 
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Figure 19. Mass Flow Rates in LHP & ORC with Methanol as LHP Fluid 

The results can be seen to be constant and coinciding for all the refrigerants in the case of water in LHP in Fig 

20. The mass flow rate can be seen to be 0.3kg/s. 

 

Figure 20. Mass Flow Rates in LHP & ORC with Water as LHP Fluid 

CONCLUSIONS 

It can be observed from the temperature profiles observed during the operations of the combined system that the 

temperatures available at the Condenser side of the LHP, the ORC also be run super-critically, in turn, 

increasing its efficiency. The superconductor nature of the LHP Ex can be very effectively utilized in running a 

highly efficient system. Furthermore, the following numerical conclusions can be presented on the Investigation 

done in this research work: 

i. The temperature source available for the ORC boiler is at 400-450K for which all the working fluids of the 

LHP seem to be compatible and show continuous performances. 

ii. Silica, Stainless Steel & Copper can be chosen as materials for the LHP being compatible for all. 

iii. Work output for the ORC at Peak Operating Temperature 1500K can be observed to be 170kW for R290 and 

165 kW for R290 at 65 kPa Condenser Pressure.  



Analysis of Organic Rankine Cycle with Waste Heat Recovery from Gas Power Plant using Loop Heat Pipes 

 

284 
 

iv. The Maximum First Law Efficiency for the ORC has been recorded at 30% for R290 across the Peak 

Temperature and 32% at 65 kPa Condenser Pressure. 

v. The Maximum Second Law Efficiency for the ORC has been presented to be75% for R290& 82 % for 

R152a across the Peak Temperature and 80% for R132a & 78% for R290 at 65 kPa Condenser Pressure. 

vi. Mass flow rate for working fluids in ORC can be observed to be in the range of 0.5kg/s & 0.35kg/s in LHP 

for R290-Water. All other Combinations result in more mass handling per unit work output. Hence, multiple 

LHP Ex Pipes will be used for the operation of the Combined Cycle. 

vii. Irreversibility associated with the components studied is in the range of 80kW. 

For the Steel plants and Power Plants where low-grade energy is abundant, such a system can either be used to 

run either a centralized plant or separate systems as the total heat rejection from the Plants can be transferred 

through multiple LHPs depending upon the exhaust temperature of the GPC. As mentioned earlier the Waste 

heat which is a great cause for thermal pollution and Global warming can be utilized at higher temperatures and 

with substantial flexibility in such a Novel Combined Cycle. Hence, the research works offer an Eco-friendly 

system that works on a low heat source.  

RECOMMENDATIONS FOR FUTURE RESEARCH WORKS 

It can be recommended after this research article that experimental analysis is also performed for this system to 

have it finally implemented on an industrial basis. The industrial application of this system pre-requisites the 

successful design of high heat flux LHP H Ex which has not been covered in detail. The LHP has very little 

Pressure & Temperature drops within its system providing the combined system the advantage of a constant 

heat source at relatively high temperatures. 
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