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Abstract: Increasing the efficiency of a Diesel internal combustion engine can be achieved by cogeneration 15 

of mechanical energy and cold. The cold is produced by a mechanical compression cycle (MRC) driven by an 16 

ORC system that recovers the heat emitted by the combustion gases. The work offers an exergoeconomic 17 

optimization methodology of the MRC_ORC group. The exergetic analysis highlights the changes that can be 18 

made to the system structure to reduce the exergy destruction associated with internal irreversibilities. Thus, 19 

the preheating with the help of an internal heat exchanger of the ORC fluid leads to a decrease in the share of 20 

exergy destruction in the ORC boiler by 4.19% and finally to an increase in the global exergetic yield by 21 

2.03% and implicitly in the COP of the ORC-MRC installation. Exergoeconomic correlations are built for 22 

each individual piece of equipment. The mathematical model for calculating the monetary costs for each flow 23 

of substance and energy in the system is presented. Following the evolution of the exergoeconomic 24 

performance parameters, the optimization strategy is drawn. The conclusion is to reduce the exergy 25 

consumption in the system by choosing high-performance equipment. Following the optimization procedure, 26 

the cost of the produced cold unit drops by half. The cost of Diesel fuel has a major influence on the unit cost 27 

of cooling. A doubling of the cost of Diesel fuel leads to an 80% increase in the cost of the cold unit. 28 

Keywords: exergy analysis; Diesel engine; heat exchanger; exergy destruction; exergoeconomic 29 

correlation; exergoeconomic cost assessing; exergoeconomic factor. 30 

 31 

1. Introduction 32 

The increase in the cost of fossil fuels, but also the demand for energy and the 33 

environmental concerns [1] have led to the analysis, design and development of thermal 34 

systems that can also exploit the energy potential of low-quality heat sources. One such 35 

thermal system, used on a large scale that uses a low grade heat source, is the Rankine 36 

cycle with organic fluids (ORC) [2].  37 

Daniarta S. et al. [3] analyzed the benefits of recovering with an ORC the heat re- 38 

leased by the baking ovens in an automotive paint shop. The use of the ORC succeeds in 39 

reducing the heat loss that accompanies the manufacturing process contributing to ame- 40 

liorating the employees confort while producing also electrical energy. 41 

Because the thermal efficiency of the ORC system is quite low [4], this one has been 42 

combined with other thermal systems with the main aim of improving the overall 43 

efficiency of the system by converting low quality energy into other useful forms of 44 

energy such as electricity, cold and heat. A presentation of the combined systems intended 45 
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for the simultaneous production (cogeneration) of energy and cold was made in [5, 6], and 46 

the works [7, 8] describe the systems intended for the simultaneous production of 47 

mechanical energy, heating and cooling (trigeneration). 48 

The authors of the works [9-11] dedicated their research to the thermodynamic study 49 

of thermal systems that combine ORC and a refrigerating cycle with an ejector. The papers 50 

[12-14] describe a thermodynamic analysis of the combined power and cooling cycle, con- 51 

sisting of an ORC cycle and an absorption cycle that uses the ammonia-water mixture as 52 

the working fluid. Paper [15] presents a heat-fed refrigeration cycle concept that combines 53 

an ORC and a mechanical vapor compression (MRC) refrigeration plant using a unitary 54 

assembly consisting of a free piston compressor-expander. The two systems use the same 55 

working fluid and, in addition, share the same condenser. Also, in the paper [16] a ther- 56 

mally activated cooling cycle consisting of an ORC and an MRC is presented. The system 57 

can be powered by solar thermal energy, geothermal energy or various waste heat flows. 58 

The ORC expander shaft was directly coupled to the MRC compressor shaft to reduce 59 

power conversion losses. 60 

Hu K. et al. [17] focus their interest on an analysis of a refrigerating system based on 61 

an ORC. The refrigeration is obtained in a two-stage transcritical CO2 mechanical com- 62 

pression cycle. The analysis is based on economic, energetic and exergetic criteria. The 63 

influence of the intermediary and high pressure of CO2 is shown. The analysis points out 64 

that the boiler of the ORC has the largest exergy destruction while the evaporator of the 65 

refrigerator has the highest investment cost. 66 

Bett A.K. and Jalilinasrabady S. [18], combine exergy wit Pinch analysis to optimize 67 

an ORC system that recovers geothermal energy. Different ORC fluids are comparatively 68 

analyzed. The use of a regenerative internal heat exchanger is considered. The variation 69 

in the Pinch temperature difference in the ORC evaporator imposes the inlet pressure of 70 

the ORC fluid in the turbine. An optimal boiling pressure for which the net power gener- 71 

ated is found out for each ORC fluid. 72 

Ochoa G. et al. [19] analyzes the use of solar energy as a heat source in ORC cycles. 73 

At the same time, there are many recent studies that have focused on the subject of 74 

applying ORC technology to recover low-quality waste heat from Diesel engines [20-30], 75 

using ORC systems to produce additional mechanical energy or to drive an electric gen- 76 

erator. The paper [31] presents an alternative of using the waste heat from the Diesel en- 77 

gine in an ORC which in turn produces the energy needed to drive the compressor of a 78 

MRC. MRC can produce a cooling effect at different temperatures. The advantage of a 79 

combined ORC-MRC system compared to absorption refrigeration systems [32] is that 80 

when the refrigerating effect is not required, all thermal energy can be converted into 81 

power and used for other applications [33-40]. 82 

In order to increase the overall performance of the combined cycle, numerous studies 83 

were carried out based on the principles of thermodynamics and economic analysis to 84 

determine the characteristics of the operating parameters such as: the right working fluid, 85 

the temperature of the heat source, the vaporization temperature of the working fluid, etc. 86 

which characterizes a higher thermal performance of the combined ORC-MRC system. 87 

Camero A.B. et al [41], used an advanced exergo-environmental analysis to discover 88 

the perspectives of improvement of an ORC that recovers the waste heat from a natural 89 

gas engine. The work based on the concepts of endogenous and exogenous exergy de- 90 

structions points out that most of the key parts of the system are weakly connected with 91 

the other and can be optimized practically individually in order of their exergy destruc- 92 

tion magnitude. The analysis reveals that the greatest endogenous exergy destruction 93 

happens in the heat transfer process between the engine exhaust gases and ORC fluid 94 

where about 70% of the available energy of the exhaust gases is destroyed. A reduction in 95 

this exergy destruction will increase the overall system performance. 96 

Li T. et al. [42], analyze the use of different working fluids in a combined cooling, 97 

heating and power cogeneration system composed of an ORC supplied with geothermal 98 

heat and a two-stage mechanical compression refrigerator that offers two levels of cold 99 
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temperatures. The influence of the geothermal fluid temperature on the turbine net power 100 

output is discussed. The values of the mechanical power generated, cooling and heating 101 

when using different working fluids are shown. 102 

In the paper [43] the authors proposed that the energy source supplying the second- 103 

ary systems of the vehicle should be constituted by a combined ORC-MRC system. They 104 

used R134a, R245fa, n-propane and cyclopentane and found R134a to be the most suitable 105 

working fluid. The proposed combined system was determined to be 9.2% to 9.8% more 106 

thermally efficient than the conventional power system. In the paper [44], eight fluids such 107 

as R143a, R134a, R152a, ammonia, R22, R600, isobutane and propane were studied for the 108 

ORC-MRC system and they proposed isobutane as a suitable working fluid to obtain a 109 

coefficient of performance ( COP) and an increased exergetic efficiency. In paper [45] a 110 

small-scale ORC-MRC system was investigated based on thermoeconomic criteria using 111 

R245fa as the working fluid. They analyzed the impact of condensing and vaporizing tem- 112 

perature, superheat and recovery heat exchanger on the thermo-economic performance of 113 

the ORC-MRC system. The authors concluded that adding the recuperator and superheat 114 

did not affect the thermoeconomic performance of the system compared to changing the 115 

condensing and vaporizing temperatures. The paper [46] aims to study 14 pure working 116 

fluids such as hexane, butane, R152a, R245fa, isobutane, RC318, R236ea, R236fa, R1234ze 117 

(E), C5F12, RE245cb2, R245ca, R6010 and proposed the working fluid R6012 to obtain an 118 

increased exergetic efficiency and COP of the ORC-MRC system. In the paper [47] the 119 

authors compared the ORC-MRC system with a commercial air conditioning system. They 120 

concluded that the COP of the combined system can be increased from 3.1 to 3.54 com- 121 

pared to the commercial air conditioning system by using the R600a-R123 fluid pair as the 122 

working fluid. 123 

To further improve the overall performance of ORC-based systems, researchers have 124 

used several optimization techniques. The paper [48] presents the application of genetic 125 

algorithm (GA) for the thermo-economic optimization of the combined ORC-MRC system 126 

to determine the optimal component sizes and thermal performance of the system. They 127 

recommended R245fa as the working fluid for optimal thermo-economic performance of 128 

the system. In the paper [49] the authors used the TOPSIS technique based on the entropy 129 

method to determine the optimal mass fraction of mixtures to be used as working fluid in 130 

a simple ORC. It was concluded that the mass fraction 0.1/0.9 is optimal for mixtures such 131 

as pentane/butane, hexane/pentane and isohexane/pentane. Also, the paper [50] presents 132 

the multi-objective optimization of the simple ORC system using the Taguchi technique 133 

and gray relational analysis (GRA) to determine the order of importance of each input 134 

parameter in the system and their effect on the energetic and exergetic performance of the 135 

system. It was found that choosing optimal condensing and vaporizing temperatures, tur- 136 

bine isentropic efficiency and heat exchanger efficiencies were the most effective, than 137 

optimizing the superheat temperature, pinch temperature differences in condenser and 138 

evaporator and isentropic efficiency of the pump. 139 

Based on the literature review, it can be deduced that previous studies have focused 140 

on the energetic and exergetic analysis of the ORC-MRC system, but very few studies are 141 

aimed at optimizing the performance of the ORC-MRC combined cycle. 142 

The concept proposed for analysis in this paper combines an ORC cycle with a me- 143 

chanical vapor compression refrigeration (MRC) cycle to form a thermally activated cool- 144 

ing system by recovering the heat from the combustion gases of a stationary internal com- 145 

bustion engine (ICE) through cogeneration of mechanical power and cold. The complex 146 

ORC-MRC system uses a direct gear ratio of the mechanical work generated by the ORC 147 

cycle expander. Thus, the shaft of the ORC expander directly engages the shaft of the MRC 148 

compressor and uses a single working fluid to drive both thermodynamic cycles chosen 149 

after extensive bibliographic research, namely R1224yd(Z). In this sense, a hydraulic route 150 

has been implemented that circulates the working fluid required for both cycles, with a 151 

single condenser heat exchanger. 152 
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The present work aims to identify and optimize the constructive solutions of the 153 

ORC-MRC coupled system by means of the exergoeconomic analysis. The exergoeco- 154 

nomic optimization method aims to identify the exergy destruction of each functional area 155 

and assign its monetary cost. Areas with high cost of exergy destruction will be the first 156 

targets of the optimization procedures, the effect of each local cost reduction will be veri- 157 

fied at the global level. To quantify the value of a zonal destruction, the fuel, the product, 158 

the loss and the exergetic performance coefficient were evaluated for each operational 159 

area, with the aim of obtaining the maximum product from a limited resource, with min- 160 

imum monetary cost. 161 

The scheme of the ORC-MRC combined installation and the representation of the 162 

cycle in the p-h diagram are presented in figure 1. 163 

  

(a) (b) 

Figure 1. System ORC-MRC: (a) Flow chart; (b) ORC-MRC cycles in the p – h diagram. 164 

The characteristic measures (Table 1) for the analysis of the optimized coupling were 165 

taken from the internal combustion engine (ICE) that equips the ICE-ORC experimental 166 

stand located within the Department of Thermotechnics, Engines, Thermal Equipment 167 

and Refrigeration of the National University of Science and Technology Politehnica Bu- 168 

charest. The stand is equipped with a Diesel type engine model 4TNV98TGGEHR manu- 169 

factured by Yanmar and was designed and built to experimentally investigate the possi- 170 

bilities of improving the performance coefficient of an internal combustion engine by cou- 171 

pling it with an ORC installation with the role of recovering the heat dissipated by the 172 

engine. 173 

Table 1. The characteristics of the coupled system ICE-ORC-MRC 174 

Main system parameters Values 

Maximum mechanical power 40 kW 

The temperature of the combustion gases in the 100% regime, 

equal to the temperature of the hot fluid at the entrance to the 

ORC Boiler, 𝑡∝ = 𝑡𝑖,𝑔 

420oC  

Outlet temperature of the combustion gases from the Boiler, 
𝑡𝛽 = 𝑡𝑜,𝑔 

140oC  

Mass flow rate of combustion gases, mg 0.0534 kg/s 

Specific heat of combustion gases, 𝑐𝑔   1.14 kJ/kgK 

The temperature of the cooling water at the entrance to the 

condenser, 𝑡𝜉 = 𝑡𝑖𝑤,𝐶𝑑 
15oC  

Condenser outlet water temperature, 𝑡𝜏 = 𝑡𝑜𝑤,𝐶𝑑 22oC  

Condenser cooling water mass flow rate, 𝑚̇𝑤,𝑐 0.5 kg/s 
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The temperature of the cooled water at the entrance to the 

evaporator, 𝑡𝛾 = 𝑡𝑖𝑤,𝐸𝑣  
8oC  

The temperature of the cooled water at the exit from the 

evaporator, 𝑡𝛿 = 𝑡𝑜𝑤,𝐸𝑣  
3oC  

Ambient temperature, 𝑡𝑜 15oC  

ORC-MRC working fluid R1224yd(Z) 

The operating conditions were established starting from the parameters of the heat 175 

source for the ORC (engine exhaust gases) and the condenser cooling water. The maxi- 176 

mum vaporization temperature of the organic fluid was imposed taking into account the 177 

restriction that the temperature of the combustion gases at the exit from the Boiler vapor- 178 

izer should not fall below 140 °C to avoid condensation and the formation of sulfuric acid 179 

(H2SO4) in the ORC Boiler and implicitly its corrosion. 180 

Compared to refrigeration systems with absorption or adsorption the ORC – MRC 181 

combined system is flexible; during hot summer periods all available thermal energy can 182 

be converted into mechanical energy and then into a cooling effect, and during winter 183 

when there is no need for cold, the system can produce only electrical energy 184 

2. Mathematical modeling of the system 185 

The mathematical model is based on mass, energy and exergy balances for different 186 

constructive structures of the ORC-MRC scheme. 187 

The importance of the exergetic analysis consists in the possibility to identify and 188 

evaluate the magnitude of the dysfunctions in the system. Based on the exergetic analysis, 189 

a strategy can be established to improve the performance of a system by making construc- 190 

tive and operational changes. 191 

The analysis of the functional scheme and of the installation cycle (Figure 1) high- 192 

lights the sequence of work processes: (2-20) heating the ORC liquid up to boiling temper- 193 

ature, (20-30) vaporizing the ORC liquid in the ORC boiler, (30-3) superheating of the va- 194 

pors in the ORC Boiler, (3-4) expansion of the vapors to the condensing pressure in the 195 

ORC expander, (7-8) compression of the superheated vapors in the MRC Compressor to 196 

the condensing pressure, (5) the result of the mixing of the streams with the states (4) and 197 

(8), (5-1) condensation to saturated liquid in the ORC-MRC condenser, (1TV) the part of 198 

the stream (1) that expands in the throttling valve (TV) of the refrigeration plant, (1P) the 199 

part of the stream (1) which is compressed in the ORC liquid pump (P), (1P-2) the liquid 200 

compression in the ORC pump, (1TV-6) the throttling of the liquid agent in the MRC throt- 201 

tling valve, (6-7) the vaporization and vapor overheating in the MRC evaporator, (A) 202 

nodal point for separation of the condensed liquid (1) in the streams (1TV) to the TV throt- 203 

tling valve of the MRC and (1P) to the ORC liquid pump, (B) nodal mixing point of cur- 204 

rents (4) and (8). 205 

The analysis was made based on the following assumptions: 206 

• there is no heat loss in the heat exchangers; 207 

• pressure losses in all components of the installation are neglected; 208 

• expansion in the expander, compression in the compressor and pressure increase in 209 

the pump are irreversible adiabatic processes characterized by the isentropic 210 

efficiencies ɳ𝑠𝐸 , ɳ𝑠𝐶𝑝 ,  ɳ𝑠𝑃; 211 

• it is considered that the expander is directly engaged with the compressor 𝑊̇𝐶𝑝 = 𝑊̇𝐸, 212 

the power transfer being done without mechanical losses; 213 

• the working fluid in the ORC-MRC system is R1224yd(Z), a new type refrigerant 214 

used to replace R245fa. 215 

The mathematical model of the operation of the ORC-MRC system is built based on 216 

the choice of some decision parameters. 217 

Reviewer
Comment on Text
Showing Figure 1 here would be more useful



Entropy 2023, 25, x FOR PEER REVIEW 6 of 31 
 

 

2.1 Choice of decision parameters 218 

2.1.1 The boiling temperature in the ORC boiler 219 

The temperature difference ∆𝑡𝑚𝑖𝑛𝐵 is chosen between the outlet temperature of the 220 

combustion gases 𝑡𝑜,𝑔  and the boiling temperature of the working fluid in the boiler 𝑡𝐵  221 

(Figure 2 (a)). The result is the boiling temperature of the working fluid in the boiler 𝑡𝐵. 222 

   
(a) (b) (c) 

Figure 2. Temperature – Area diagrams: (a) ORC boiler; (b) ORC-MRC condenser; (c) MRC 223 
evaporator (for the ORC-MRC working fluid notations correspond to Figure 1) 224 

2.1.2 Condensation temperature 225 

The temperature difference ∆𝑡𝑚𝑖𝑛𝐶𝑑 is chosen between the outlet temperature of the 226 

water from the condenser 𝑡𝑜𝑤,𝐶𝑑 and the condensation temperature of the working fluid 227 

𝑡𝐶 (Fig. 2(b)). It results: 228 

tC = tow,Cd + ∆tminCd (1) 

2.1.3 Vaporization temperature 229 

The temperature difference ∆𝑡𝑚𝑖𝑛𝐸𝑣 is chosen between the outlet temperature of the 230 

chilled water from the evaporator 𝑡𝑜𝑤,𝐸𝑣  and the evaporation temperature of the working 231 

fluid 𝑡𝑣 (Fig. 2(c)). Result: 232 

tv = tow,Ev −  ∆tminEv (2) 

2.1.4 The temperature of the ORC fluid at the entrance to the expander 233 

The degree of superheating of the vapors in the boiler ∆𝑡𝑜ℎ,𝐵 is chosen (Figures 1(b), 234 

2(a)), resulting temperature t3 at the exit from the Boiler: 235 

t3 = tB + ∆toh,B (3) 

2.2 Energetic analysis 236 

Based on the energy balances of the component devices, the flow rates of the working 237 

fluids, the thermal loads of the heat exchangers and the mechanical powers are calculated 238 

(Figure 1). 239 

The organic fluid mass flow rate results from the energy balance of the ORC boiler: 240 

Q̇B = |Q̇g| = ṁg ∙ cg(ti,g − to,g) (4) 

ṁORC = Q̇B/(h3 − h2)     (5) 

The power produced in the expander becomes: 241 

ẆE = ṁORC(h3 − h4) (6) 
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Power input of the working fluid drive pump: 242 

|ẆP| = ṁORC(h2 − h1) (7) 

The specific mechanical work required to drive the compressor: 243 

|WCp| = h8 − h7 (8) 

Considering that the MRC compressor is directly driven by the expander without 244 

mechanical losses 245 

|ẆCp| = ẆE (9) 

the mass flow rate of the fluid in the refrigeration cycle can be calculated. 246 

ṁMRC = |ẆCp|/|WCp|     (10) 

The condenser is common to the two combined cycles so that its thermal power be- 247 

comes: 248 

|Q̇Cd| = (ṁORC + ṁMRC)(h5 − h1) (11) 

The energy balance of the evaporator specifies the refrigeration power of the system 249 

Q̇Ev = ṁMRC(h7 − h6) (12) 

The energy performance coefficients, calculated for each individual subsystem and 250 

for the overall system, are: 251 

COPORC =
ẆE

|Q̇B|
 (13) 

COPMRC =
Q̇ev

|Ẇcp|
 (14) 

COPORC−MRC =
Q̇ev

|Q̇B|
 (15) 

2.3 Exergetic analysis 252 

Exergy represents the maximum mechanical work that a system can release or the 253 

minimum mechanical work it must consume to reach total equilibrium with its environ- 254 

ment. In energy transfer processes, part of the exergy is consumed (destroyed) due to ir- 255 

reversibility. 256 

Minimizing exergy destruction in key components of an energy system provides the 257 

strategy to follow to optimize the structure and the way the system works. 258 

The exergy destruction in each operating area of the ORC-MRC system is calculated 259 

based on the Gouy-Stodola equation or the exergy balance equations. 260 

The analysis of heat transfer in the ORC boiler was carried out by dividing it into 261 

distinct areas for liquid heating, evaporation and vapor superheating: 262 

• Liquid heating area (Figure 2 (a)) 263 

The heat required to heat the working fluid in the liquid state in the Boiler is: 264 

Q̇h = ṁORC(h20 − h2) (16) 

From the energy balance of this area, the inlet temperature of the combustion gases 265 

in this area results. 266 

Q̇h = Q̇h,g = ṁgcg(th,g − to,g) (17) 
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The exergy destruction associated with heat transfer at the finite temperature differ- 267 

ence in the liquid heating zone becomes: 268 

İ∆T,h
= |ĖxQ

Tg,h
| − ĖxQ

TORC,h (18) 

|ĖxQ

Tg,h
| = |Q̇g,h| (1 −

To

Tg,h

) (19) 

ĖxQ

TORC,h = ṁORC(h20 − h2 − To(s20 − s2)) (20) 

where:  269 

Tg,h =
th,g − to,g

ln
Th,g

To,g

 
(21) 

• ORC fluid evaporation zone (Figure 2 (a)) 270 

The heat required to vaporize the working fluid in the boiler is: 271 

Q̇vb = ṁORC(h30 − h20) (22) 

The exergy of the boiling heat of the ORC fluid in the boiler becomes: 272 

ĖxQ

TORC,vb = ṁORC(h30 − h20 − T0(s30 − s20)) (23) 

On the side of the combustion gases in the evaporation area of the ORC fluid, the 273 

energy balance equation specifies: 274 

|Q̇|
g,vb

= Q̇ORC,vb (24) 

|Q̇|
g,vb

= ṁgcg(tvb,g − th,g) (25) 

in which the variable is the temperature entering the area of the combustion gases, 𝑡𝑣𝑏,𝑔. 275 

The average thermodynamic temperature of the combustion gases in the evaporation 276 

zone is calculated as follows: 277 

Tg,vb = (tvb,g − th,g)/ln(Tvb,g/Th,g) (26) 

The exergy of the combustion gases becomes: 278 

|𝐸̇𝑥𝑄

𝑇𝑔,𝑣𝑏
| = |𝑄̇|

𝑔,𝑣𝑏
(1 − 𝑇0/𝑇𝑔,𝑣𝑏) (27) 

Exergy destruction due to heat transfer at finite temperature difference for the vapor- 279 

ization of the working fluid is calculated with the relation: 280 

İ∆T,vb = |Ėx
Q

Tg,vb
| − Ėx

Q

TORC,vb (28) 

• Overheating zone of organic fluid vapors (Figure 2 (a)) 281 

Exergy destruction due to heat transfer at finite temperature difference for superheat- 282 

ing the working fluid is: 283 

İ∆T,oh = |𝐸̇𝑥𝑄

𝑇𝑔,𝑜ℎ
| − 𝐸̇𝑥𝑄

𝑇𝑂𝑅𝐶,𝑜ℎ  (29) 

ĖxQ

TORC,oh = ṁORC(h3 − h30 − T0(s3 − s30)) (30) 

|ĖxQ

Tg,oh
| = |Q̇|

g,oh
(1 − T0 / Tg,oh) (31) 

Tg,oh = (ti,g − tvb,g)/ln(Ti,g/Tvb,g) (32) 
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Taking into account the exergy consumption in the boiler's functional areas, the total 284 

exergy destruction due to heat transfer at the finite temperature difference in the boiler 285 

becomes: 286 

İ∆T,B = İ∆T,h + İ∆T,vb + İ∆T,oh (33) 

Taking into account Eqs (20, 28, 32), the total exergy consumption in the ORC boiler, 287 

which is also the exergetic fuel of the global system, is: 288 

|EẋQ,g| = |ĖxQ

Tg,h
| + |ĖxQ

Tg,vb
| + |ĖxQ

Tg,oh
| (34) 

For the other component equipment of the ORC-MRC group (Figure 1), the following 289 

exergy consumptions or losses are identified: 290 

• exergy destruction in the expander 291 

İE = ṁORCT0(s4 − s3) (35) 

• exergy loss in the condenser 292 

L̇Cd = ṁORC−MCR[h5 − h1 − T0(s5 − s1)] (36) 

• exergy destruction due to the mixing of the working fluid at the entrance to the 293 

common condenser (state 5 Figure 1) 294 

İm = T0(ṁORC−MRC ∙ s5 − ṁORc ∙ s4 − ṁMRC ∙ s8) (37) 

• exergy destruction in the pump 295 

İP = T0 ∙ ṁORC(s2 − s1) 38) 

• exergy destruction in the throttling valve 296 

İTV = T0 ∙ ṁMRC(s6 − s1) (39) 

• exergy destruction in the compressor 297 

İCp = T0 ∙ ṁMRC(s8 − s7) (40) 

The product of the combined ORC-MRC system is the exergy of the refrigerating ef- 298 

fect achieved in the evaporator of the refrigerating cycle. 299 

|ĖxQ

TMRC,v| = |ĖxQ0
| = −ṁMRC(h7 − h6 − T0(s7 − s6)) (41) 

The exergetic performance of the combined ORC-MRC system is specified by the 300 

global exergetic efficiency and the share of exergy consumption and losses, associated 301 

with each equipment or process, in the exergy consumption of the system. 302 

Noting that the product of the global system is defined by Eq. (41) and the fuel used 303 

upon entering the system by Eq. (34), the exergetic efficiency of the ORC-MRC system, 304 

becomes: 305 

ɳex =
|ĖxQ

TMRC,v|

|EẋQ,g|
=

|ĖxQ0
|

|EẋQ,g|
 (42) 

The weight of a destruction or loss of exergy in the exergy consumption of the global 306 

system is defined as follows: 307 

ψi =
İi

|EẋQ,g|
 (43) 

2.4 Results and discussion on the ORC-MRC basic cycle  308 
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For the basic scheme of ORC-MRC (Figure 1), the energetic and exergetic study was 309 

carried out for the fluid R1224yd(Z), under the conditions: 𝑡0 = 15𝑜𝐶; 𝑚̇𝑔 = 0.0534 kg/s; 310 

𝑡𝑖,𝑔 = 480𝑜𝐶 ; 𝑡𝑜,𝑔 = 140𝑜𝐶 ; 𝑐𝑔 = 1.14 𝑘𝐽/(𝑘𝑔𝐾); 𝑡𝑜𝑤,𝐶𝑑 = 22𝑜𝐶 ; 𝑡𝑣 = −5𝑜𝐶 ; |𝑊̇|
𝐶𝑝

= 𝑊̇𝐸 ; 311 

∆𝑇𝑚𝑖𝑛𝐵 = 10𝐾; ∆𝑇𝑜ℎ,𝐵 = 6𝐾 ; ∆𝑇𝑚𝑖𝑛𝐶𝑑 = 6𝐾; ɳ𝑠𝐸 = 0.85; ɳ𝑠𝐶𝑝 = 0.85; ɳ𝑠𝑃 = 0.6  312 

The results of the energy and exergy analysis of the ORC-MRC coupled cycle are 313 

presented in table 2 and figure 3. 314 

Table 2. The results of the energetic and exergetic analysis for the basic scheme ORC-MRC 315 

𝑪𝑶𝑷𝑴𝑹𝑪 

[-] 

𝑪𝑶𝑷𝑶𝑹𝑪 

[-] 

𝑪𝑶𝑷𝑶𝑹𝑪−𝑴𝑹𝑪 

[-] 

ɳ𝒆𝒙 

[%] 

𝒎̇𝑴𝑹𝑪 

[kg/s] 

𝒎̇𝑶𝑹𝑪 

[kg/s] 

𝒎̇𝑶𝑹𝑪−𝑴𝑹𝑪 

[kg/s] 

𝝍𝑪𝒑 

[%] 

𝝍𝑬 

[%] 

𝝍∆𝑻,𝑩 

[%] 

𝝍∆𝑻,𝒉 

[%] 

6.108 0.1657 0.9468 14.91 0.1089 0.07605 0.1849 4.605 5.464 51.45 28.07 

 316 

𝝍∆𝑻,𝒐𝒉 

[%] 

𝝍∆𝑻,𝒗𝒃 

[%] 

𝝍𝑷 

[%] 

𝝍𝑳,𝑪𝒅 

[%] 

𝝍𝑻𝑽 

[%] 

𝝍𝒎 

[%] 
𝑸̇𝑩 

[kW] 

𝑸̇𝑪𝒅 

[kW] 

𝑸̇𝑬𝒗 

[kW] 

𝑾̇𝑬  

[kW] 

|𝑾̇|
𝑷

  

[kW] 

2.425 20.96 0.8721 19.22 3.21 0.267 17.05 33.18 16.14 2.825 0.1823 

The exergy analysis highlights the high exergy consumption due to the heat transfer 317 

at the finite temperature difference from the ORC boiler. The biggest temperature differ- 318 

ences, which also determine the biggest exergy consumption, are found in the ORC liquid 319 

heating zone 𝜓∆𝑇,ℎ = 28.08% and evaporation zone 𝜓∆𝑇,𝑣𝑏 = 20.96%; the reduction of 320 

these destructions is the way forward in the optimization procedure. A decrease in the 321 

temperature difference in the ORC boiler would lead to a decrease in the exergy destruc- 322 

tion in this area leading to an increase in the cooling power of the combined system. The 323 

loss of exergy in the condenser is more related to the temperature difference between the 324 

ORC and MRC fluids and the cooling water, being influenced to some extent by the vari- 325 

ation of the organic fluid mass flow rates to the variation of the other decision parameters. 326 

In order to understand how the decision-making parameters functionally and con- 327 

structively influence the evolution of the ORC-MRC system, a sensitivity study of the en- 328 

ergetic and exergetic performances and of the destruction and exergy losses of the com- 329 

bined system to the variation of the decision-making parameters ∆𝑡𝑚𝑖𝑛𝐵 , ∆𝑡𝑚𝑖𝑛𝐶𝑑 , 330 

∆𝑡𝑜ℎ,𝐵.has been done. 331 

2.4.1 The behavior of the ORC-MRC cycle at the variation of the temperature difference 332 

∆tminB in the ORC boiler 333 

The results of the sensitivity study to the change in temperature difference ∆𝑡𝑚𝑖𝑛𝐵 in 334 

the ORC boiler are presented in figure 3. 335 
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Figure 3. The ORC-MRC system: (a) the exergetic performance coefficient and the exergy of the heat 336 
current extracted in the MRC evaporator depending on the minimum temperature difference 337 
∆𝑡𝑚𝑖𝑛𝐵  in the ORC boiler; (b) the share in the exergy consumption of the overall system, of the 338 
exergy destruction from the heating, boiling and overheating areas of the boiler, depending on the 339 
minimum temperature difference ∆𝑡𝑚𝑖𝑛𝐵 340 

When the temperature difference ∆𝑡𝑚𝑖𝑛𝐵  increases, the exergy destruction due to the 341 

heating process 𝜓∆𝑇,ℎ  decreases, and that due to the vaporization process 𝜓∆𝑇,𝑣𝑏  in- 342 

creases (Figure 3 (b)). Overall, the exergy destruction in the boiler increases with the in- 343 

crease in the temperature difference between the fluids, which leads to a decrease in the 344 

exergetic efficiency of the cycle and a decrease in the exergy of the refrigerating power 345 

(Figure 3 (a)). 346 

2.4.2 The behavior of the ORC-MRC cycle at the variation of the overheating degree 347 

∆toh,B in the ORC boiler 348 

Increasing the degree of overheating in the boiler has a positive effect, leading to an 349 

increase in the exergetic efficiency of the combined cycle and an increase in the exergy of 350 

the refrigerating power (Figure 4 (a)). 351 
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Figure 4. The ORC-MRC system: (a) the exergetic performance coefficient and the exergy of the heat 352 
stream extracted in the MRC evaporator depending on the degree of overheating in the ORC boiler, 353 
∆𝒕𝒐𝒉,𝑩; (b) the share in the exergy consumption of the global system, of exergy destruction from the 354 
heating, boiling and overheating areas of the boiler, depending on the degree of overheating in the 355 
ORC boiler, ∆𝒕𝒐𝒉,𝑩 356 

Under the conditions of constant thermal flow transferred to the ORC boiler from the 357 

combustion gases, the increase in the degree of overheating ∆𝑡𝑜ℎ,𝐵 of the ORC fluid leads 358 

to the redistribution of thermal loads from the boiler in the liquid heating, vaporization 359 

and superheating phases. The relative exergy destructions from the phases of liquid heat- 360 

ing 𝜓∆𝑇,ℎ and vaporization 𝜓∆𝑇,𝑣𝑏, which have the highest weight, decrease faster than 361 

the increase in the weight of exergy destruction associated with overheating 𝜓∆𝑇,𝑜ℎ (Fig- 362 

ure 4 (b)); overall, the exergy destruction caused by the irreversibility of the heat transfer 363 

at the finite temperature difference in the boiler 𝜓∆𝑇,𝐵  decreases, leading to the increase 364 

in the exergy efficiency of the global system and to the increase in the exergy of the refrig- 365 

erating power (Figure 4 (a)). 366 

2.4.3 The behavior of the ORC-MRC cycle at the variation of the minimum temperature 367 

difference ∆tminCD in the condenser 368 

When the minimum temperature difference ∆𝑡𝑚𝑖𝑛𝐶𝐷 in the condenser increases, the 369 

exergetic efficiency of the ORC-MRC system and the exergy of the refrigerating power 370 

decrease (Figure 5). 371 
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(a) (b) 

Figure 5. The ORC-MRC system: (a) the exergetic performance coefficient and the exergy of the heat 372 
current extracted in the MRC evaporator depending on the temperature difference ∆𝑡𝑚𝑖𝑛𝐶𝐷 in the 373 
condenser; (b) the share in the exergy consumption of the overall system, of the exergy destruction 374 
in the heating, boiling and overheating areas of the boiler, depending on the temperature difference 375 
∆𝑡𝑚𝑖𝑛𝐶𝐷 in the condenser. 376 

The increase in the minimum temperature difference ∆𝑡𝑚𝑖𝑛𝐶𝐷 in the condenser leads 377 

to an increase in the condensation temperature, which leads to a decrease in the refriger- 378 

ating power and its exergy 𝐸̇𝑥𝑄0
 (Figure 5 (a)). The decrease in the exergy of the refriger- 379 

ation power is the factor that determines the decrease in the exergy efficiency of the global 380 

system despite the reduction of the relative exergy destruction 𝜓∆𝑇,ℎ associated with the 381 

heating of the ORC fluid in the boiler and the consequent reduction of the total exergy 382 

destruction in the boiler 𝜓∆𝑇,𝐵 (Figure 5 (b)). 383 

In Figure 6 are represented in coordinates (𝛩 = 1 −
𝑇𝑜

𝑇
) (exergetic temperature fac- 384 

tor) – H, the curve of the hot stream represented by the combustion gases, and the com- 385 

posite curve of the cold stream represented by the ORC fluid from the ORC boiler. 386 

The area between the flue gas curve and the H axis gives the measure of the total 387 

exergy of the heat transferred from the flue gases, and the area between the composite 388 

curve of the working fluid (ORC), in the three stages, heating-vaporization-superheating, 389 

and the H axis gives the measure of the exergy received by the working fluid. The areas 390 

between the two curves give the measure of exergy destruction in each distinctive part: 391 

heater, vaporizer and superheater. 392 

From figure 6 (a) it can be seen that for the simple ORC system (Figure 1) a large part 393 

of the amount of exergy introduced through the combustion gases is consumed in the 394 

boiler as follows: 28.07% in the heater, in the vaporizer 20.96% and only 2.425% in the 395 

superheater. The recorded values are due to the large temperature difference in the dif- 396 

ferent areas of the boiler. 397 
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(a) (b) 

Figure 6. θ-H diagram of hot and cold currents from the ORC boiler: (a) simple ORC system (Figure 398 
1); (b) ORC system with internal recuperative heat exchanger (Figure 7). 399 

From figure 6 (a), it becomes evident that the largest area between the two curves 400 

(and the largest exergy destruction) is associated with heat transfer at a too large temper- 401 

ature difference in the heating and vaporization stage of the working fluid . The reduction 402 

of these surfaces and therefore of the exergy consumed, can be achieved, for the same 403 

vaporization temperature, by increasing the inlet temperature of the ORC fluid in the 404 

heating zone; this can be done, if the ORC fluid allows it (it is of a dry type) by changing 405 

the structure of the ORC cycle by introducing an internal recuperative exchanger (Figure 406 

7). The biggest effect for reducing exergy destruction in the boiler is the increase of the 407 

vaporization temperature up to the limit allowed by the temperature difference at Pinch 408 

in this device. 409 

2.5 ORC-MRC scheme with internal heat exchanger on the ORC circuit 410 

Figure 7 shows the scheme of the ORC-MRC with internal heat exchanger on the 411 

ORC circuit. 412 

 
 

(a) (b) 

Figure 7. ORC - MRC system with ORC with internal regenerative heat exchanger; (a) Scheme of 413 
the ORC-MRC system; (b) the thermodynamic cycle of the ORC-MRC system in the p-h diagram.  414 

The results of the mathematical modeling based on the exergetic analysis of the op- 415 

eration of the ORC-MRC cycle with an internal heat exchanger on the ORC circuit for a 416 

100% engine load are presented in table 3. 417 
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Table 3. Energy and exergy results obtained for the ORC-MRC scheme with internal heat exchanger 418 
on the ORC circuit 419 

𝑪𝑶𝑷𝑴𝑹𝑪 

[-] 

𝑪𝑶𝑷𝑶𝑹𝑪 

[-] 

𝑪𝑶𝑷𝑶𝑹𝑪−𝑴𝑹𝑪 

[-] 

ɳ𝒆𝒙 

[%] 

𝒎̇𝑴𝑹𝑪 

[kg/s] 

𝒎̇𝑶𝑹𝑪 

[kg/s] 

𝒎̇𝑶𝑹𝑪−𝑴𝑹𝑪 

[kg/s] 

𝝍𝑪𝒑 

[%] 

𝝍𝑬 

[%] 

𝝍∆𝑻,𝑩 

[%] 

𝝍∆𝑻,𝒉 

[%] 

6.108 0.1883 1.076 16.94 0.1237 0.08642 0.2101 5.233 6.21 47.26 21.33 

 420 

𝝍∆𝑻,𝒐𝒉 

[%] 

𝝍∆𝑻,𝒗𝒃 

[%] 

𝝍𝑷 

[%] 

𝝍𝑳,𝑪𝒅 

[%] 

𝝍𝑻𝑽 

[%] 

𝝍𝒎 

[%] 
𝑸̇𝑩 

[kW] 

𝑸̇𝑪𝒅 

[kW] 

𝑸̇𝑬𝒗 

[kW] 

𝑾̇𝑬  

[kW] 

|𝑾̇|
𝑷

  

[kW] 

2.751 23.18 0.991 19.34 3.648 0.1194 17.05 33.38 18.34 3.21 0.2072 

Analyzing Figure 6(a) compared to Figure 6(b), it is observed the decrease of the area 421 

between the two curves, when the internal heat exchanger is introduced in the ORC 422 

scheme, especially in the heating and vaporization stages of the working fluid. This de- 423 

crease in the surface area leads to a decrease in the share of the exergy destruction in the 424 

ORC boiler by 4.19% and finally to an increase in the overall exergetic efficiency by 2.03% 425 

and implicitly in the COP of the ORC-MRC installation with internal heat exchanger. 426 

3. Exergoeconomic optimization of the coupled system ORC-MRC-basic scheme 427 

3.1. Exergoeconomic analysis - general principles 428 

Exergoeconomic analysis is the only investigation method and optimization 429 

procedure that takes into account the fact that any thermodynamic system interacts with 430 

two environments: 431 

a) a physical environment determined by a system of intensive parameters such as 432 

pressure, temperature and chemical potential, and 433 

b) an economic environment characterized by prices of raw materials and equipment and 434 

sets of regulations to ensure sustainable development. 435 

In defining the method of searching for optimal functional and constructive solu- 436 

tions, the exergoeconomic analysis is based on the union between the thermodynamics of 437 

irreversible processes and the economic analysis. 438 

Given that energy is a conservative measure (Principle I of thermodynamics) and 439 

that, in principle, it is not consumed and therefore cannot appear, conceptually, in eco- 440 

nomic balance sheets, another, non-conservative concept must be found to define the con- 441 

sumption of usable energy , this is the exergy. 442 

The exergoeconomic analysis lays the foundations for a methodology to search for 443 

the optimum, constructively and functionally in sight, offering the user clear rules for im- 444 

proving the studied system, whose effects can be followed step by step. 445 

Unlike exergoeconomic analysis, any other optimization procedure based on statisti- 446 

cal, evolutionary or mathematical algorithms represents black boxes for the user and the 447 

results must be accepted on trust. In addition, any mathematical optimization method 448 

performs the search within the limits of the specified scheme without providing any hints 449 

on its structural improvement. 450 

The exergetic analysis method makes the connection between the system and its sur- 451 

rounding physical environment with which it interacts, using the concept of exergy that 452 

quantifies the value of use of each exergy stream highlighting the place and size of the 453 

exergy consumed (destroyed). 454 

Written with an economic tone, the exergetic balance equation (Figure 8 (a)) 455 

ΣExi = ΣExo + ΣI (44) 

becomes: 456 
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ĖxF = ĖxP + ΣĖxL + Σİ (45) 

where: 457 

ĖxF – the exergy current of the resources used (generically called fuel) 458 

ĖxP – the exergy current of the product 459 

ĖxL – the exergy of the loss currents 460 

İ – consumption or destruction of exergy due to irreversibility (of work processes) 461 

  

(a) (b) 

Figure 8. Balance sheets: (a) exergy balance for a control volume; (b) exergoeconomic balance 462 

The exergoeconomic analysis makes the economic balance accounting both the mon- 463 

etary flows related to the operating process and those of investment (Figure 8 (b)) 464 

The monetary balance equation is of the form: 465 

ĊP = ĊF + Ż (46) 

in which: 466 

𝐶𝑃̇ [
𝐸𝑈𝑅

𝑠
] – the monetary cost of the product stream 467 

ĊF [
𝐸𝑈𝑅

𝑠
] – the monetary cost of the fuel flow 468 

Ż [
EUR

s
] – the amortization rate of the invested capital 469 

For the calculation of the amortization rate of the invested capital, a capital recovery 470 

factor CRF with the following formula, is applied: 471 

CRF = [1 +
(1 + ief)

n

(1 + ief)
n−1

] (47) 

where 𝑖𝑒𝑓 = 0.05 represents the interest (5% per year), and n=10 represents the economic 472 

life period. 473 

The amortization rate of the invested capital for an equipment is calculated as fol- 474 

lows: 475 

𝑍̇ [
𝐸𝑈𝑅

𝑠
] = 𝑍[𝐸𝑈𝑅] ∙

𝐶𝑅𝐹

𝑛ℎ ∙ 3600
 (48) 

where 𝑛ℎ = 7000 hours is the number of operating hours per year, and the amortization 476 

rate of the invested capital per hour is: 477 

Żh [
EUR

ℎ𝑜𝑢𝑟
] = Z [

EUR

s
] ∙ 3600[s] (49) 

If the exergy losses can be reduced by sealing, isolation or recovery, the reduction of 478 

exergy destructions, which is the essential source of increasing the performance 479 
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coefficient, is achieved by increasing the investment expenses. The antagonistic evolution 480 

of the operating cost (caused by exergy destruction) and the investment cost leads to the 481 

optimal solution given by the minimization of the total cost as the sum of the operating 482 

and investment costs. 483 

The exergoeconomic optimization method aims to identify the exergy destruction of 484 

each functional area and assign its monetary cost. 485 

Areas with high cost of exergy destruction will be the first targets of the optimization 486 

procedures, the effect of each local cost reduction will be verified at the global level. 487 

In order to quantify the value of a zonal destruction, the fuel, the product, the loss 488 

and the exergetic performance coefficient will be evaluated for each operational area. 489 

We will proceed with the search for the functional and constructive optimum for the 490 

ORC-MRC combined system in which the power Rankine cycle is a simple one without 491 

an internal recuperative heat exchanger. 492 

 493 

Figure 9. The ORC-MRC system devided in functional areas 494 

The scheme of the MRC installation operated with the ORC system shown in figure 495 

9 was divided into seven operating areas: 1) ORC Evaporator (Boiler); 2) Expander; 3) 496 

Compressor; 4) Condenser; 5) Throttling valve; 6) MRC Evaporator; 7) ORC liquid pump, 497 

to which node A for splitting and node B for mixing of substance currents are added. 498 

The exergetic concept of Fuel, Product, Loss and Destruction for each functional area 499 

are presented in table 4 [51]. 500 

Table 4. The concepts of Fuel, Product, Exergy Loss and Destruction for functional areas 501 

Equipment Fuel Product Loss Destruction 

Boiler Ėxα Ė𝑥3 − Ė𝑥2 Ėxβ Ė𝑥α − Ė𝑥3 + Ė𝑥2 − Ė𝑥β 

Expander Ė𝑥3 − Ė𝑥4 |𝑊𝐷̇|  Ė𝑥3 − Ė𝑥4 − 𝑊̇𝐷 

Compressor |𝑊𝐶𝑝
̇ | Ė𝑥8 − Ė𝑥7  |𝑊𝐶𝑝

̇ | − Ė𝑥8 + Ė𝑥7 

Condenser Ė𝑥5 − Ė𝑥1  Ė𝑥𝜏 − Ė𝑥𝜉  Ė𝑥5 − Ė𝑥1 − Ė𝑥𝜏 + Ė𝑥𝜉  

Throttling valve 𝐸̇𝑥1𝑇𝑉 Ėx6  Ė𝑥1𝑇𝑉 − Ė𝑥6 

Evaporator Ė𝑥6 − Ė𝑥7 Ė𝑥𝛿 − Ė𝑥𝛾  Ė𝑥6 − Ė𝑥7 − Ė𝑥𝛿 + Ė𝑥𝛾 
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ORC Pump |𝑊𝑃
̇ | Ė𝑥2 − Ė𝑥1𝑃  |𝑊𝑃

̇ | − Ė𝑥2 + Ė𝑥1𝑃 

Observing from relationship (46) that the destruction I of a zonal exergy is part of the 502 

exergy of the fuel, it is logical to assign it as the unitary monetary cost, the unitary cost of 503 

the fuel of that specific area.  504 

3.2 Exergoeconomic monetary cost assessing 505 

Each internal unitary monetary cost represents part of the overall system's fuel cost 506 

and capital investment. These costs are determined by the system's interaction with the 507 

market. 508 

A methodology must be found to allocate these costs imposed by the market to each 509 

internal current. 510 

There are 19 currents: 1-11, 1P, 1TV, α, β, γ, δ, τ, ξ for which 19 relationships between 511 

them are needed. 512 

Nine monetary balance relationships of the equation type (3.3) can be written for the 513 

seven established functional areas and for the two nodes A and B, respectively. 514 

The rest of the equations up to 19 will be auxiliary relationships between the mone- 515 

tary costs of the various exergy currents. 516 

The auxiliary equations are built based on some rules that can be stated based on 517 

principles of economic common sense [51]: 518 

Rule 1. For an unconsumed fuel stream exiting a subsystem, the monetary cost per unit of 519 

exergy is equal to the unit cost of the fuel stream feeding the subsystem. 520 

Rule 2. If a subsystem has several products, the monetary cost per unit of exergy of each 521 

product is the same 522 

Rule 3. If a component of a product has several output currents, each is assigned the same 523 

unit monetary cost. 524 

Rule 4. In the absence of an external evaluation, the loss streams are assigned zero unitary 525 

monetary cost. 526 

Rule 5. In the absence of an external assessment, the unitary exergy costs of the input 527 

currents in the global system are equal to their exergies. 528 

A mathematical model based on the exergoeconomic analysis is written for each 529 

functional zone (Figure 9): 530 

• Zone 1. The ORC evaporator (Boiler) 531 

The exergoeconomic monetary balance cost (Eq. 46) of the ORC boiler is: 532 

cα ∙ Ėxα + c2 ∙ Ėx2 − cβ ∙ Ėxβ − c3 ∙ Ėx3 + ŻB = 0 (50) 

The exergy of combustion gases 𝐸̇𝑥𝛼  is calculated as the sum of their thermome- 533 

chanical and chemical exergy, at a certain operating mode of the engine, compared to the 534 

standard composition of the ambient environment. 535 

Combustion gases being the unconsumed part of diesel fuel (internal combustion en- 536 

gine fuel) will be assigned the Diesel fuel unit exergetic monetary cost (Rule 1). It is con- 537 

sidered that the mass exergy of diesel is 𝐸̇𝑥𝐶𝐻𝐹 = 41800 [kJ/kg] and has a cost of 1.7 538 

[EUR/kg]; it results: 539 

cF = cα = 4.07 ∙ 10−5 [
𝐸𝑈𝑅

𝑘𝐽
] (51) 

The exergy of current β (Figure 9) is a loss (Table 4) so that according to Rule 4 540 

cβ = 0 (52) 

• Zone 2. Expander 541 

The exergoeconomic monetary balance cost (Eq. 46) of the Expander is: 542 



Entropy 2023, 25, x FOR PEER REVIEW 18 of 31 
 

 

c3 ∙ Eẋ3 − c9 ∙ ẆE − c4 ∙ Eẋ4 + ŻE = 0 (53) 

Current 4 represents an unconsumed part of fuel 3 as per Rule 1 543 

c3 = c4 (54) 

The unit monetary costs of currents 9, 10 and 11 are equal because they represent 544 

parts of the same product (Rule 3): 545 

c9 = c10 = c11 (55,56) 

• Zone 3. Compressor 546 

The exergoeconomic monetary balance cost (Eq. 46) of the Compressor is: 547 

c7 ∙ Ėx7 + c10 ∙ |ẆCp| − c8 ∙ Ėx8 + ŻCp = 0 (57) 

• Zone B. Mixing point 548 

In the mixing point B, the following monetary balance equation can be written 549 

c4 ∙ Ėx4 + c8 ∙ Ėx8 = c5 ∙ Ėx5 (58) 

• Zone 4. Condenser 550 

The condenser of the ORC-MRC system is a dissipative zone and has no exergetic 551 

product (Table 4). 552 

Its monetary balance equation based on exergoeconomic criteria is: 553 

𝑐5 ∙ 𝐸̇𝑥5 + 𝑐𝜉 ∙ 𝐸̇𝑥𝜉 − 𝑐1 ∙ 𝐸̇𝑥1 − 𝑐𝜏 ∙ 𝐸̇𝑥𝜏 + 𝑍̇𝐶𝑑 = 0 (59) 

The exergy of the cooling water of the condenser not being used represents a loss. 554 

According to Rule 4: 555 

𝑐𝜉 = 𝑐𝜏 = 0 (60,61) 

• Zone A. Splitting point 556 

The following monetary balance equation can be written at the splitting point A 557 

c1 ∙ Ėx1 + c1TV ∙ Ėx1TV − c1P ∙ Ėx1P = 0 (62) 

where the specific monetary cost of currents 1TV and 1P is the same as representing a 558 

multiple product (Rule 2) 559 

c1TV = c1P = 𝑐1 (63) 

• Zone 5. Throttling valve 560 

The exergoeconomic monetary balance cost (Eq. 46) of the Throttling valve is: 561 

c1TV ∙ Ėx1TV − c6 ∙ Ėx6 + ŻTV = 0 (64) 

• Zone 6. MRC Evaporator 562 

The exergoeconomic monetary balance cost (Eq. 46) of the Evaporator is: 563 

c6 ∙ Ėx6 + cγ ∙ Ėxγ − c7 ∙ Ėx7 − cδ ∙ Ėxδ + ŻEv = 0 (65) 

The exergy current 7 is the unconsumed part of the fuel 6 that feeds the evaporator. 564 

According to Rule 1, the two currents have the same monetary unit cost: 565 

c7 = c6 (66) 

According to Rule 5 a value is assigned to current γ 566 

𝑐𝛾 = 1 (67) 



Entropy 2023, 25, x FOR PEER REVIEW 19 of 31 
 

 

It is observed that the value of the unitary monetary cost of the chilled water current 567 

γ is not important in the calculation because the state γ is taken as a reference for the 568 

calculation of the exergy of the chilled water (𝐸̇𝑥𝛾 = 0) 569 

• Zone 7. ORC liquid pump 570 

For the ORC liquid pump the monetary cost balance equation becomes: 571 

𝑐1𝑃 ∙ 𝐸̇𝑥1𝑃 + 𝑐11 ∙ |𝑊𝑃
̇ | − 𝑐2 ∙ 𝐸̇𝑥2 + 𝑍̇𝑃 = 0 (68) 

Equations (51 – 69) represent the 19 equations of the mathematical model for the cal- 572 

culation of the 19 monetary unit costs. 573 

3.3 Exergoeconomic cost correlations of component equipment 574 

Unlike thermoeconomic cost correlations in which the purchase cost of an equipment 575 

is estimated as a function of the amount of material resources used, in the case of exergo- 576 

economic correlations, the cost is specified according to the exergetic performance coeffi- 577 

cient (or defined based on the Second Law of Thermodynamics) or of the decision varia- 578 

bles that define the exergetic performance (such as exergy destruction) and function of the 579 

size of the exergetic product of the equipment [4, 52-55]. 580 

a) MRC compressor 581 

The exergoeconomic cost correlation is of the form [52] 582 

ZCp = 71
ṁMRC

0,9 − ηsCp

∙ rCp ∙ ln rCp  [EUR] (69) 

where the performance coefficient of the equipment defined on the basis of the Second 583 

Law of Thermodynamics is the isentropic efficiency 𝜂𝑠𝐶𝑝 of the compression process, and 584 

the exergetic product is 585 

𝑃𝑒𝑥)𝐶𝑝 = 𝑚̇𝑀𝑅𝐶 ∙ 𝑟𝐶𝑝 ∙ ln 𝑟𝐶𝑝  [
𝑘𝑔

𝑠
] (70) 

which marks the antagonistic effect of the variation of the compressed gas flow rate 𝑚̇𝑀𝑅𝐶  586 

with the compression ratio 𝑟𝐶𝑝 =
𝑝𝑐

𝑝𝑣
=

𝑝8

𝑝7
  (Figure 9) 587 

The investment cost 𝑍𝐶𝑝[𝐸𝑈𝑅] has been updated to the level of 2020. 588 

b) ORC expander 589 

The exergoeconomic correlation for the acquisition cost of the expander (Zone 2 Fig 590 

15) takes into account the isentropic efficiency of expansion 𝜂𝑠𝐷 as a measure of the per- 591 

fection of the equipment through the prism of the Second law of Thermodynamics. The 592 

cost of the expander is proportional to its exergetic product as a measure of the mechanical 593 

work produced by expansion [52]. 594 

Pex)D = ṁORC ∙ ln
p3

p4

  [
kg

s
] (71) 

The notations correspond to Figure 9, which shows the technological scheme of the 595 

installation. 596 

With these considerations and taking into account the cost update at the level of 2020, 597 

the exergoeconomic cost correlation for the expander becomes [106] 598 

ZE = 479
ṁORC

0,92 − ηsE

∙ ln
p3

p4

 [EUR] (72) 

c) ORC pump 599 

For the pump, a form of exergoeconomic correlation similar to that used for the com- 600 

pressor is chosen [52] 601 

ZP = 10,38
ṁORC

0,9 − ηsP

rP ∙ ln rP  [EUR] (73) 
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in which the performance of the equipment in relation to the Second Law of Thermody- 602 

namics is described by the isentropic compression efficiency 𝜂𝑠𝑃 and the exergetic prod- 603 

uct correlates the pumped flow rate 𝑚̇𝑂𝑅𝐶  with the pressure increase ratio 𝑟𝑃 =
𝑝2

𝑝1
 (Fig- 604 

ure 9) 605 

d) Heat exchangers 606 

In the case of heat exchangers, to specify the cost of the purchase, the starting point 607 

is the thermo-economic correlation 608 

Z = c ∙ A [EUR] (74) 

where 𝑐[𝐸𝑈𝑅/𝑚2] represents the cost of the heat exchange surface unit and 𝐴 [𝑚2], its 609 

surface. 610 

In order to highlight the decision-making parameter that imposes the exergetic per- 611 

formance of the device, the heat exchange surface is explained according to the minimum 612 

temperature difference in the device. The minimum temperature difference ∆Tmin de- 613 

cides the amount of exergy destruction in the device. This decision-making parameter 614 

makes the balance between the operating expense of the device (exergy consumption) and 615 

its acquisition cost (heat exchange surface). 616 

𝐴 =
𝑄̇

𝑈 ∙ ∆𝑇𝑚

=
𝑚̇ ∙ ∆ℎ

𝑈 ∙ ∆𝑇𝑚

 (75) 

where  𝑈 [𝑊/(𝑚2 ∙ 𝐾)]represents the global heat exchange coefficient of the device, 617 

and ∆𝑇𝑚 is the average logarithmic temperature difference in the device. 618 

d.1 The refrigerating unit evaporator 619 

The temperature variation diagram as a function of the heat transfer surface is shown 620 

in Figure 2 (c), where: 621 

∆𝑇𝑚𝑖𝑛
𝑉 = 𝑡𝛿 − 𝑡7 (76) 

𝛥𝑇𝑚
𝑉 =

𝑡𝛾 − 𝑡𝛿

ln
𝑡𝛾 − 𝑡𝑉

𝑡𝛿 − 𝑡𝑉

=
𝑡𝛾 − 𝑡𝛿

ln
𝑡𝛾 − (𝑡𝛿 − ∆𝑇𝑚𝑖𝑛

𝑉 )

∆𝑇𝑚𝑖𝑛
𝑉

=
𝑡𝛾 − 𝑡𝛿

ln
𝑡𝛾 − 𝑡𝛿 + ∆𝑇𝑚𝑖𝑛

𝑉 )

∆𝑇𝑚𝑖𝑛
𝑉

 
(77) 

Considering the temperature drop on the cooled fluid side as an imposed design data 622 

𝑡𝛾 − 𝑡𝛿 = 𝑎 (78) 

relationship (78) becomes: 623 

𝛥𝑇𝑚
𝑉 =

𝑎

ln
𝑎 + ∆𝑇𝑚𝑖𝑛

𝑉 )

∆𝑇𝑚𝑖𝑛
𝑉

 
(79) 

Taking (80) into account, equation (75) becomes: 624 

𝑍𝑉 = 𝑐𝑉

𝑄̇𝑉 ln
𝑎 + ∆𝑇𝑚𝑖𝑛

𝑉 )

∆𝑇𝑚𝑖𝑛
𝑉

𝑎 ∙ 𝑈𝑉

 
(80) 

Considering 𝑐𝑉 = 87 [𝐸𝑈𝑅/𝑚2] , 𝑈𝑉 = 500 [𝑊/(𝑚2 ∙ 𝐾)]  and choosing a = 16 K, 625 

Equation (81) becomes: 626 

𝑍𝑉[𝐸𝑈𝑅] = 10,87 ∙ 𝑄̇𝑉[kW] ln(16 ∙ (𝛥𝑇𝑚𝑖𝑛
𝑉 )−1 + 1) (81) 

d.2 Condenser 627 

Applying to the condenser the same scheme used in the case of the MRC evaporator, 628 

the exergoeconomic correlation is obtained: 629 
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𝑍𝐶𝑑 = 𝑐𝑐𝑑

𝑄̇𝑐𝑑 ln
𝑏 + ∆𝑇𝑚𝑖𝑛

𝐶𝑑 )

∆𝑇𝑚𝑖𝑛
𝐶𝑑

𝑏 ∙ 𝑈𝐶𝑑

 
(82) 

in which: 630 

b = tτ − tξ   (Fig 2 (b)) (83) 

is imposed by the design, and 631 

∆𝑇𝑚𝑖𝑛
𝐶𝑑 = 𝑡𝑐 − 𝑡𝜏    (Fig. 2 (c)) (84) 

Considering that 𝑐𝑐𝑑 = 254 [𝐸𝑈𝑅/𝑚2], 𝑈𝑐𝑑 = 1750 [𝑊/(𝑚2 ∙ 𝐾)] and b= 7 K, Equa- 632 

tion (83) becomes: 633 

𝑍𝐶𝑑[𝐸𝑈𝑅] = 20,73 ∙ 𝑄̇𝐶𝑑[kW] ln (7 ∙ (𝛥𝑇𝑚𝑖𝑛
𝐶𝑑 )

−1
+ 1) (85) 

d.3 ORC boiler 634 

In the case of the ORC boiler, the exergoeconomic correlation for the calculation of 635 

the purchase cost is of the form: 636 

𝑍𝐵  [𝐸𝑈𝑅] = 𝑐𝐵 [
𝐸𝑈𝑅

𝑚2
]  ∙ 𝐴𝐵[𝑚2] (86) 

where the heat transfer surface is the sum of the surfaces corresponding to the processes 637 

of heating the subcooled liquid (𝐴ℎ), boiling (𝐴𝑣𝑏) and overheating (𝐴𝑜ℎ). 638 

AB = Ah + Avb + Aoh (87) 

The heat exchange surfaces of each functional area of the boiler are calculated as fol- 639 

lows: 640 

• Liquid heating area 641 

Ah =
Q̇h

Uh ∙ ∆Tm
h

 (88) 

with: 642 

Q̇h = ṁORC(h20 − h2) (Fig. 2 (a)) (89) 

𝑈ℎ = 70 [𝑊/(𝑚2 ∙ 𝐾)]- the global heat transfer coefficient for the liquid heating process: 643 

∆Th =
(tβ − t2) − (th,g − t20)

ln
(tβ − t2)

(th,g − t20)

 
(90) 

Temperature 𝑡ℎ,𝑔 on the heating gas side results from the energy balance of the liq- 644 

uid heating zone (Fig.2 (a)): 645 

𝑡ℎ,𝑔 = 𝑡𝛽 +
𝑚̇𝑂𝑅𝐶(ℎ20 − ℎ2)

𝑚̇𝑔 ∙ 𝑐𝑔

 (91) 

with 𝑡𝛽 = 140𝑜𝐶. 646 

• Boiling area 647 

𝐴𝑣𝑏 =
𝑄̇𝑣𝑏

𝑈𝑣𝑏 ∙ ∆𝑇𝑚
𝑣𝑏

=
𝑚̇𝑂𝑅𝐶(ℎ30 − ℎ20)

𝑈𝑣𝑏 ∙ ∆𝑇𝑚
𝑣𝑏

 (92) 

with 𝑈𝑣𝑏 = 90 [𝑊/(𝑚2 ∙ 𝐾)] - the global heat transfer coefficient for the boiling process: 648 

Reviewer
Comment on Text
Why this value?
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∆𝑇𝑣𝑏 =
(𝑡𝑣𝑏,𝑔 − 𝑡ℎ,𝑔)

𝑙𝑛
(𝑡𝑣𝑏,𝑔 − 𝑡𝑉)
(𝑡ℎ,𝑔 − 𝑡𝑉)

      (Fig. 2 (a)) 
(93) 

Temperature 𝑡𝑣𝑏,𝑔  on the heating gas side results from the energy balance of the 649 

boyling zone: 650 

𝑡𝑣𝑏,𝑔 = 𝑡ℎ,𝑔 +
𝑄̇𝑣𝑏

𝑚̇𝑔 ∙ 𝑐𝑔

 (94) 

• Overheating area: 651 

𝐴ℎ =
𝑄̇𝑜ℎ

𝑈𝑜ℎ ∙ ∆𝑇𝑚
𝑜ℎ

=
𝑚̇𝑂𝑅𝐶(𝑡3 − 𝑡𝑉)

𝑈𝑜ℎ ∙ ∆𝑇𝑚
𝑜ℎ

 (95) 

with: 652 

𝑈𝑜ℎ = 50 [𝑊/(𝑚2 ∙ 𝐾)] the global heat transfer coefficient for the overheating process 653 

∆𝑇𝑜ℎ =
(𝑡𝛼 − 𝑡3) − (𝑡𝑣𝑏,𝑔 − 𝑡30)

𝑙𝑛
(𝑡𝛼 − 𝑡3)

(𝑡𝑣𝑏,𝑔 − 𝑡30)

 (96) 

where tα = 420oC  654 

3.4  Exergoeconomic performance indicators 655 

3.4.1. Monetary cost of zonal exergy destruction 656 

To calculate the monetary cost of the exergy destruction in each functional area, the 657 

value of the zonal exergy destruction is multiplied by the unitary monetary cost of the 658 

local, zonal fuel (table 5) 659 

Table 5. Unit cost of zonal fuel and monetary cost rate of zonal exergy destruction 660 

Equipment Zonal fuel unit cost [
𝑬𝑼𝑹

𝒌𝑱𝒆𝒙
] 

Monetary cost rate of zonal exergy  

destruction 𝑪̇𝑰 [
𝑬𝑼𝑹

𝒔
] 

Boiler 𝑐𝑔𝑀𝐴𝐼  𝑐𝑔𝑀𝐴𝐼(𝐸𝑥̇𝛼 − 𝐸𝑥̇3 + 𝐸𝑥̇2 − 𝐸𝑥̇𝛽) 

Expander 𝑐3 𝑐3(𝐸𝑥̇3 − 𝐸𝑥̇4 − 𝑊̇𝐷) 

Compressor 𝑐10 𝑐10(|𝑊̇𝐶𝑝| − 𝐸𝑥̇8 − 𝐸𝑥̇7) 

Condenser 𝑐5 𝑐5(𝐸𝑥̇5 − 𝐸𝑥̇1 −  𝐸𝑥̇𝜏 + 𝐸𝑥̇𝜉) 

Throttling valve 𝑐1 𝑐1(𝐸𝑥̇1𝑇𝑉 − 𝐸𝑥̇6) 

Evaporator 𝑐6 𝑐6(𝐸𝑥̇6 − 𝐸𝑥̇7 − 𝐸𝑥̇𝛿 + 𝐸𝑥̇𝛾) 

ORC Pump 𝑐11 𝑐11(|𝑊̇𝑃| + 𝐸𝑥̇1𝑝 − 𝐸𝑥̇2) 

3.4.2 Exergoeconomic factor 661 

To appreciate how the investment expense saves the monetary cost of zonal exergy 662 

destruction, the exergoeconomic factor [56] is calculated for each piece of equipment, 663 

where the index k represents the piece of equipment. 664 

fk =
Żk

Żk + ĊI,k

< 1 (97) 

If 𝑓𝑘 approaches 1, it means that the operational cost (of exergy destruction 𝐶̇𝐼,𝑘) is 665 

too low and the investment cost 𝑍̇𝑘 is too high. In this case the exergetic performance of 666 

the device must be relaxed and a higher exergy destruction should be accepted; the total 667 

cost consisting of operating and investment costs will decrease. 668 
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If 𝒇𝒌 is too small it means that the monetary value of the exergy destruction is too 669 

high and it is recommended to purchase a better equipment which is obviously more 670 

expensive. 671 

3.4.3 Zonal coefficients of performance 672 

a) Exergetic efficiency 673 

For each functional area, the Product and the Fuel were specified (Table 8.1). Their 674 

ratio gives the zonal exergetic efficiency [51]. 675 

ɳ𝑒𝑥,𝑘 = (
𝑃

𝐹
)

𝑘
100 (98) 

For the global ORC-MCR system, the product is the heat exergy extracted from the 676 

chilled water in the MCR evaporator (evaporator product (Table 4)) and the fuel is the 677 

exergy of the combustion gases 𝐸̇𝑥𝛼  678 

ɳex =
PEv

Ėxα

100 (99) 

b) The relative weight of an exergy destruction in the fuel consumption of the global 679 

ORC-MCR system 680 

The percentage weight of the zonal exergy destruction in the fuel consumption of the 681 

global system is calculated with the relationship: 682 

ψk =
Ik

Ėx∝

100 (100) 

The search procedure for the optimal functional and constructive ORC-MCR system 683 

will be guided by the values of the exergoeconomic performance indicators. 684 

3.5 Results of exergoeconomic optimization 685 

The following tables show the simulation results for the working fluid R1224yd(Z) 686 

depending on the variation of several decision parameters, including the minimum 687 

temperature difference in the Condenser ∆𝑇𝑚𝑖𝑛𝐶𝑑 , the minimum temperature difference 688 

in the Evaporator ΔTminV, the minimum temperature difference in the Boiler ΔTminB, as well 689 

as the variation of the efficiency of the Compressor ηsCp or the Expander ηsE. The unit cost 690 

of diesel was considered 𝑐𝐷𝑖𝑒𝑠𝑒𝑙 = 1.7 [𝐸𝑈𝑅/𝑙].. 691 

Tabel 6. The results obtained for ΔTminCd =8 K; ΔTminV =8 K; ΔTminB =30 K ;ηsCp=0.8; ηsP=0,8; ηsE=0.8 692 

Zone 
ηex 

[%] 
𝐈̇ [kW] Ψ [%] 

Ż 

[EUR/h] 

CI 

[EUR/kJ]  

𝐂̇𝐈 = 𝐂𝐈 ∙ 𝐈̇ 

[EUR/h] 

ĊI+ Ż 

[EUR/h] 
f 

Boiler 31.43 4.211 37.17 0.01067 4.07·10-5 0.617 0.6277 0.01701 

Expander 82.25 0.4939 4,359 0.01204 2.021·10-4 0.3593 0.3713 0.03242 

Compressor 81.65 0.4035 3.561 0.005774 2.471·10-4 0.359 0.3648 0.01583 

Condenser  1.2 13.63 0.00695 2.535·10-4 1.095 1.102 0.006306 

MRC Evaporator 41.37 0.5094 4.496 0.002576 5.432·10-4 0.9962 0.9988 0.002579 

ORC Pump 81.03 0.01719 0.1517 0.002539 2.471·10-4 0.0153 0.01783 0.1423 

It results the cost of the product exergy unit cR [EUR/kJex] (refrigerating power of the 693 

MRC Evaporator) 694 

𝑐𝑅 = 13,15 ∙ 10−4 [𝐸𝑈𝑅/𝑘𝐽𝑒𝑥] 695 

The lowest exergetic efficiency ηex and the highest relative destruction is in the Boiler. 696 

The small exergetic factor requires the choice of a larger heat exchange surface (a lower 697 

minimum temperature difference) to reduce exergy destruction. E.g: 698 

𝛥𝑇𝑚𝑖𝑛𝐵 = 20 [𝐾] 699 

𝑐𝑅 = 12.35 ∙ 10−4 [𝐸𝑈𝑅/𝑘𝐽𝑒𝑥] 700 
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and for 𝛥𝑇𝑚𝑖𝑛𝐵 = 10 [𝐾] 701 

𝑐𝑅 = 11.73 ∙ 10−4 [𝐸𝑈𝑅/𝑘𝐽𝑒𝑥] 702 

The MRC evaporator has the exergoeconomic factor f=0.002579 being the lowest, as 703 

can be seen in table 6, which marks a high cost of exergy destruction compared to the cost 704 

of amortization of the invested capital. The suggestion is to reduce the temperature dif- 705 

ference and thus increase the heat exchange surface of the evaporator. 706 

Tabel 7. The results obtained for ΔTminCd =8 K; ΔTminB =10 K; ηsCp=0,8; ηsP=0,8; ηsD=0,8 when ΔTminV =3 K 707 
is imposed. 708 

Zone 
ηex 

[%] 
I [kW] Ψ [%] 

Ż 

[EUR/h] 

CI 

[EUR/kJ]  

𝐂̇𝐈 = 𝐂𝐈 ∙ 𝐈̇ 
[EUR/h] 

ĊI+ Ż 

[EUR/h] 
f 

Boiler 34.59 3.852 34 0.01137 4.07·10-5 0.5645 0.5758 0.01975 

Expander 82.43 0.5559 4.906 0.01372 1.723·10-4 0.3448 0.3585 0,03826 

Compressor 81.61 0.4547 4.013 0.005171 2.105·10-4 0.3446 0.3498 0.01479 

Condenser  1.376 15.64 0.007987 2.228·10-4 1.103 1.111 0.007186 

MRC Evaporator 56.41 0.3789 3.344 0.005873 5.443·10-4 0.7425 0.7484 0,007848 

ORC Pump 81.05 0.02545 0.2246 0.004271 2.105·10-4 0.01928 0.02356 0.1813 

It results the cost of the product exergy unit 𝑐𝑅 = 9.681 ∙ 10−4 [𝐸𝑈𝑅/𝑘𝐽𝑒𝑥]. 709 

The condenser has the lowest exergoeconomic factor as shown in Table 7. Exergy 710 

destruction must be reduced. 711 

Although the condenser is an eminently dissipative area with the role of transferring 712 

to the environment the energy generated and transferred in the system, and therefore 713 

without an exergetic product, by specifying the condensation temperature it has an im- 714 

portant role in establishing the efficiency in operation. 715 

Table 8. The results obtained for ΔTminV =3 K; ΔTminB =10 K ; ηsCp=0,8; ηsP=0,8 when ΔTminCd =3 K is 716 
imposed 717 

Zone 
ηex 

[%] 
I [kW] Ψ [%] 

Ż 

[EUR/h] 

CI 

[EUR/kJ]  

𝐂̇𝐈 = 𝐂𝐈 ∙ 𝐈̇ 

[EUR/h] 

ĊI+ Ż 

[EUR/h] 
f 

Boiler 33.91 3.93 34.68 0.01117 4.07·10-5 0.5758 0.5869 0.01904 

Expander 82.26 0.5872 5.182 0.01432 1.615·10-4 0.3415 0.3558 0.04024 

Compressor 81.33 0.4837 4.269 0.004574 1.979·10-4 0.3445 0.3491 0.0131 

Condenser  0.9541 12.4 0.01742 2.147·10-4 0.7374 0.7548 0.02307 

MRC Evaporator  56.38 0.4878 4.305 0.007549 4.258·10-4 0.7476 0.7552 0.009996 

ORC Pump 80.73 0.02535 0.2237 0.0053 1.979·10-4 0.01805 0.02335 0.2269 

The cost of one unit of exergy product becomes 𝑐𝑅 = 7.585 ∙ 10−4 [𝐸𝑈𝑅/𝑘𝐽𝑒𝑥]. 718 

The cost of exergy destruction in the Pump, as well as the cost of amortizing the pur- 719 

chase of the pump, are the lowest in the system (table 8). 720 

The highest value of the exergoeconomic factor of the pump area indicates the possi- 721 

bility of reducing the quality of the pump by reducing its isentropic efficiency ηsP, but the 722 

effect of this reduction on the thermodynamic parameters after pumping does not bring a 723 

decrease in the unit cost of the global system product represented by the cold obtained in 724 

the Evaporator. 725 

The compressor has a low acquisition cost but induces a high cost of exergy destruc- 726 

tion, which suggests the choice of a more expensive compressor with a higher isentropic 727 

compression efficiency as can be seen in the processed data in table 8. 728 

Table 9. The results obtained for ΔTminCd =3 K; ΔTminV =3 K ; ΔTminB =10 K ; ηsP=0.8; when ηsCp=0.85 is 729 
imposed 730 
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Zone 
ηex 

[%] 
I [kW] Ψ [%] 

Ż 

[EUR/h] 

CI 

[EUR/kJ]  

𝐂̇𝐈 = 𝐂𝐈 ∙ 𝐈̇ 

[EUR/h] 

ĊI+ Ż 

[EUR/h] 
f 

Boiler 33.91 3.93 34.68 0.01117 4.07·10-5 0.5758 0.5869 0.01904 

Expander 82.26 0.5872 8.182 0.01432 1.583·10-4 0.3347 0.349 0.04102 

Compressor 85.97 0.3636 3.209 0.009721 1.939·10-4 0.2538 0.2635 0.03688 

Condenser  0.972 12.7 0.01801 2.04·10-4 0.7139 0.7319 0.02461 

MRC Evaporator 56.38 0.5183 4.574 0.008021 4.021·10-4 0.7501 0.7582 0.01058 

ORC Pump 80.73 0.02535 0.2237 0.0053 1.939·10-4 0..0177 0.023 0.2305 

It results 𝑐𝑅 = 7.165 ∙ 10−4 [𝐸𝑈𝑅/𝑘𝐽𝑒𝑥], and if one considers ηsCp=0.89, the following 731 

results are obtained (Table 10). 732 

Table 10. The results obtained for ΔTminCd =3 K; ΔTminV =3 K ; ΔTminB =10 K ; ηsP=0.8; when ηsCp=0.89 is 733 
imposed. 734 

Zone 
ηex 

[%] 
I [kW] Ψ [%] Ż [EUR/h] 

CI 

[EUR/kJ]  

𝐂̇𝐈 = 𝐂𝐈 ∙ 𝐈̇ 
[EUR/h] 

ĊI+ Ż 

[EUR/h] 
f 

Boiler 33.91 3.93 34.68 0.01117 4,07·10-5 0.5758 0.5869 0.01904 

Expander 82.26 0.5872 5.182 0.01432 1.571·10-4 0.3322 0.3465 0.04132 

Compressor 89.69 0.2761 2.357 0.05089 1.925·10-4 0.185 0.2359 0.2157 

Condenser  0.9868 12.94 0.01849 2.005·10-4 0.7123 0.7308 0.0253 

MRC Evaporator 56.38 0.5426 4.789 0.008398 3.933·10-4 0.7683 0.7767 0.01081 

ORC Pump 80.73 0.02535 0.2237 0.0053 1.925·10-4 0.01756 0.02286 0.2318 

It results for one unit of exergy of product a cost of 𝑐𝑅 = 7.009 ∙ 10−4 [𝐸𝑈𝑅/𝑘𝐽𝑒𝑥] 735 

In the area of the expander, both the cost of amortization of the acquisition expense 736 

and the cost of exergy destruction are high, which indicates the possibility of reducing the 737 

expense, with exergy destruction by choosing a more efficient expander, a trend tempered 738 

however by the expander's cost being higher than, for example, the cost of the compressor. 739 

Table 11. The results obtained for ΔTminCd =3 K; ΔTminV =3 K ; ΔTminB =10 K ; ηsCp=0,89; when ηsE=0.85 is 740 
imposed 741 

Zone 
ηex 

[%] 
I [kW] Ψ [%] Ż [EUR/h] 

CI 

[EUR/kJ]  

𝐂̇𝐈 = 𝐂𝐈 ∙ 𝐈̇ 
[EUR/h] 

ĊI+ Ż 

[EUR/h] 
f 

Boiler 33.91 3.93 34.68 0.01117 4.07·10-5 0.5758 0.5869 0.01904 

Expander 86.74 0.4422 3.903 0.02454 1.54·10-4 0.2451 0.2697 0.09101 

Compressor 89.69 0.2846 2.512 0.05423 1.799·10-4 0.1843 0.2385 0.2274 

Condenser  1.009 13.3 0.01919 1.908·10-4 0.6934 0.7125 0.02693 

MRC Evaporator 56.38 0.5783 5.104 0.008949 3.72·10-4 0.7745 0.7835 0.01142 

ORC Pump 80.73 0.02535 0.2237 0.0053 1.799·10-4 0.01641 0.02171 0.2441 

In this case one unit of product exergy costs 𝑐𝑅 = 6.632 ∙ 10−4 [𝐸𝑈𝑅/𝑘𝐽𝑒𝑥] 742 

With a more performant expander (ηsE=0.9) one gets (Table 12) : 743 

Table 12. The results obtained for ΔTminCd =3 K; ΔTminV =3 K ; ΔTminB =10 K ; ηsCp=0.89; when ηsE=0.9 is 744 
imposed. 745 

Zone 
ηex 

[%] 
I [kW] Ψ [%] Ż [EUR/h] 

CI 

[EUR/kJ]  

𝐂̇𝐈 = 𝐂𝐈 ∙ 𝐈̇ 
[EUR/h] 

ĊI+ Ż 

[EUR/h] 
f 

Boiler 33.91 3.93 34.68 0.01117 4.07·10-5 0.5758 0.5869 0.01904 

Expander 91.19 0.2961 2.613 0.0859 1.527·10-4 0.1627 0.2486 0.3455 
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Compressor 89.69 0.3021 2.667 0.05757 1.753·10-4 0.1906 0.2482 0.232 

Condenser  1.033 13.66 0.01989 1.874·10-4 0.6967 0.7166 0.02775 

MRC Evaporator 56.38 0.3109 5.418 0.009501 3.634·10-4 0.8031 0.8126 0.01169 

ORC Pump 80.73 0.02535 0.2237 0.0053 1.753·10-4 0.01599 0.02129 0.2489 

conditions in which the cost of the product unit becomes 𝑐𝑅 = 6.478 ∙ 10−4 [𝐸𝑈𝑅/ 746 

𝑘𝐽𝑒𝑥]. 747 

Following the exergoeconomic optimization procedure (Tables 6-12), the optimal 748 

functional and constructive solution was obtained (Table 12). The unit cost of cold in this 749 

case (𝑐𝑅 = 6.478 ∙ 10−4 [𝐸𝑈𝑅/𝑘𝐽𝑒𝑥]), decreased by half compared to the initial situation 750 

(Table 6) (𝑐𝑅 = 13,15 ∙ 10−4 [𝐸𝑈𝑅/𝑘𝐽𝑒𝑥]). 751 

The impact of the fuel cost of the global ORC-MCR system (Diesel fuel) on the cost 752 

of the cold unit is presented in Figure 10. 753 

 754 

Figure 10. Influence of the Diesel fuel unitary cost on the unitary cost of the refrigeration ΔTminCd =3 755 
K; ΔTminV =3 K ; ΔTminB =10 K ; ηsCp=0.89; ηsD=0.9; ηsP=0.8 756 

4. Discussion 757 

The presented study refers to the heat recovery of the combustion gases of a station- 758 

ary internal combustion engine through cogeneration of mechanical power and cold. 759 

Heat recovery was considered as a theme of the project, for which the combustion 760 

gases were considered as an unused part of the fuel used in the engine to produce me- 761 

chanical power and represent the fuel for the refrigeration plant driven by the ORC sys- 762 

tem. 763 

If the project did not require the recovery of the energy of the combustion gases, then 764 

this would be considered an accepted loss, a situation in which the combustion gases are 765 

assigned a zero cost (𝑐𝑔𝑀𝐴𝐼 = 0). 766 

It is interesting to note in this case, that contrary to the impression that if the cost of 767 

fuel does not matter, the optimal economic solution is obtained for the cheapest (and 768 

therefore non-performing equipment), things are not like that because the lower perfor- 769 

mance of the equipment affects the product of the system, i.e. the cold product. 770 

This is due to the conditions of the case, namely that the potential of the recoverable 771 

energy from the combustion gases, although free, is limited. 772 

The optimization problem is to obtain the maximum product (minimum unit cost of 773 

the product) from a limited resource with minimum monetary cost. 774 
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To find the optimal operating and design conditions, the exergoeconomic analysis 775 

and optimization method was used, the only method that looks for the optimal solution 776 

in sight, offering the user clear rules for improving the studied system, the effects of which 777 

can be followed step by step. 778 

Unlike exergoeconomic analysis, any other optimization procedure based on statisti- 779 

cal, evolutionary or mathematical algorithms represents black boxes for the user and the 780 

results must be accepted on trust. In addition, any mathematical optimization method 781 

performs the search within the limits of the specified scheme without providing any hints 782 

on its structural improvement. 783 

As a proof of the power of the exergy analysis to suggest structural changes in the 784 

system, aiming to reduce the internal consumption of usable energy (reduction of exergy 785 

destruction), an exergy analysis is presented that highlights the high exergy destruction 786 

in the ORC boiler and suggests, to reduce it, using an internal heat exchanger. 787 

But the value of exergy destruction quantified only from a thermodynamic point of 788 

view is not defining in the conditions where, in addition to the interaction with the phys- 789 

ical environment, the interaction of the system with its economic environment must also 790 

be considered. For this purpose, in order to assign an economic cost to each exergy de- 791 

struction, a strategy was followed to find the unit cost of each substance and energy 792 

stream as part of the cost of the resources purchased from outside the system and the cost 793 

of amortization of the component equipment. 794 

The system was divided into functional areas for which the exergetic resource (ge- 795 

nerically the fuel), the product and the destruction were highlighted for each. 796 

For each piece of equipment, the exergoeconomic correlation was built that provides 797 

the connection between the purchase cost, the size of the exergetic product and the ex- 798 

ergetic performance parameter. 799 

Unlike thermoeconomic correlations that calculate costs based on material consump- 800 

tion, exergoeconomic correlations provide an image of the sensitivity of the monetary cost 801 

of an equipment depending on its exergetic performance (that is, the exergy destruction 802 

induced due to the magnitude of the irreversibility of internal processes). 803 

The modification of the exergetic and exergoeconomic performance coefficients to 804 

the changes made in the system guided the optimization procedure. 805 

Due to the high cost of exergy destruction associated with the processes in the sys- 806 

tem, the exergoeconomic optimization procedure seeks to reduce them by increasing the 807 

cost of investment in more efficient performing equipment. 808 

It can be seen that the cost of the fuel for driving the thermal engine (the fuel of the 809 

global system) has a great influence on the cost of the cold unit. 810 

5. Conclusions 811 

The exergoeconomic optimization procedure takes into account the interaction of the 812 

system with its physical and economic environment, looking for the functional and 813 

constructive conditions for which the unit cost of the product is minimal. The total cost of 814 

the system for a period of time is taken into account, calculated as the sum of the operating 815 

cost and the amortization cost of the invested capital. 816 

The analysis proposes that the optimal solution is to invest in high-performance 817 

equipment that will reduce exergy consumption in the system. 818 

The exergoeconomic analysis is the only one that offers the research engineer a 819 

methodology to search for the optimal step by step that shows the immediate effects of 820 

the functional and performance changes of the equipment on the final product. In this 821 

way, the level of understanding of the processes that take place in the system and the 822 

connections between them and the design of the equipment increases. 823 
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 833 

Nomenclature 834 

B ORC boiler 

Ċ             current of monetary cost, EUR/h 

c unitary monetary cost, EUR/unit 

Cd condenser 

CI xergy destruction unit cost, EUR/kJ 

ĊI           current of exergy destruction cost, EUR/h 

Cp compressor 

E expander 

Ėx current of exergy, kW 

Ev MRC evaporator 

h mass enthalpy, kJ/kg 

İ            current of exergy destruction due to internal irreversibility, kW 

ICE internal combustion engine 

L̇ current of exergy loss, kW 

ṁ mass flow rate, kg/s 

Q̇ current of heat, kW 

P pump, exergetic product, kW 

s mass entropy, kJ/(kg K) 

T temperature, K 

TV throttling valve 

Ż           Rate of amortization of the investment cost, EUR/h 

Ẇ mechanical power, kW 

Subscripts 

0 environment, in equilibrium with the environment 

B ORC boiler 

Cd condenser 

Cp compressor 

c condensation 

D Diesel fuel 

E expander 

Ev MRC evaporator 

h heating zone of the boiler 

i inlet 

L exergy loss 

m mean temperature difference 

min minimum temperature difference 

MRC mechanical refrigeration cycle 

o outlet 

oh overheating 

ORC ORC fluid 

P pump 

Q heat 

R refrigeration 
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TV throttling valve 

v evaporation in the MRC evaporator 

vb evaporation in the ORC boiler 

w water 

Superscript 

T thermodynamic temperature, K 

Greek Symbols 

Ψ share of an exergetic loss or destruction in the fuel consumption 
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