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Abstract: Increasing the efficiency of a Diesel internal combustion engine can be achieved by cogeneration
of mechanical energy and cold. The cold is produced by a mechanical compression cycle (MRC) driven by an
ORC system that recovers the heat emitted by the combustion gases. The work offers an exergoeconomic
optimization methodology of the MRC_ORC group. The exergetic analysis highlights the changes that can be
made to the system structure to reduce the exergy destruction associated with internal irreversibilities. Thus,
the preheating with the help of an internal heat exchanger of the ORC fluid leads to a decrease in the share of
exergy destruction in the ORC boiler by 4.19% and finally to an increase in the global exergetic yield by
2.03% and implicitly in the COP of the ORC-MRC installation. Exergoeconomic correlations are built for
each individual piece of equipment. The mathematical model for calculating the monetary costs for each flow
of substance and energy in the system is presented. Following the evolution of the exergoeconomic
performance parameters, the optimization strategy is drawn. The conclusion is to reduce the exergy
consumption in the system by choosing high-performance equipment. Following the optimization procedure,
the cost of the produced cold unit drops by half. The cost of Diesel fuel has a major influence on the unit cost
of cooling. A doubling of the cost of Diesel fuel leads to an 80% increase in the cost of the cold unit.

Keywords: exergy analysis; Diesel engine; heat exchanger; exergy destruction; exergoeconomic
correlation; exergoeconomic cost assessing; exergoeconomic factor.
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Academic Editor: Firstname 1. Introduction

Lastname The increase in the cost of fossil fuels, but also the demand for energy and the
environmental concerns [1] have led to the analysis, design and development of thermal
systems that can also exploit the energy potential of low-quality heat sources. One such
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Daniarta S. et al. [3] analyzed the benefits of recovering with an ORC the heat re-
leased by the baking ovens in an automotive paint shop. The use of the ORC succeeds in
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for the simultaneous production (cogeneration) of energy and cold was made in [5, 6], and
the works [7, 8] describe the systems intended for the simultaneous production of
mechanical energy, heating and cooling (trigeneration).

The authors of the works [9-11] dedicated their research to the thermodynamic study
of thermal systems that combine ORC and a refrigerating cycle with an ejector. The papers
[12-14] describe a thermodynamic analysis of the combined power and cooling cycle, con-
sisting of an ORC cycle and an absorption cycle that uses the ammonia-water mixture as
the working fluid. Paper [15] presents a heat-fed refrigeration cycle concept that combines
an ORC and a mechanical vapor compression (MRC) refrigeration plant using a unitary
assembly consisting of a free piston compressor-expander. The two systems use the same
working fluid and, in addition, share the same condenser. Also, in the paper [16] a ther-
mally activated cooling cycle consisting of an ORC and an MRC is presented. The system
can be powered by solar thermal energy, geothermal energy or various waste heat flows.
The ORC expander shaft was directly coupled to the MRC compressor shaft to reduce
power conversion losses.

Hu K. et al. [17] focus their interest on an analysis of a refrigerating system based on
an ORC. The refrigeration is obtained in a two-stage transcritical CO2 mechanical com-
pression cycle. The analysis is based on economic, energetic and exergetic criteria. The
influence of the intermediary and high pressure of CO2 is shown. The analysis points out
that the boiler of the ORC has the largest exergy destruction while the evaporator of the
refrigerator has the highest investment cost.

Bett A.K. and Jalilinasrabady S. [18], combine exergy wit Pinch analysis to optimize
an ORC system that recovers geothermal energy. Different ORC fluids are comparatively
analyzed. The use of a regenerative internal heat exchanger is considered. The variation
in the Pinch temperature difference in the ORC evaporator imposes the inlet pressure of
the ORC fluid in the turbine. An optimal boiling pressure for which the net power gener-
ated is found out for each ORC fluid.

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

At the same time, there are many recent studies that have focused on the subject of
applying ORC technology to recover low-quality waste heat from Diesel engines [20-30],
using ORC systems to produce additional mechanical energy or to drive an electric gen-
erator. The paper [31] presents an alternative of using the waste heat from the Diesel en-
gine in an ORC which in turn produces the energy needed to drive the compressor of a
MRC. MRC can produce a cooling effect at different temperatures. The advantage of a
combined ORC-MRC system compared to absorption refrigeration systems [32] is that
when the refrigerating effect is not required, all thermal energy can be converted into
power and used for other applications [33-40].

In order to increase the overall performance of the combined cycle, numerous studies
were carried out based on the principles of thermodynamics and economic analysis to
determine the characteristics of the operating parameters such as: the right working fluid,
the temperature of the heat source, the vaporization temperature of the working fluid, etc.
which characterizes a higher thermal performance of the combined ORC-MRC system.

Camero A.B. et al [41], used an advanced exergo-environmental analysis to discover
the perspectives of improvement of an ORC that recovers the waste heat from a natural
gas engine. The work based on the concepts of endogenous and exogenous exergy de-
structions points out that most of the key parts of the system are weakly connected with
the other and can be optimized practically individually in order of their exergy destruc-
tion magnitude. The analysis reveals that the greatest endogenous exergy destruction
happens in the heat transfer process between the engine exhaust gases and ORC fluid
where about 70% of the available energy of the exhaust gases is destroyed. A reduction in
this exergy destruction will increase the overall system performance.

Li T. et al. [42], analyze the use of different working fluids in a combined cooling,
heating and power cogeneration system composed of an ORC supplied with geothermal
heat and a two-stage mechanical compression refrigerator that offers two levels of cold
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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 obtaina 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 hydraulicroute 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
B
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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 420°C
ORC Boiler, ti =t;,4
Outlet temperature of the combustion gases from the Boiler,

” 140°C
tg=1tog
Mass flow rate of combustion gases, mg 0.0534 kg/s
Specific heat of combustion gases, c, 1.14 kJ/kgK
The temperature of the cooling water at the entrance to the 150¢
condenser, tg =ty cq
Condenser outlet water temperature, t; = t,,, cq 22°C

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

8°C
evaporator, t, = tyy gy
The temperature of the cooled water at the exit from the 30¢
evaporator, ts = toy gy
Ambient temperature, t, 15°C
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
(H2504) 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
e thereis no heat loss in the heat exchangers; 207
e  pressure losses in all components of the installation are neglected; 208

e 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 ngg, Nscp, MNsps 211
e itisconsidered that the expander is directly engaged with the compressor W, = W, 212
the power transfer being done without mechanical losses; 213
e 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
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tp=tog

2.1 Choice of decision parameters
2.1.1 The boiling temperature in the ORC boiler

The temperature difference At,;;,p is chosen between the outlet temperature of the
combustion gases t,, and the boiling temperature of the working fluid in the boiler tg
(Figure 2 (a)). The result is the boiling temperature of the working fluid in the boiler tp.

(a)

tvb,g to=t;,
th, g // g
/ 3
20] 30
A

A

A t A
ty=tiw,Ev
1 5
< te //
tr=tow,cd 1 to=tow,Ev
> tv
te=tiw,cd 6 7
A

(b)

A

(©)

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

2.1.2 Condensation temperature

The temperature difference Atp,cq is chosen between the outlet temperature of the
water from the condenser t,,, ¢, and the condensation temperature of the working fluid
tc (Fig. 2(b)). It results:

tec = tow,cd + Atmincd

2.1.3 Vaporization temperature

(1

The temperature difference At,;,z, is chosen between the outlet temperature of the
chilled water from the evaporator t,, r, and the evaporation temperature of the working
fluid t, (Fig. 2(c)). Result:

ty = towEv — Atmingy

@)

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

The degree of superheating of the vapors in the boiler At,;,  is chosen (Figures 1(b),
2(a)), resulting temperature ts at the exit from the Boiler:

2.2 Energetic analysis

t3 = tB + Atoh,B

®)

Based on the energy balances of the component devices, the flow rates of the working
fluids, the thermal loads of the heat exchangers and the mechanical powers are calculated

(Figure 1).

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

QB = |Qg| = rhg ’ Cg(ti.g - to,g)

Mgge = QB/(h3 —hy)

The power produced in the expander becomes:

WE = Mgpge (h3 —hy,)

(4)

©)

(6)
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Power input of the working fluid drive pump: 242
|Wp| = riiore(hz — hy) (7)

The specific mechanical work required to drive the compressor: 243
|WCp| =hg —h; (8)

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

mechanical losses 245
[Wep| = We )

the mass flow rate of the fluid in the refrigeration cycle can be calculated. 246
Myge = |WCp|/|WCp| (10)

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

comes: 248
|Qca| = (hore + tre) (hs — hy) (11)

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

Qgy = thyre(hy — h) (12)
The energy performance coefficients, calculated for each individual subsystem and 250
for the overall system, are: 251
COP We (13)
ORC = 1A [
|Qs]
COPMRC = _Qev (14)
[We|
Q
COPore-MRC = TrmT (15)
|Qal
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
e Liquid heating area (Figure 2 (a)) 263
The heat required to heat the working fluid in the liquid state in the Boiler is: 264
Qn = thorc(hzo — ) (16)

From the energy balance of this area, the inlet temperature of the combustion gases 265
in this area results. 266

Qn = Qng = MgCq(thg — tog) 17)



Entropy 2023, 25, x FOR PEER REVIEW 8 of 31

The exergy destruction associated with heat transfer at the finite temperature differ-
ence in the liquid heating zone becomes:

far, = [Exg®"| - Bxg®e (18)
. T . T
Ex 8" = 1--=
x| = |Qgnl ( Tg,h> 19)
. T .
EXQORC'h = tilopc (hzo — hy = To(s20 — 52)) (20)
where:
thg — tog
Typ = —2—%
0 e
Tog

e  ORC fluid evaporation zone (Figure 2 (a))
The heat required to vaporize the working fluid in the boiler is:

Qub = thorc(hso — hao) (22)
The exergy of the boiling heat of the ORC fluid in the boiler becomes:
- TorCy .
EXQORC' * = thore(hso — hao — To(S30 — S20)) (23)

On the side of the combustion gases in the evaporation area of the ORC fluid, the
energy balance equation specifies:

1Al ,, = Qorcwo 4)

|Q|g,vb = TgCq(tung — thg) (25)

in which the variable is the temperature entering the area of the combustion gases, t, 4.
The average thermodynamic temperature of the combustion gases in the evaporation
zone is calculated as follows:

Towo = (tvbg = thg) /(T g/ Thg) (26)
The exergy of the combustion gases becomes:
. T .
|Exogw =1@l,,,(1 = To/Tyu) (27)

Exergy destruction due to heat transfer at finite temperature difference for the vapor-
ization of the working fluid is calculated with the relation:

g,vb

. T v
—a;“b (28)

. . T
_ gvb
IAT,vb - | EXQ

e  Overheating zone of organic fluid vapors (Figure 2 (a))
Exergy destruction due to heat transfer at finite temperature difference for superheat-

ing the working fluid is:
iAT,oh = |Exgg'°h — Ex;ORC'Oh (29)
o T, o .
EXQORC, h _ moRc(h3 —h;0 =T, (53 - 530)) (30)
N .
|Eng' " =1Qlyon (1 = To/ Tgon) 31)

Tgon = (tig = tub,g)/IN(Tig/Tup,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

Iarg = Iarn + Iarvb + Iaton (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

. e Tg,h . Tg,vb
|EXQ’g| = |EXQ |+ |EXQ

LT
+ |Eng'°h

(34)

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

exergy consumptions or losses are identified: 290

e  exergy destruction in the expander 291
Ip = morcTo(s4 — 53) (35)

e  exergy loss in the condenser 292
Leq = mope-mcr[hs = hy = To(ss — s1)] (36)

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

common condenser (state 5 Figure 1) 294
I;m = To(horc-mRc * S5 — MoRe * S4 — Mygrc * Sg) (37)

e  exergy destruction in the pump 295
Ip = T * tiigrc(sz — $1) 38)

e  exergy destruction in the throttling valve 296
Ity = Ty " thyre(Ss — 1) (39)

e  exergy destruction in the compressor 297
Icp = Ty - Miype(ss — 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
|EXEMRC'V = |Exq,| = —thmrc(hy —he — To(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
> TMRC,v .
Ex ' Ex
ILeX=| Q :|‘ Qo| (42)
|Exql |Exq]
The weight of a destruction or loss of exergy in the exergy consumption of the global 306
system is defined as follows: 307
b= (43)
e
|Exqgl

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
carried out for the fluid R1224yd(Z), under the conditions: t, = 15°C; my, = 0.0534 kg/s;
t;g = 480°C; t,, = 140°C; c; = 1.14 k] /(kgK); towca = 22°C; t, = —5°C; W|Cp = Wg;
ATing = 10K; AT,y 5 = 6K ; ATpinca = 6K; Ny = 0.85; nyc, = 0.85; ngp = 0.6

The results of the energy and exergy analysis of the ORC-MRC coupled cycle are
presented in table 2 and figure 3.

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

COPypc COPopc COPopc—mR( MNex Typc  Tlore  Morc-mMrc Yep Yg  Yarp  Yarn
[-] [-1 [-] [%] [kg/s] [kg/s] [kg/s] [%] [%] [%] [%]
6.108 0.1657 0.9468 14.91 0.1089 0.07605 0.1849 4.605 5.464 51.45 28.07
Yaron  Parwb Yp Yica Yrv Ym Qs Qca Qe Wi W],
[%] [%] [%] [%] [%] [%] [kW] kW] [KkW] [kW] [kW]
2.425 20.96 0.8721 19.22 3.21 0.267 17.05 33.18 16.14 2.825 0.1823

hex [']

The exergy analysis highlights the high exergy consumption due to the heat transfer
at the finite temperature difference from the ORC boiler. The biggest temperature differ-
ences, which also determine the biggest exergy consumption, are found in the ORC liquid
heating zone Y7, = 28.08% and evaporation zone Yar,, = 20.96%; the reduction of
these destructions is the way forward in the optimization procedure. A decrease in the
temperature difference in the ORC boiler would lead to a decrease in the exergy destruc-
tion in this area leading to an increase in the cooling power of the combined system. The
loss of exergy in the condenser is more related to the temperature difference between the
ORC and MRC fluids and the cooling water, being influenced to some extent by the vari-
ation of the organic fluid mass flow rates to the variation of the other decision parameters.

In order to understand how the decision-making parameters functionally and con-
structively influence the evolution of the ORC-MRC system, a sensitivity study of the en-
ergetic and exergetic performances and of the destruction and exergy losses of the com-
bined system to the variation of the decision-making parameters Atying, Atminca
At,p, g-has been done.

2.4.1 The behavior of the ORC-MRC cycle at the variation of the temperature difference
Atping in the ORC boiler

The results of the sensitivity study to the change in temperature difference At,;;,p in
the ORC boiler are presented in figure 3.
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Figure 3. The ORC-MRC system: (a) the exergetic performance coefficient and the exergy of the heat
current extracted in the MRC evaporator depending on the minimum temperature difference
Atpinp in the ORC boiler; (b) the share in the exergy consumption of the overall system, of the
exergy destruction from the heating, boiling and overheating areas of the boiler, depending on the
minimum temperature difference Atp,;,p

When the temperature difference At,,;,p increases, the exergy destruction due to the
heating process ,r, decreases, and that due to the vaporization process Y,r,, in-
creases (Figure 3 (b)). Overall, the exergy destruction in the boiler increases with the in-
crease in the temperature difference between the fluids, which leads to a decrease in the
exergetic efficiency of the cycle and a decrease in the exergy of the refrigerating power
(Figure 3 (a)).

2.4.2 The behavior of the ORC-MRC cycle at the variation of the overheating degree
Atop g in the ORC boiler

Increasing the degree of overheating in the boiler has a positive effect, leading to an
increase in the exergetic efficiency of the combined cycle and an increase in the exergy of
the refrigerating power (Figure 4 (a)).
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Figure 4. The ORC-MRC system: (a) the exergetic performance coefficient and the exergy of the heat
stream extracted in the MRC evaporator depending on the degree of overheating in the ORC boiler,
At,p g; (b) the share in the exergy consumption of the global system, of exergy destruction from the
heating, boiling and overheating areas of the boiler, depending on the degree of overheating in the
ORC boiler, Atypp

Under the conditions of constant thermal flow transferred to the ORC boiler from the
combustion gases, the increase in the degree of overheating At,, 5 of the ORC fluid leads
to the redistribution of thermal loads from the boiler in the liquid heating, vaporization
and superheating phases. The relative exergy destructions from the phases of liquid heat-
ing Yr, and vaporization Y,y ,;,, which have the highest weight, decrease faster than
the increase in the weight of exergy destruction associated with overheating a7 o, (Fig-
ure 4 (b)); overall, the exergy destruction caused by the irreversibility of the heat transfer
at the finite temperature difference in the boiler ¥,rp decreases, leading to the increase
in the exergy efficiency of the global system and to the increase in the exergy of the refrig-
erating power (Figure 4 (a)).

2.4.3 The behavior of the ORC-MRC cycle at the variation of the minimum temperature
difference Atpincp in the condenser

When the minimum temperature difference At,,;,cp in the condenser increases, the
exergetic efficiency of the ORC-MRC system and the exergy of the refrigerating power
decrease (Figure 5).
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Figure 5. The ORC-MRC system: (a) the exergetic performance coefficient and the exergy of the heat
current extracted in the MRC evaporator depending on the temperature difference Aty,;,cp in the
condenser; (b) the share in the exergy consumption of the overall system, of the exergy destruction
in the heating, boiling and overheating areas of the boiler, depending on the temperature difference
Atincp in the condenser.

The increase in the minimum temperature difference At;,cp in the condenser leads
to an increase in the condensation temperature, which leads to a decrease in the refriger-
ating power and its exergy Ex,, (Figure 5 (a)). The decrease in the exergy of the refriger-
ation power is the factor that determines the decrease in the exergy efficiency of the global
system despite the reduction of the relative exergy destruction ,r, associated with the
heating of the ORC fluid in the boiler and the consequent reduction of the total exergy
destruction in the boiler Y,rp (Figure 5 (b)).

In Figure 6 are represented in coordinates (0 =1 — %) (exergetic temperature fac-

tor) — H, the curve of the hot stream represented by the combustion gases, and the com-
posite curve of the cold stream represented by the ORC fluid from the ORC boiler.

The area between the flue gas curve and the H axis gives the measure of the total
exergy of the heat transferred from the flue gases, and the area between the composite
curve of the working fluid (ORC), in the three stages, heating-vaporization-superheating,
and the H axis gives the measure of the exergy received by the working fluid. The areas
between the two curves give the measure of exergy destruction in each distinctive part:
heater, vaporizer and superheater.

From figure 6 (a) it can be seen that for the simple ORC system (Figure 1) a large part
of the amount of exergy introduced through the combustion gases is consumed in the
boiler as follows: 28.07% in the heater, in the vaporizer 20.96% and only 2.425% in the
superheater. The recorded values are due to the large temperature difference in the dif-
ferent areas of the boiler.
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Figure 6. 0-H diagram of hot and cold currents from the ORC boiler: (a) simple ORC system (Figure
1); (b) ORC system with internal recuperative heat exchanger (Figure 7).

From figure 6 (a), it becomes evident that the largest area between the two curves
(and the largest exergy destruction) is associated with heat transfer at a too large temper-
ature difference in the heating and vaporization stage of the working fluid . The reduction
of these surfaces and therefore of the exergy consumed, can be achieved, for the same
vaporization temperature, by increasing the inlet temperature of the ORC fluid in the
heating zone; this can be done, if the ORC fluid allows it (it is of a dry type) by changing
the structure of the ORC cycle by introducing an internal recuperative exchanger (Figure
7). The biggest effect for reducing exergy destruction in the boiler is the increase of the
vaporization temperature up to the limit allowed by the temperature difference at Pinch
in this device.

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

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

The results of the mathematical modeling based on the exergetic analysis of the op-
eration of the ORC-MRC cycle with an internal heat exchanger on the ORC circuit for a
100% engine load are presented in table 3.
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Table 3. Energy and exergy results obtained for the ORC-MRC scheme with internal heat exchanger
on the ORC circuit

COPyrc COPgpc

COPopc-mMrc TNex Mmre TMore Morc-mrc Wep Ve Yare  Yarn

[-] [-] [-] [%] [kg/s] [kg/s] [kg/s] [%] [%]  [%I] [%]
6.108 0.1883 1.076 16.94 0.1237 0.08642 0.2101 5233 6.21 47.26 21.33
Yaron  Warwp Yp Yica Yrv Y Qs Qca Qe Wg |W|p
[%] [%] [%] [%] [%] [%] [kW] [kW] [kW] [kW] [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
between the two curves, when the internal heat exchanger is introduced in the ORC
scheme, especially in the heating and vaporization stages of the working fluid. This de-
crease in the surface area leads to a decrease in the share of the exergy destruction in the
ORC boiler by 4.19% and finally to an increase in the overall exergetic efficiency by 2.03%
and implicitly in the COP of the ORC-MRC installation with internal heat exchanger.

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

3.1. Exergoeconomic analysis - general principles

Exergoeconomic analysis is the only investigation method and optimization
procedure that takes into account the fact that any thermodynamic system interacts with
two environments:

a) a physical environment determined by a system of intensive parameters such as
pressure, temperature and chemical potential, and

b) an economic environment characterized by prices of raw materials and equipment and
sets of regulations to ensure sustainable development.

In defining the method of searching for optimal functional and constructive solu-
tions, the exergoeconomic analysis is based on the union between the thermodynamics of
irreversible processes and the economic analysis.

Given that energy is a conservative measure (Principle I of thermodynamics) and
that, in principle, it is not consumed and therefore cannot appear, conceptually, in eco-
nomic balance sheets, another, non-conservative concept must be found to define the con-
sumption of usable energy , this is the exergy.

The exergoeconomic analysis lays the foundations for a methodology to search for
the optimum, constructively and functionally in sight, offering the user clear rules for im-
proving the studied system, whose effects can be followed step by step.

Unlike exergoeconomic analysis, any other optimization procedure based on statisti-
cal, evolutionary or mathematical algorithms represents black boxes for the user and the
results must be accepted on trust. In addition, any mathematical optimization method
performs the search within the limits of the specified scheme without providing any hints
on its structural improvement.

The exergetic analysis method makes the connection between the system and its sur-
rounding physical environment with which it interacts, using the concept of exergy that
quantifies the value of use of each exergy stream highlighting the place and size of the
exergy consumed (destroyed).

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

SEx; = SEx, + 21 (44)

becomes:
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Exp = Exp + ZEx;, + Zi (45)
where: 457
Exp — the exergy current of the resources used (generically called fuel) 458
Exp — the exergy current of the product 459
Ex,, - the exergy of the loss currents 460
I — consumption or destruction of exergy due to irreversibility (of work processes) 461
* z
SExi 2Exe : Cp
2 3] - Ccn
(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
Cp=Cp+Z (46)
in which: 466
: [EUR
Cp [T — the monetary cost of the product stream 467
. [EUR
Cr [T — the monetary cost of the fuel flow 468
. [EUR L . .
Y/ [T — 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
(1 + ief)n

CRF=|1+———"— 47

e @)
where i,; = 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

Z [EUR] = z1euR) —LF 48

s |1 [ ]nh-3600 (48)

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

rate of the invested capital per hour is: 477
EUR] =7 [EUR 3600 (49)
" [hour] ~ s [s]

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
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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) 49
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 Exa Ex; — Ex, Exp Ex, — Ex; + Ex, — Exg
Expander Ex; — Ex, 2 Ex; — Ex, — W),
Compressor |We, | Exg — Ex, |We,| — Exg + Ex;
Condenser Exs — Ex; Ex, — Ex; Exs — Ex; — Ex; + Ex;
Throttling valve Exiry Ex6 Exiry — Exg

Evaporator Exs — Ex, Exs; — Ex, Exs — Ex, — Exs + Ex,
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ORC Pump |WP| Exz - Exlp |Wp| - ExZ + Exlp

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, a, 3, vy, 0, 7, & 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
e  Zone 1. The ORC evaporator (Boiler) 531
The exergoeconomic monetary balance cost (Eq. 46) of the ORC boiler is: 532
Co Exq + ¢y Exy —cgrExg—c3 Exs +Zg =0 (50)

The exergy of combustion gases Ex, 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 Excyr = 41800 [k]/kg] and has a cost of 1.7 538

[EUR/kg]; it results: 539
_s[EUR
Cg =Cq = 4.07-10 [k—] (51)
The exergy of current (3 (Figure 9) is a loss (Table 4) so that according to Rule 4 540
cg=0 (52)
e  Zone 2. Expander 541

The exergoeconomic monetary balance cost (Eq. 46) of the Expander is: 542
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C3 Exz—co Wg—cy Ex,+Zg =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
C9g = C10 = C11 (55,56)
e  Zone 3. Compressor 546
The exergoeconomic monetary balance cost (Eq. 46) of the Compressor is: 547
Cy - EX7 + Ci0 " |ch| —Cg- EXB + Zcp =0 (57)
e  Zone B. Mixing point 548
In the mixing point B, the following monetary balance equation can be written 549
C4 ) EX4_ + C8 ) EX8 = CS " EXS (58)
e  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
s Exs+ceExg—cyExy —cp Exg+Zpqg =0 (59)
The exergy of the cooling water of the condenser not being used represents a loss. 554
According to Rule 4: 555
Cg=¢=0 (60,61)
e  Zone A. Splitting point 556
The following monetary balance equation can be written at the splitting point A 557
C1- Exl + Citv - EX1TV —Cp- EXlP =0 (62)

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

multiple product (Rule 2) 559
Civ =C1p = (63)
e  Zone 5. Throttling valve 560
The exergoeconomic monetary balance cost (Eq. 46) of the Throttling valve is: 561
cirv * Exiry — €6 - Exg + Zry = 0 (64)
e  Zone 6. MRC Evaporator 562
The exergoeconomic monetary balance cost (Eq. 46) of the Evaporator is: 563
o Exg + ¢y Ex, — ¢y - Ex; — 5 Exg + Zgy, = 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
C; =¢ (66)
According to Rule 5 a value is assigned to current y 566

Cy = 1 (67)
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It is observed that the value of the unitary monetary cost of the chilled water current 567
v is not important in the calculation because the state y is taken as a reference for the 568

calculation of the exergy of the chilled water (Ex, = 0) 569
e  Zone 7. ORC liquid pump 570
For the ORC liquid pump the monetary cost balance equation becomes: 571

cip Exip +cypt [We| = Exy + 2, =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
vRre
Zep=71——7—- -1 EUR
Cp 0'9 _ T]st GC n GC [ ] (69)

where the performance coefficient of the equipment defined on the basis of the Second 583
Law of Thermodynamics is the isentropic efficiency 7, of the compression process,and 584

the exergetic product is 585
: kg
Pex)cp = Mypre " Tep " InTgy [?] (70)
which marks the antagonistic effect of the variation of the compressed gas flow rate ;586
with the compression ratio 7¢, = % = % (Figure 9) 587
v 7
The investment cost Z,[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 7y, 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
Po)b = Moge " In o2 [g (71)
Ps LS

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

More lnp—3 [

Ig =479 ——— EUR] 72
=092 - s 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

RC

Mo
Zp = 10,38 —————rp -1 EUR
P 0,9 — Nep rp-Inrp [ ] (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 7, and the exergetic prod- 603

uct correlates the pumped flow rate mpgp, with the pressure increase ratio rp = Z—Z (Fig- 604
1

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/m?] represents the cost of the heat exchange surface unit and A [m?], 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 ATy;, 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

Q  m-Ah

A= =
U-AT,, U-AT,

(75)

where U [W/(m? - K)]represents the global heat exchange coefficient of the device, 617

and AT, 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

AT, = ts =t (76)

ATV = ty—ts _ t, —ts _ t, —ts
]ng n ty — (ts — ATT‘r/lin) In ty —ts + ATnliin) (77)
- 4 4
8 v ATmin ATmin

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

ty—ts=a (78)
relationship (78) becomes: 623

a
AT), = ———5—
" E AT (79)
ATmin
Taking (80) into account, equation (75) becomes: 624
a+ATY.)
1 min
g AT, (80)
v==Cr a-Uy

Considering ¢, = 87 [EUR/m?], Uy =500 [W/(m?-K)] and choosing a = 16 K, 625
Equation (81) becomes: 626

Zy[EUR] = 10,87 - Qy[kW] In(16 - @Ary,.)"-t+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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cd
0oy In 2 AT

;o AT (82)
cd = Ccd b Ugy
in which: 630
b=t.—t; (Fig2(b)) (83)
is imposed by the design, and 631
ATt =t.—t,  (Fig.2(c)) (84)

Considering that c.q = 254 [EUR/m?], U.q = 1750 [W/(m? - K)] and b=7 K, Equa- 632

tion (83) becomes: 633
ZcalEUR] = 20,73 Qca[kW]In (7 - (4TS4,) " +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

EUR ,
Zy [EUR] = ey |=—| - Aslm?) (86)
where the heat transfer surface is the sum of the surfaces corresponding to the processes 637
of heating the subcooled liquid (4), boiling (4,;) and overheating (4,5). 638
AB = Ah + Avb + th (87)

The heat exchange surfaces of each functional area of the boiler are calculated as fol- 639
lows: 640
e Liquid heating area 641

Qn
= 88
with: 642
Qn = mogrc(hzo — hy)(Fig. 2 (a)) (89)

U, = 70 [W/(m? - K)]- the global heat transfer coefficient for the liquid heating process: 643

(tg —t2) — (thg — t20)

ATh =
n (tg —t,) (90)
(thg — t20)
Temperature t,, on the heating gas side results from the energy balance of the liq- 644
uid heating zone (Fig.2 (a)): 645
Torc(hzo — h
frg = tp + ORC‘( 20 — h) 91
My " ¢g

with ¢z = 140°C. 646
e Boiling area 647

gy =L _ honchsn ~ o) o2

U‘Ub " ATT"T]I. Uvb ) AT%

with Uy, =90 [W/(m? - K)] - the global heat transfer coefficient for the boiling process: 648
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(tvb \wbg  “hg) tn g) .
AT, = (Fig.2 (2))
v ln (tvb o= V) (93)
(th,g tV)
Temperature t,, , on the heating gas side results from the energy balance of the 649
boyling zone: 650
va
topg = thg T+ (94)
e 7 g g
e  Overheating area: 651
A = Qon _ Toge(ts = ty) (95)
h =g ATOR T U, - ATOh
oh m oh m
with: 652

U,p, = 50 [W/(m? - K)] the global heat transfer coefficient for the overheating process 653

(tg — t3) — (tong — t30)

AT, =
o (ta —t3) (96)
In—-4——3~
(tvb g t30)
where t, = 420°C 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
EUR Monetary cost rate of zonal exergy
Equipment Zonal fuel unit cost [ EUR
destruction C; [
Boiler CgMAI CgMAI(Exa Ex3 + Exz - Exﬁ)
Expander C3 cs(Exs — Ex, — Wp)
Compressor C10 c0(|Wep| — Exg — Ex;)
Condenser Cs cs(Exs — Ex; — Ex; + Ex¢)
Throttling valve o ¢ (Exyry — Ex)
Evaporator Ce c6(Exg — Ex; — Exs + Ex;)
ORC Pump 11 11 ([Wp| + Exy, — Ex,)
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
2y
fr=—"—"75—"<1 (97)
Zy + Cix

If f, approaches 1, it means that the operational cost (of exergy destruction C;;)is 665
too low and the investment cost Zj 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 fj is too small it means that the monetary value of the exergy destruction is too
high and it is recommended to purchase a better equipment which is obviously more
expensive.

3.4.3 Zonal coefficients of performance

a) Exergetic efficiency
For each functional area, the Product and the Fuel were specified (Table 8.1). Their
ratio gives the zonal exergetic efficiency [51].

P
Nk = <—) 100 (98)
» F k

For the global ORC-MCR system, the product is the heat exergy extracted from the
chilled water in the MCR evaporator (evaporator product (Table 4)) and the fuel is the
exergy of the combustion gases Ex,

%y 100
Nex = EXa (99)
b) The relative weight of an exergy destruction in the fuel consumption of the global
ORC-MCR system
The percentage weight of the zonal exergy destruction in the fuel consumption of the
global system is calculated with the relationship:

I
=-—100 100
Wk Ex. (100)
The search procedure for the optimal functional and constructive ORC-MCR system
will be guided by the values of the exergoeconomic performance indicators.

3.5 Results of exergoeconomic optimization

The following tables show the simulation results for the working fluid R1224yd(Z)
depending on the variation of several decision parameters, including the minimum
temperature difference in the Condenser ATy,;;cq, the minimum temperature difference
in the Evaporator ATwinv, the minimum temperature difference in the Boiler ATwis, as well
as the variation of the efficiency of the Compressor nscy or the Expander 7se. The unit cost
of diesel was considered cpjpse; = 1.7 [EUR/L]..

Tabel 6. The results obtained for ATwminci =8 K; ATminv =8 K; ATminz =30 K ;nscy=0.8; 1sp=0,8; 1sc=0.8

ex . ] Z CI CI=Cl-i CI+Z
Zone T[]%] LWl Wl \pURml [EURKJ] [EUR/  [EUR/A] 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 4496  0.002576 5432104 09962 09988  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
MRC Evaporator)
cg = 13,15-107* [EUR /K] ex]
The lowest exergetic efficiency 7. and the highest relative destruction is in the Boiler.
The small exergetic factor requires the choice of a larger heat exchange surface (a lower
minimum temperature difference) to reduce exergy destruction. E.g:

AT ping = 20 [K]
cg =12.35- 1074 [EUR/kjex]
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and for AT,,;,p = 10 [K]
cp = 11.73-107* [EUR k] ex]

The MRC evaporator has the exergoeconomic factor £=0.002579 being the lowest, as
can be seen in table 6, which marks a high cost of exergy destruction compared to the cost
of amortization of the invested capital. The suggestion is to reduce the temperature dif-
ference and thus increase the heat exchange surface of the evaporator.

Tabel 7. The results obtained for ATwminca =8 K; ATmins =10 K; 1scy=0,8; nsp=0,8; 1s0=0,8 when ATminv=3 K
is imposed.

ex V4 CI CI=CI"I CI+Z
Zone P MW IRl s puRAg)  [EURMI  [EURM f
Boiler 34.59 3.852 34 0.01137  4.07-10-5 0.5645 0.5758 0.01975
Expander 82.43  0.5559 4906  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 ¢z = 9.681-10~* [EUR /kjex].
The condenser has the lowest exergoeconomic factor as shown in Table 7. Exergy
destruction must be reduced.
Although the condenser is an eminently dissipative area with the role of transferring
to the environment the energy generated and transferred in the system, and therefore
without an exergetic product, by specifying the condensation temperature it has an im-
portant role in establishing the efficiency in operation.
Table 8. The results obtained for ATwinv =3 K; ATminz =10 K ; 1sc=0,8; 1sp=0,8 when ATminca =3 K is
imposed
ex Y4 CI CI=CI'1 CI+Z
Zone ?%1 LWl W%l pyrml  [EURKJ]  [EUR/MI  [EUR/A] f
Boiler 33.91 3.93 34.68  0.01117  4.07-10-5 0.5758 0.5869  0.01904
Expander 8226  0.5872 5182  0.01432  1.615-10-4 0.3415 0.3558  0.04024
Compressor 81.33  0.4837 4269 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 4305 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 c; = 7.585-107* [EUR /kJex].

The cost of exergy destruction in the Pump, as well as the cost of amortizing the pur-
chase of the pump, are the lowest in the system (table 8).

The highest value of the exergoeconomic factor of the pump area indicates the possi-
bility of reducing the quality of the pump by reducing its isentropic efficiency nsr, but the
effect of this reduction on the thermodynamic parameters after pumping does not bring a
decrease in the unit cost of the global system product represented by the cold obtained in
the Evaporator.

The compressor has a low acquisition cost but induces a high cost of exergy destruc-
tion, which suggests the choice of a more expensive compressor with a higher isentropic
compression efficiency as can be seen in the processed data in table 8.

Table 9. The results obtained for ATwminca =3 K; ATwminv =3 K ; ATmins =10 K ; nsp=0.8; when 1s¢;=0.85 is
imposed

701
702
703
704
705
706

707
708

709
710
711
712
713
714
715

716
717

718
719
720
721
722
723
724
725
726
727
728

729
730



Entropy 2023, 25, x FOR PEER REVIEW

25 of 31

nex Z CI CI=cCI-i CI+Z
V4 I [kW w9 f
one [ W ] |[EURM] [EURMAJ] [EURAI  [EUR/AI

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 4574  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 ¢z = 7.165-107* [EUR/kJex], and if one considers nscy=0.89, the following
results are obtained (Table 10).

Table 10. The results obtained for ATwminci =3 K; ATminv =3 K; ATminz =10 K ; nsp=0.8; when 1sc,=0.89 is
imposed.
nex . CI CI=cCI-i CI+Z
Z I [kW W Z [EUR/h f
one o DV WDRl ZIEURM fpupag)  EURMI EURM)
Boiler 33.91 3.93 34.68 0.01117 4,07-10-5 0.5758 0.5869  0.01904
Expander 8226  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 4789  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 cg = 7.009 - 10~* [EUR /k]ex]

In the area of the expander, both the cost of amortization of the acquisition expense
and the cost of exergy destruction are high, which indicates the possibility of reducing the
expense, with exergy destruction by choosing a more efficient expander, a trend tempered
however by the expander's cost being higher than, for example, the cost of the compressor.
Table 11. The results obtained for ATminca =3 K; ATminv=3 K; ATminz =10 K ; nsc;=0,89; when 1se=0.85 is
imposed

nex . CI Ci=cCcr-i Crz
Y4 I[kW W9 Z [EUR/h f
one o KW el - ZIEURAL \eupag)  [EUR/MI  [EURM

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 5104  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 cg = 6.632-10~* [EUR /k]ex]

With a more performant expander (1se=0.9) one gets (Table 12) :

Table 12. The results obtained for ATwminci =3 K; ATminv =3 K ; ATming =10 K ; 1s¢p=0.89; when 1se=0.9 is
imposed.
nex . CI Ci=cr-i Crz
Y4 I[kW w9 Z [EUR/h f
one [ W (%1 ZIEURA]  (puragl  [EUR/MI  [EUR/A]
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
Condenser
MRC Evaporator
ORC Pump

89.69  0.3021 2.667 0.05757 1.753-10-4 0.1906 0.2482 0.232
1.033 13.66 0.01989 1.874-10-4 0.6967 0.7166 0.02775

56.38  0.3109 5.418 0.009501  3.634-10-4 0.8031 0.8126 0.01169

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 cz = 6.478-107* [EUR/
kjex].

Following the exergoeconomic optimization procedure (Tables 6-12), the optimal
functional and constructive solution was obtained (Table 12). The unit cost of cold in this
case (cg = 6.478-107* [EUR/kJex]), decreased by half compared to the initial situation
(Table 6) (cg = 13,15-107* [EUR/k]ex]).

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

of the cold unit is presented in Figure 10.
0.001 — ‘ : : : :
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cr [EUR/KW refrigeration]
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Figure 10. Influence of the Diesel fuel unitary cost on the unitary cost of the refrigeration ATwminca =3
K, ATminv =3 K, ATwming =10 K, T]st=0.89,' T]sD:0.9,' T]sP=0.8

4. Discussion

The presented study refers to the heat recovery of the combustion gases of a station-
ary internal combustion engine through cogeneration of mechanical power and cold.

Heat recovery was considered as a theme of the project, for which the combustion
gases were considered as an unused part of the fuel used in the engine to produce me-
chanical power and represent the fuel for the refrigeration plant driven by the ORC sys-
tem.

If the project did not require the recovery of the energy of the combustion gases, then
this would be considered an accepted loss, a situation in which the combustion gases are
assigned a zero cost (cgya; = 0).

It is interesting to note in this case, that contrary to the impression that if the cost of
fuel does not matter, the optimal economic solution is obtained for the cheapest (and
therefore non-performing equipment), things are not like that because the lower perfor-
mance of the equipment affects the product of the system, i.e. the cold product.

This is due to the conditions of the case, namely that the potential of the recoverable
energy from the combustion gases, although free, is limited.

The optimization problem is to obtain the maximum product (minimum unit cost of
the product) from a limited resource with minimum monetary cost.
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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

Author Contributions: Conceptualization, D.T., C.D. and A.D.; methodology, L.G., M.B. and V.A.; 824
software, D.T, H.P. and A.D.; validation, V.A., C.D. and H.P.; formal analysis, M.B. and V.A.; 825
investigation, D.T. and C.D.; resources, H.P.; data curation, M.B.; writing—original draft 826


Reviewer
Comment on Text
The conclusions currently feel like an over simplification of the results presented and need to better summarize all the findings from cost to optimal parameters assessed. This should then be reflected in the Abstract.  


Entropy 2023, 25, x FOR PEER REVIEW 28 of 31

preparation, D.T., C.D. and A.D; writing —review and editing, L.G. and C.D.; visualization, D.T. and
H.P.; supervision, L.G. and A.D.; project administration, V.A.; funding acquisition, C.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Romanian Ministry of Education and National
University of Science and Technology Politehnica Bucharest through the PubArt programme.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

B ORC boiler
C current of monetary cost, EUR/h
unitary monetary cost, EUR/unit
Cd  condenser
CI  xergy destruction unit cost, EUR/k]
CI current of exergy destruction cost, EUR/h
Cp  compressor
E expander
Ex  current of exergy, kW
Ev  MRC evaporator
h mass enthalpy, kJ/kg
i current of exergy destruction due to internal irreversibility, kW
ICE internal combustion engine
L current of exergy loss, kW
m mass flow rate, kg/s
Q current of heat, kW
P pump, exergetic product, kW
s mass entropy, kJ/(kg K)
T temperature, K
TV  throttling valve
y/ Rate of amortization of the investment cost, EUR/h
\"Y 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

827
828
829

830
831

832

833

834
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TV throttling valve

\% evaporation in the MRC evaporator

vb evaporation in the ORC boiler

w water

Superscript

T thermodynamic temperature, K

Greek Symbols

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