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INTRODUCTION

the use of the fossil fuel. These low-temperature discharges

Industrial processes are generally characterized by the cannot be used to generate electricity via a steam thermal
loss of energy in a form of heat. This dissipated energy not  plant (Conventional Rankine Cycle). Alternative technol-
only reduces the effectiveness of these processes but also  ogies like the organic Rankine Cycle (ORC) can convert
contributes to the environmental impacts associated with  the waste heat to electricity at a relatively low temperature.
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Hence, they contribute significantly to reduce fuel costs and
pollution as well.

Organic Rankine cycles are cycles of mechanical power
generated from waste heat. The organic Rankine Cycles
are variants of water vapour cycles, but they use the heat
sources to produce mechanical energy at low or medium
temperatures [1, 2]. Bellos and Tzivanidis optimized a sys-
tem with Organic Rankine Cycle (ORC), an absorption
chiller for cooling, heating, and electricity production.
They found the maximum exergy efficiency to be 29.42%
with toluene [3]. Furthermore, Bellos and Tzivanidis [4]
examined a trigeneration system including a generator, an
ejector, a condenser, a turbine, and an evaporator where
the studied configuration forms a system able to produce
heating, cooling, and electricity. The heat source generally
comes from geothermal energy [5-8], biomass energy [9,
10], or industrial waste streams [11, 12], otherwise solar
energy [13, 14].

The energy and exergy analysis of a combined cycle
including a vapour-cooled refrigeration cycle and an
organic Rankine cycle has been studied by [15-20].
Another system for cold production using the absorp-
tion machine has been studied by [21-25]. Cooling tech-
nologies operating at low temperatures have attracted
the attention of many researchers in different contexts.
A study was carried out by Lee et al. [26] on thermody-
namic analysis of a cascade refrigeration system using
carbon dioxide (CO,) and ammonia (NH,) as refrigerants.
Regarding the same topic area, Getu et al. [27] conducted
their study on the system (R744/R717) for optimizing the
design and parameters of the studied system. The anal-
ysis here is based on sub-cooling at the condenser out-
let at 40°C and overheating at the evaporator outlet with
50°C to develop mathematical expressions for the maxi-
mum COP. The results revealed that COP max was highest
for ethanol followed by R717 and it was lower for R404
under the same conditions. Kilicarslan et al. [28] studied
an irreversibility analysis of a cascade refrigeration system
for various refrigerant couples, namely R152a/R23, R290/
R23, R507/R23, R234a/R23, R717/R23, and R404a/R23;
the degrees of the condenser sub-cooling and evaporator
superheat are 5°C and 7°C for all cases.

They found that COP of the cascade refrigeration sys-
tem increases and the irreversibility decreases with rising
evaporator temperature and polytrophic efficiency for all
studied refrigerant couples and vice versa for the increas-
ing of the condenser temperature. Dapazo et al. [29] have
performed an analysis of CO,/NH, cascade cooling sys-
tem design and its operating parameters and how they
influence the COP and the exergy efficiency of that sys-
tem; they concluded that the COP increases by 70% when
the evaporation temperature of CO, varies from -55°C to
-30°C and hence other parameters influence on the COP
increases as well, but when the condenser temperature of
NH, increases from 25°C to 50°C, the COP decreases. The

authors tried also to use NH, and CO, as refrigerants to
provide a cooling capacity at an evaporating temperature
of =50°C [30]. This refrigeration capacity was showed in
the results to be 9.45 kW. A thermodynamic analysis of
theoretical performance for a cascade refrigeration sys-
tem was conducted by Yst and Karakurt [31]; Different
refrigerant couples are used in which the pair R23/R717
showed the best performances compared to the other
pairs of refrigerants. The rate of total exergy destruction
decreases with the increase of the temperature of the evap-
orator and increases with the increase of the temperature
of the condenser. For the efficient recovery of waste heat
in marine applications, a dual Organic Rankine Cycle sys-
tem in parallel was proposed by Yun et al. [32]. The results
showed that when the total annual output power in double
ORC configuration ranges from 103% to 115%, the double
ORC produces more energy than the single ORC. Moleés
etal. [33] studied a thermodynamic analysis of the perfor-
mance of a combined system of organic Rankine cycle and
vapour compression cycle driven by heat sources at low
temperature and using low GWP fluids. The thermal COP
of the ORC-VCC system varied between 0.30 and 1.10; it
was concluded that the thermal COP increased with the
ORC and VCC evaporating temperatures and decreased
with the condensing temperature.

A new cascade cycle to recover energy from a medi-
um-temperature waste stream was proposed by Sadreddini
etal. [34] where both energy and exergy analyses are applied
to the system. The results showed that the best performance
is for a cascade cycle with Pentane as a working fluid for
the ORC section. A combined system using a single ORC
cycle stage to power a cascade refrigeration system has been
studied by Lizarte et al. [35]. In the present study, a new
configuration for a cascade refrigeration system is used; this
configuration uses a two-stage cascaded ORC cycle instead
of a single-stage, it is noted that each stage of the ORC cycle
supply one stage of the cascade refrigeration cycle, knowing
also that the upper stage turbine of the ORC cycle supply
the compressor of the upper stage of the refrigeration cycle
and the turbine of the lower stage of the ORC cycle supplies
the compressor of the low stage of the refrigeration cycle.
In addition, several pairs of organic fluids were used to
conduct a comparative study in order to select the best pair
that gives good performance to the combined system. The
pair of the organics fluids used for each cycle are: (toluene /
R245fa) chosen to supply the ORC cycle in cascade and the
pairs (R717 / R744, R717 / R23, R134a / R23) chosen for the
refrigeration cycle CRS Cascade.

The aim of this study is to improve the system perfor-
mance. In addition, a comparative study of different cou-
ples of organic fluids was followed to select the best couple
that can give good energy efficiency. The pairs used in
this study are (Toluene/R245fa), (R717/R744, R717/R23,
R134a/R23) for the cascade ORC and the cascade CRS
cycles, respectively.
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DESCRIPTION OF THE COMBINED SYSTEM
(ORC-CRS)

The combined system consists of two main cycles: a
cascade Rankine organic cycle used for mechanical energy
production and a cascade refrigeration cycle used for refrig-
eration. The mechanical power generated by the ORC cycle
turbines is transmitted to the compressors to supply them
with energy and so to complete the refrigeration process.

THERMODYNAMIC ANALYSIS

In this section, a thermodynamic modelling study is pre-
sented and the mass balance is defined as follows [36, 37];

Z min = Z maut

Where m, is the mass flow rate (kg/s),
According to first law of thermodynamics, the energy
balance equation is:

zmmhin +2Qin + Zvvm
= Zmouthout +ZQout + Zvi/out
Where; Q, W and h are the heat transfer rate, work rate

and specific enthalpy. The entropy balance equality can be
described as follows:

(1)
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Figure 1. Schematic diagram of ORC-CRS combined system.

Where s and S are the specific entropy and entropy
generation rate, respectively. Based on the second law of
thermodynamic analysis, the exergy equity defined as given
below;

Z rh, ex,, +Z ExinQ +z E'xmw

. ) ] 4
=Y ex,, +> Ex 4+ Ex, " +Ex, )

The exergy destruction denoted by Ex, and the other
terms in Eq. (4) can be given as:

Ex, = TOSM (5)
Ex,=[1-2 o
X, =|1-—
Q T (6)
Ex, =W )
The flow exergy is inscribed as
ex,, = h—h,—T/(s—s,) (8)

The energy and exergy analysis of the ORC-CRS com-
bined cycle requires the application of the first and second
law of thermodynamics. The general equations correspond-
ing to this principle are presented below (Table 1):

Performance Evaluation
The performance of the ORC-CRS combined system is
determined by the following equations:
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Table 1. Energy and exergy balance of combined cycle ORC-CRS

Components Energy balance equations Exergy balance equations

Pump 1 b, + W, =mh, miex, + W, = rivex, + EM,1

Heat Exchanger ORC mh, + mh, =m.h +mh, + fo;;c 1m,ex, + mex, = m,ex, + n.ex, + Exf:g,fg
+ EXD)HI?X_ORC

Turbine 1 nh, = h, = WTI fex, = mex, = WT‘ +E, . .

Condenser ORC mh,=mh = Qe or 1.ex, = 1,ex, + Exgond_ORC =L, cond_orc

Pump 2 mh + W, =mh, mex, + W, = mex + Ex[m

Evaporator ORC mshﬁ + QEWP,ORC = m7h7 maexs + Exgmp,ORc = m7e_x7 + ExD,Evap,oRC

Turbine 2 i h, = mh + W, nex, = mex,+ W+ E

Compressor 1 rihy + W, =m h mgex, + W, = n, ex, + E'mCl

Heat Exchanger CRS mh, +mh =k, 1, ex,, + 1, ex, =, ex, + nex;

+mh + Qfgzs + Ex?:ngsX + ExD,HEX_CRS

Expansion valve 1 mh, =m,h, 1, ex,, = 1m ex,, + ExD,Evl

Evaporator CRS mlzhlz + QEvap,ORc = m9h9 1,,ex,, + Exgmp,CRs = mex, + ExD,Evap,CRs

Compressor 2 nihy+ W, =m b, m,ex ., + W, = n ex,, + Exu’cz

Condenser CRS mmhm = mmhm + Qe cs 1, ex,, = m,ex, + E.xgamLORC = ExD,Cond,CRs

Expansion valve 2 mh = h mex =mex +E

mass balance

ORC Cycle: i =, =, =m, =m, ;M =m =m =rm =nm
CRS Cycle: m, =i, =m, =m,, = L crs s

H_ORC
:ml4:m15:m16:m

H_CRS

The net mechanical power is:

W= Wy W, ©

net

Thermal efficiency is written as:

Wne
Mi_ore =7 (10)
QEV“P(JR(:

The coefficient of performance is presented as:

Q Va]
COP = —as. (11)
C
The efficiency of the ORC-CRS system is:
Nex_sys = Mpx_ore ™ Mex_crs (12)

The coefficient of performance of ORC-CRS system is
written as:

COP (0[0)

s~ Mi_orc” CRS

(13)

RESULTS AND DISCUSSION

In this study, a novel design of the ORC-CRS com-
bined system is based on a thermodynamic analysis. In
this section, the effect of the operating parameters on the

performance of the combined system will be detailed. In
each case, a couple of working fluids (Toluene/R245fa) is
used for the cascade ORC cycle with R717/R23 as working
fluid for the cascaded CRS cycle taking into account the fact
that the thermodynamic properties are determined using
Solkane and Coolpack software and that W . =W,
Table 2 shows the input parameters values for the ORC-
CRS combined system.

Before starting the parametric study on the ORC-CRS
combined system, a comparative study based on the three
couples organic fluids used for the CRS cascade refrigera-
tion cycle is done. The finding are presented in Table 3 as
follows:

Following the results obtained by the comparative study
of the different pairs of organic fluids used by the CRS
refrigeration cycle. The couple (R717/R23) gives a good
exergy efficiency with a value of 50.03%. The thermody-
namic characteristics of each point constituting the com-
bined cycle (Table 4) have been first determined followed
by the energetic and exergy performances of this system
(Table 5).

Distribution of Exergy Destroyed in the ORC-CRS
Combined System

The distribution of the destroyed exergy in the ORC-
CRS combined system using the best organic fluid pair
(Toluene/R245fa to cascade ORC cycle and R717/R23 to
cascade CRS cycle) is studied. The results of Figure 2 shows
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Table 2. Input parameters values of combined cycle

Parameters Values References
Mass flow rate of High ORC cycle, 1 This work
My ore (kg/S)

High Evaporator ORC Temperature, 310 This work
TEvap_High_ORC (OC)

High Condenser ORC Temperature, 120 This work
TEWpr[ghﬁORC (OC)

Low Evaporator ORC Temperature, 100 [15]
TEmpiLuw,ORC (OC)

Low Condenser ORC Temperature, 40 [15]
TCondJoW,ORC (OC)

High Condenser CRS Temperature, 40 [20,22]
Tszd_High_CRS (OC)

High Evaporator CRS Temperature, -10 [20, 22]
TEmpr[ghﬁ(]RS (OC)

Low Condenser CRS Temperature, -12 [20, 22]
TCond,an,CRS (OC)

Low Evaporator CRS Temperature, —40 [20, 22]

0

TEvup,Low,CRS

Table 3. Results of comparative study based on the three
couples organic fluids

Organic fluids Nramaas
Combined cycle (Toluene/R245fa),(R134a/R23) 48.01%
ORC-CRS (Toluene/R245fa),(R717/R744)  49.57%

(Toluene/R245fa),(R717/R23) 50.03%

the largest exergy destroyed is in the ORC condenser by
62% and at the ORC exchanger by 13%.

Following the comparative study, a parametric study
on the best organic fluid R717/R23 has been done. Latter
is based on the effect of the operating temperatures; in par-
ticular, the evaporation temperature T, .- and the evap-
oration temperature T, =~ on the exergy efficiency of the
ORC-CRS combined cycle was carried out. In this part,
the effect of ORC evaporation temperature on the perfor-
mance of the CRS-ORC combined cycle was studied. For
this, some operating parameters are fixed such as the evap-
oration temperature and the condensation temperature of
the ORC and CRS cycle: Ty .\« =—40°C, T, s =40°C,
and . In addition, the evaporation temperature of the ORC
varies between 200°C and 310°C.

Figures 3-5 shows the influence of ORC evapora-
tion temperature on the coeflicient of performance, the
energy efliciency, and exergy efficiency of the ORC-CRS
combined system, respectively. The other parameters are
kept constant, which are presented in Table 2. Figure 3
shows the effect of the ORC evaporation temperature on
the coefficient of performance of the combined system
ORC-CRS. The result show that the coeflicient of perfor-
mance of system decreases considerably with the increase
of the ORC evaporation temperature. The coefficient of
performance decreased from 0.71 at a temperature of
200°C to a minimum value of 0.64 at the temperature of
310°C. Figure 4 shows the effect of the ORC evaporation
temperature on the energy efficiency system of the ORC-
CRS combined system. The results show that the energy
efficiency of the combined system decreases considerably

Table 4. Thermodynamic characteristics of the points of the combined cycle

State N° Fluid type T (C°) P (bar) h (kJ/kg) s (kJ/kg)
1 R245fa 40 2.50 252.57 1.179
2 R245fa 40.57 12.64 253.35 1.179
3 R245fa 100 12.64 474.26 1.7912
4 R245fa 50.69 2.50 444.46 1.7912
5 Toluene 120 1.31 19.025 0.04887
6 Toluene 122.25 37.11 23.642 0.04887
7 Toluene 310 37.11 601.24 1.1934
8 Toluene 183.02 1.31 476.62 1.1934
9 R23 —40 7.09 337.91 1.6185
10 R23 9.75 18.85 362.6 1.6185
11 R23 -12 18.85 182.54 0.9368
12 R23 —40 7.09 182.54 0.9498
13 R717 -10 2.67 1446.84 5.78
14 R717 54.94 15.54 1707.74 5.78
15 R717 40 15.54 386.43 1.6303
16 R717 -10 2.679 386.43 1.7186
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Table 5. Performances of combined cycle: cascade ORC
(Toluene / R245fa) and cascade CRS (R717 / R23):

Component Power and heat Exergy
transfer rate destruction
(kW) rate (kW)
Cycle ORC
Pump 1 1.61 0
Pump 2 4.61 0
Turbine 1 61.66 0
Turbine 2 124.62 0
Condenser 397.23 213.57
Evaporator 577.59 46.14
Heat exchanger 457.59 37.13
1y ore (K8/S) 1
M, ope (kg/s) 2.07
W, o (KW) 180.04
Ty ore (%) 31.17
Mex,,, (%) 67.3
Cycle CRS
Compressor 1 60.04 0
Compressor 2 120 0
Condenser 607.8 9.89
Evaporator 377.54 1.36
Heat exchanger 487.78 13.26
expansion valve 1 - 9.47
expansion valve 2 - 12.18
My s 0.46
1, s 243
COP_, (-) 2.09
COP,,, s (%) 0.74
Combined cycle ORC-CRS
.= 64.15% My = 50.03%
cy > Evap CRs
Ev 1 4% 0%
3%
Cond CRS
3%
HEX ORC

11%

reaches a maximum value of 70.95% at the temperature of
200°C and a minimum value of 64.66% at the temperature
of 310°C.

On the other hand, the results of Figure 5 show that the
exergy efficiency of the combined system decreases signifi-
cantly with the increase of the ORC evaporation tempera-
ture from the maximum value of 69.55% to 50.03% over the
temperature range of 200°C at 310°C.

The effect of the CRS evaporation temperature on the
performances of the cascade refrigeration cycle and on the
ORC-CRS combined cycle has been also studied in which
the best selected organic fluid is used. To do this, some
parameters are set; the evaporation temperature and the
condensation temperature of the ORC cycle, as well as the
condensation temperature of the CRS cycle, which respec-
tively carry these values. T, . =310°C, T, ;p.=40°C
and T, .. =40°C, while the evaporation temperature var-
ies over a temperature range from —60°C a — 30°C. Figures
6-8 show the influence of CRS evaporation temperature
on the coefficient of performance, the energy efficiency,
and exergy efficiency of the ORC-CRS combined system,
respectively while keeping the other parameters constant
are presented in Table 2. The results of Figure 6 show that
the coefficient of performance of the combined system
increases considerably over the temperature range consid-
ered and reaches a maximum value of 1.05 at —30°C and
the minimum value is 0.32 at —60°C. The results of Figure
7 show that the energy efficiency of the combined system
increases considerably over the temperature range consid-
ered and reaches a maximum value of 75.15% at —30°C and
the minimum value is 32.36 % at —60°C of temperature.

The results of Figure 8 show that the exergy efficiency
of the combined system increases significantly with the
increase of the CRS refrigeration temperature, the maxi-
mum value being 63.62% at —30°C and the minimum value
of 38.11% at —60°C.

HEX CRS
4%

Cond ORC
62%

B Evap ORC MW Cond ORC M HEXORC M CondCRS MEv1l MEv2 M Evap CRS M HEX CRS

Figure 2. Distribution of exergy destroyed in the ORC-CRS combined system.
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CONCLUSION

In order to improve the performance of a cascade refrig-
eration system (CRS), a new combined ORC / CRS system
was used in this study where the energy produced by the ORC
cycle has been used to supply mechanical compressors of the
CRS cycle. From the results found, it was concluded that:

o The pair of R717/R23 gives better performances in
terms of exergy efficiency for the CRS cycle with the
Toluene / R245fa pair for the ORC cycle in cascade
with 50% of , and the most great exergy destroyed was
in the ORC condenser with 62%.

o The coefficient of performance of the system decreases
considerably with the increase of the ORC evapora-
tion temperature.

o The exergetic efficiency of the combined system
increases significantly with the increase of CRS refrig-
eration temperature.

o The energy efficiency of the combined system increases
considerably over the temperature range considered
and reaches a maximum value of 75.15% at -30°C and
the minimum value is 32.36% at -60°C of temperature.

o The exergy efficiency of the combined system
decreases significantly with the increase of the ORC
evaporation temperature.

NOMENCLATURE

Ex Exergy rate, kW

h specific enthalpy, kJ/kg

m Masse flow rate, kg/s

p Pressure, bar

Q Heat rate, kW

S Entropy generation, kW/K
s Specific entropy, kJ/kg.K
T Temperature, °C

|44 Mechanical Power, kW
Greek letters

n Efficiency

Subscripts

C Compressor

Cond Condenser

Evap  Evaporator

Ev Expansion valve

HEX  Heat exchanger

in Input

out Output

P Pump

T Turbine

Abbreviations

COP  Coefficient of performance
CRS  Compression Refrigeration System
ORC  Organic Rankine Cycle
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