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Abstract: This paper presents the performance assessment and working fluid selection for a novel
integrated vapor compression cycle-organic Rankine cycle system (i-VCC-ORC), which recovers
ultra-low-temperature waste heat rejected (50 °C) by the condenser of a vapor compression cycle
(VCCQ). The analyses are carried out for a vapor compression cycle of a refrigeration capacity (heat
input) of 35kW along with the component sizing of the organic Rankine cycle (ORC). The effects
of the operational parameters on integrated system performance were investigated. The integrated
system performance is estimated in terms of net COP, cycle thermal efficiency and exergy efficiency
by completely utilizing and recovering the heat rejected by the condenser of the VCC system. R600a-
R141b with COPpet (3.54) and ORC thermal efficiency (3.05%) is found to be the most suitable
VCC-ORC working fluid pair. The integration of the vapor compression refrigeration cycle with the
organic Rankine cycle increases the COP of the system by 12.5% as compared to the standalone COP
of the vapor compression system. Moreover, the sensitivity analysis results show that there exists an
optimum operating condition that maximizes the thermal performance of the integrated system.

Keywords: vapor compression cycle; organic Rankine cycle; waste heat recovery; COP; exergy
efficiency; thermal efficiency

1. Introduction

The utilization of low-temperature waste heat (solar, geothermal, waste heat and
biomass, etc.) can significantly contribute to reducing conventional and non-renewable
ways of power generation, thereby relieving the associated environmental aspects [1]. The
efficient heat recovery from waste or a low-temperature heat source can play a major role in
mitigating the greenhouse gas emissions and improving energy efficiency. Many different
approaches and thermodynamic cycles were adopted for the recovery of the waste heat.
The Organic Rankine cycle (ORC) is considered to be a viable technology for the efficient
recovery of waste heat [2]. The working of the ORC is similar to the conventional steam
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of the Rankine cycle except it uses the organic compounds as working fluid instead of
steam. The boiling point of an organic compound is less than water due to which it can
harness a greater amount of energy from various low-temperature heat sources such as
solar, geothermal reservoirs and waste heat from various industrial processes [3-5] which
cannot be recovered by conventional energy conversion technologies. In tropical regions,
56% of the energy in the building is used for air conditioning [6]. According to the Hong
Kong report in 2017, the total amount of energy consumed by the end user was 287,986
TJ. Out of this, 48,466 T] (17% of total energy) of energy accounts for the air conditioning
and 8717 TJ (3% of total energy) of energy was consumed by refrigeration [7]. The most
widely used air-conditioning cycle is the vapor compression refrigeration cycle (VCC).
The condenser of the VCC rejects a considerable amount of heat into the environment
at a low temperature. This low-temperature waste heat can be effectively recovered by
the ORC for electricity production. This technology has large market potential and can
significantly reduce the electrical consumption of residential and industrial levels. Few
research studies were conducted in the past where the ORC system was integrated with
the vapor compression cycle, but heat input to the ORC system was from an external
source. Some configurations utilized the expander work to drive the compressor of the
VCC system.

Prigmore and Barber [8] developed the first prototype of the ORC and VCC integrated
system. An ORC with R113 as the working fluid was connected to the R12 VCC and
generator. Their major target was to provide three ton of residential cooling and one kW,
of electricity by receiving heat for the ORC from solar energy. The maximum system
COP of 0.71 was achieved with a warm water temperature of 102 °C. Muhammad Tauseef
Nasir and K.C. Kim [9-11] developed an ORC-powered VCC system and performed
multi-objective optimization for air conditioning applications They analyzed the thermal
performance and optimized the system using TOPSIS. Using multiple combinations of
working fluid in an integrated system, hot water at 100 °C and 1.5 bar was used as a
heat source. The R134a ORC-Isobutane VCC was the best combination with a maximum
net COP of 0.281. Muhammad Asim et al. [12] performed a thermodynamic and thermo-
economic analysis on an integrated vapor compression cycle and ORC to find out the
best fluid pair in the integrated cycle. The R600a VCC-R123 ORC was found to be the
best fluid pair with a net COP, thermal efficiency and exergy efficiency of 3.54, 3.05%
and 39.30%. J. Bao et al. [13] performed the comparative study on a combined ORC and
VCC cycle using single and dual fluid and geothermal water at 140 °C as the heat source.
At this heat source temperature, the single fluid and dual fluid ORC-VCC system has
cooling capacities of 1919 kW and 2133 kW with optimum working fluids of the R1234yf
(single fluid) and R1234yf-R152a (dual fluid) ORC-VCC system. S. Aphornratana and T.
Sriveerakul [14] described the theoretical analysis of the VCC and ORC coupled together
with an expander-compressor unit. R22 and R134a were used as system working fluids.
The integrated system shared the same working fluid and same condenser. With the
generator and condenser temperature of 60-90 °C and 30-50 °C, respectively, the system
COP values varying between 0.1 and 0.6 were found. F. Moles et al. [1] evaluated the
combined ORC-VCC system activated by low-temperature heat sources and low global
warming potential working fluids. The computed thermal and electrical COPs of the
combined system were found to be varied between 0.30-1.10 and 15-110. HFO-1336mzz(Z)
and HFO-1234ze(E) were found to be the optimum fluids for the ORC-VCC integrated
system. Kim KH and Perez-Blanco H [15] performed a thermodynamic analysis on a
combined ORC-VCC for power and refrigeration using the same working fluids. Isobutane
was used for the sensitivity analysis because of its high thermal efficiency. The results
showed that the system has the potential to use low-grade thermal energy effectively with
a temperature higher than 90 °C. Furthermore, the minimum cooling temperature of 5 °C
can be achieved by both systems. Toujani N., et al. [16] studied the impact of various
operating parameters on various ORC-VCC combinations for cogeneration. Various heat
sources (biomass and solar) at low temperatures ranging from 80 to 160 °C were modeled
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to analyze the performance of a new system combining ORC-VCC systems for refrigeration
and electricity production. At heat source temperatures less than 150 °C, the maximum
COP of VCC cycles is 14.33, and the system COP is 0.7 with a system network and cooling
capacity of 100 kW and 1300 kW, respectively. Saleh [17] performed the parametric analysis
on an integrated ORC-VCC system. The system is sharing a common condenser, and the
expander power is sufficient to drive the compressor and pump. A low-temperature heat
source around 100 °C was used to power the system using 10 different working fluids. R600
is found to be the best working fluid with a COP up to 0.718 at a condenser temperature of
30 °C having the lowest total mass flow rate.

D.K. Kim et al. [18] performed the parametric evaluation on the ORC using a low-
grade waste heat below 80 °C using R245fa as the working fluid. He found out that the
system is able to generate 411.3W with 3.6% efficiency at a heat source temperature of 80 °C.
Javanshir et al. [19] performed the parametric study on an integrated vapor compression
and the organic Rankine cycle using geothermal water as the low-temperature heat source.
R143a was found to be the best working fluid with thermal and exergy efficiencies of 27.2%
and 57.9%, respectively. Zhao et al. [20] analyzed the system parameters with different
working fluids using low-grade waste heat at 85 °C and concluded that R123 was an
effective working fluid in terms of high thermal efficiency and turbine power output.
Khatoon et al. [21] performed a thermodynamic analysis of an ORC-powered VCC cycle
for different working fluids using a low-grade heat source. A R123-based refrigeration
cycle and propane-based ORC system have the highest thermodynamic performance with
a cycle efficiency of 16.48% and COP value of 2.85 at a 40 °C condenser temperature.
Lakew et al. [22] conducted a comparison on the performance of ORC systems using
different working fluids and found that R227ea was suitable for heat sources at 80-160 °C.
In these studies, the energetic and exergetic analysis and related results were considered as
effective approaches and key parametric indicators [17-19]. Kumar et al. [23] assessed the
combined ORC-VCC cycle thermodynamically using low-grade thermal energy sources
and low GWP and ODP refrigerants. R152a and R290 were found to be the potential
candidates for the integrated system. Moreover, 152a is a high-performing working fluid
having a COP lower than R22 by 3%, whereas R290 has a maximum cooling capacity
having a COP lower than that of R22 by 8.5%.

Although the VCC system rejects a considerable amount of energy at a low temper-
ature, the efficient recovery of this heat for electricity production, especially with this
integrated configuration, has not been discussed in the open literature. If this heat is effec-
tively recovered, it can improve the COP of the air-conditioning system. With successful
implementation, it is expected to contribute in reducing the total amount of waste heat,
enhancing the commercial appeal of waste heat recovery in the air-conditioning system,
reducing the greenhouse gas emission and realizing sustainable development.

In this paper, a novel integrated vapor compression cycle and organic Rankine cycle (i-
VCC-ORC) system for ultra-low-grade waste heat recovery is presented. The configuration
is unique in a sense that the ORC is being driven by the waste heat rejected by the condenser
of the vapor compression refrigeration (VCC) cycle. The recovered waste heat is being
utilized by the ORC for electricity production. The present work focuses on the design,
working fluid selection and performance assessment of the i-VCC-ORC system. The system
performance is measured in terms of net COP, cycle thermal efficiency and exergy efficiency.

2. Materials and Methods

In this section, an integrated vapor compression cycle (VCC) and organic Rankine
cycle system (ORC) for low-grade waste heat recovery is presented. Figure 1 shows the
proposed configuration of the integrated VCC-ORC system. In this approach, the waste
heat rejected by the condenser of the VCC (state points 2-3) system is fully recovered by a
shared heat exchanger to drive the ORC system. The VCC system primarily consists of a
compressor, a shared heat exchanger (SHX), an expansion valve and an evaporator, while
in the ORC, the expander, condenser, pump and evaporator (shared heat exchanger) are
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1-2; Compression
2-3: Condensation

3-4: Adiabatic expansion

4-1: Evaporation

9-10: Chilled water 3

the main components. The SHX between the VCC and ORC works as the condenser in the
VCC as well as the evaporator in the ORC. In the VCC, the low-pressure vapor (state 1) is
compressed and exits as high-pressure superheated vapor (state 2). Through condensation,
the high-pressure superheated vapor is liquefied (state 3) by the ORC working fluid. The
low-pressure saturated refrigerant liquid and vapor leave the expansion valve (state 4) and
enter the evaporator. The evaporation process cools the return chilled water (state 9) to the
chilled water supply (state 10). In the ORC, the low-pressure liquid (state 5) is pumped to
high pressure (state 6) and delivered to the evaporator. The high-pressure vapor (state 7)
flows out of the evaporator after gaining heat and then enters the turbine. The expansion
process in the turbine produces mechanical power that drives the generator to produce
electricity. The low-pressure vapor (state 8) is cooled and condensed by cooling water
(from state 11 to state 12). Overall, the i-VCC-ORC system produces a cooling effect and
converts the waste heat rejected into electricity. The T-s diagram of the system is shown in
Figure 2.

VCC ORC

Compressor Expander

[\ %@ Generator
v aEik

9* 8 ‘12
Evaporator % SHX Condenser
o A

11
4 3 6 5
Expansion
Valve Pump

Figure 1. i-VCC-ORC system for recovery of full heat rejection.
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6-7: Boiling
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8-5; Condensation
11-12: Cooling water
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Figure 2. T-s diagrams of (a) vapor compression cycle and (b) Organic Rankine cycle.
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2.1. Working Fluid Selection

Certain criteria need to be defined when selecting the working fluids for the i-VCC-
ORC system. Firstly, the physical and chemical characteristics such as fouling, corrosive-
ness, toxicity and flammability of the working fluids need to be taken into consideration.
Meanwhile, the working fluids should be stable under the operating conditions adopted
in this work [24]. Keeping in view the environmental considerations, the working fluids
should be environmentally friendly with a low global warming potential (GWP) and ozone
depletion potential (ODP). Based on the established refrigeration and cryogenic industry,
six refrigerants are selected as the potential working fluids for the VCC subsystem includ-
ing R134a, R290, R404A, R407C, R600a and R410A. As mentioned above, with growing
interest in waste heat recovery, Bao et al. [25] presented the categories of the working
fluids based on different heat source temperatures. Hence, six isentropic and dry fluids,
i.e., butane, R123, R141b, R227ea, R245fa and R1233zd(e), are chosen as candidates for
the ORC subsystem. The thermal properties, ODP and GWP of the potential fluids are
presented in Table 1.

Table 1. Main properties of the working fluids [21,22].

Workin M o GWP (for
System Flui dsg (kg/kmol) Ter (°C) P (MPa) oDbr 100 Years)
R134a 102.03 101.1 406 0 1430
R290 4410 96.7 425 0 20
R404A 97.60 72.0 372 0 3900
vee R407C 86.20 85.8 460 0 1800
R600a 58.12 134.7 3.63 0 20
R410A 72.58 70.5 481 0 2100
Butane 58.12 152.0 3.80 0 20
R123 152.93 1837 3.66 0.02 77
R141b 116.95 204.4 421 0.12 725
ORC R227ea 170.03 102.8 3.00 0 3220
R245fa 134.05 154.0 3.65 0 1030
R1233zd(e)  130.49 166.5 3.62 0.00034 7

VCC = vapor compression cycle; ORC = organic Rankine cycle; ODP = Ozone depletion potential;
GWP = Global warming.

2.2. Research Approach

The organic Rankine cycle recovers waste heat from the working fluid of the vapor
compression cycle (VCC) system in a shared heat exchanger. Performance analyses are
conducted on the VCC system with a refrigeration capacity (heat input) of 10-ton (35 kW).
The VCC is integrated with the ORC system (i-VCC-ORC) in order to utilize the waste
heat from the VCC condenser in the ORC cycle for electricity production. The condenser
of the VCC cycle is assumed at the temperature of the 50 °C. In this study, a sharing heat
exchanger (SHX) instead of a conventional condensing module is applied which completely
recovers the heat rejected by the VCC condenser. The entire waste heat is transferred from
the VCC fluid to P, = Critical Pressure; ODP = Ozone depletion potential; GWP = Global
warming the ORC fluid. The i-VCC-ORC system is used to produce chilled water. The
thermodynamic model of an integrated system was developed and programmed using
the Engineering Equation Solver (EES). The designing of ORC components was the major
focus in this study. The following general assumptions were used in the thermodynamic
analyses [17,26].

The system is operating under a steady state.

The two cycles utilize different working fluids.

Friction, heat loss, changes in kinetic and potential energy are neglected.

Pressure drops in heat exchangers and pipe work are neglected.

The VCC refrigerant enters the compressor as a saturated vapor and exits the con-
denser as a saturated liquid.



Sustainability 2021, 13, 11592

6 of 16

The expansion process in the VCC is adiabatic.
The working fluid in the ORC exits the condenser as a saturated liquid and enters the
turbine as a saturated vapor.

o  The effect on the VCC subsystem by the ORC subsystem can be neglected.

The detailed design parameters adopted for this work are mentioned in Table 2.

Table 2. Design parameters for i-VCC-ORC system.

Parameters Units Values

Heat input to VCC system kW 35
Return chilled water temperature °C 12
Condensing water temperature °C 30
VCC condensation temperature °C 50
ORC condensation temperature °C 35
Indoor air temperature °C 25
Ambient air temperature °C 35
Dead state temperature °C 25
VCC evaporator pinch point °C 06
ORC condenser pinch point °C 03
Mass flow rate of condensing water kg/s 4
Mass flow rate of chilled water kg/s 1.7

Return chilled water pressure MPa 0.101

Inlet cooling water pressure MPa 0.101

Indoor air pressure MPa 0.101
Compressor efficiency [%] 70
Expander efficiency [%] 80
Pump efficiency [%] 80
Generator efficiency [%] 95

The system has a novel configuration, and thus there are no experimental studies for
such a configuration in the open literature. Therefore, the experimental validation of the
i-VCC-ORC as a single unit is not possible. However, the results of the VCC part for the
integrated cycle in the present study are compared with the results of the standalone VCC
system presented in O. Badr et al. [27] for the R22 refrigerant, and the ORC is validated
from the conditions mentioned in B.F. Tchanche [28] for four different dry and isentropic
working fluids. The results have reasonable agreement.

The COP of the standalone VCC system is given by

COPsc = i M

comp

The potential waste heat that can be recovered from the condenser of the VCC system
is given by

Qreco =MoRC (hl - ho) ()

The power generated by the ORC, net power and thermal efficiency of the ORC system
is given by
_ Enet
Nthermal = 3)

reco

The electricity saving rate and COP of the i-VCC-ORC system are given by

ESR = 4)
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COPnet — i QI?’!

Wcomp — Enet

©)

The exergy destruction across each individual component of the system is estimated
considering the physical energy. The exergy destruction of the i-VCC-ORC system is
given by

Itot[;l = 1SHX + 1AC,c0nd + jexp + Ipump + Iezmp + 1comp + jvalve + 1ORC,cond (6)

Furthermore, the exergy efficiency of the VCC system, ORC system and i-VCC-ORC

system is given by

tac,alhs — Iy — To(s5 — 51)] — Leoap

Uexergy,AC = : (7)
Wcomp
Er'zet E,; ot
Ul ORC = —— = — ®
exergy E;, forc[ha — hs — To(s52 — 3)]
maclhs —hy — Ty(s5 — s1 fI‘
Hexergy,net = [ 0( - )] evap (9)

Weom r Epet

2.3. Model Validation

The thermodynamic model is validated against the existing models in the literature
for VCC and ORC applications to ensure its viability. Since the validation of the integrated
model is not possible, the VCC and ORC are validated individually from the literature
published in the past. The VCC model is validated for an isentropic refrigerant R22 for the
conditions presented in O. Badr et al. [27], whereas the ORC model is validated from B.F.
Tchanche [28].

The validation results of the present VCC system against those in O. Badr et al. [27]
for the COP of the standalone VCC, compressor work and refrigeration effect are shown in
Figures 3 and 4. The operating conditions in this case are a VCC condensing tempera-
ture = 40 °C, compressor isentropic efficiency = 70% and evaporating temperature = —20 °C.
Moreover, the temperature differences for the evaporator and high-temperature reservoir
and between the condenser and low-temperature reservoir are kept constant at 5 °C. The
VCC system is validated for the VCC condensing temperature against the VCC COP,
compressor work and refrigeration effect for the isentropic refrigerant R22.

Similarly, for the validation of the ORC model, three different dry (RC318, R114, R600)
and isentropic refrigerants (R141b, R123) are selected, and they are compared with the
present study for a 2 kW power output. The input data for model verification are also
presented in Table 3. The validation of the model is carried out by comparing the pressures
at the inlet and outlet of the expander (P, and Pmax), mass flow rate of the working
fluid (myyf), thermal efficiency, exergy efficiency and total exergy destruction in the ORC
system. The results are presented in Table 4. The results of the ORC subsystem show the
close variation with the results published in B.F. Tchanche [28] with a percentage variation
ranging from 3 to 6.5%. So, the validated models can now be integrated for ultra-low-grade
waste heat recovery.

Table 3. Input data for ORC model verification.

Evaporation Temperature T, 75°C

Condensing temperature Te 35°C
Expander isentropic efficiency TNexp 0.70
Pump efficiency np 0.80

Expander mechanical efficiency Nt 0.63
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Table 4. ORC Validation results.

P P m Thermal % Variation
Refrigerant Type Comparison min max wf Efficiency
kPa kPa kg/s % %
B.F. Tchanche et al. 425 1201 0.381 3.715
RC318 Dry Present Study 1417 1014 0.571 3.538 476
R114 Dr B.E. Tchanche et al. 290 826 0.305 4122 6.59
y Present Study 249 706 0.363 3.850
R600 Dr B.E Tchanche et al. 329 907 0.108 4.236 4.95
y Present Study 325 882 0.112 4.446
R141b Isentropic B.F. Tchanche et al. 112 371 0.173 4.526 3.18
P Present Study 112 358 0.173 4.670
R123 Isentropic B.E Tchanche et al. 130 431 0.227 4.457 3.66
P Present Study 130 416 0.226 4.620
| T T T T T T 1 T T - T v T
ol e d
160 - E T‘"‘H‘ a— 0. Badr et.al - —a— O.Badr et.al 1
g - i v..f;.».txr —u— Prisent Study 1 ‘_-_E; B 5— Present Study -
T N 1% @r 1
e wof N 12 1
E L '\}H = |
#1720 3 4 2 L J
E ok n\\ 4 E 1
= b
= wl E \ - S -
a0 (- ol
. : . E * s 1 ] ] ! ] ]
o &0 50 &0 m 2 *

VCC Condensing Temperature [C)

(a)

2] 40

50

&0 ]

VCC Condensing Temperature (C)

(b)

Figure 3. (a) VCC Condensing temperature vs. Refrigeration effect for R22; (b) Condensing temperature vs. Compressor

work for R22.

COP_vcC

—e— 0.Badr et.al
—~u— Present Study

m\g
\E‘\O

15 e 4

L \E\g

~Ze

1.0 |
1 ! ] ] 1 : !
30 40 50 60 70 80

VCC Condensing Temperature (C)

Figure 4. VCC condensing temperature vs. VCC COP for R22.
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2.4. Component Sizing
The individual component of the ORC system is designed by the 1-D modeling approach.

2.4.1. Evaporator and Condenser Model

The evaporator and condenser were the brazed plate heat exchanger and were selected
due to their compact size. The evaporator and condenser design models were based on
a one-dimensional discretization in the flow direction, assuming equidistant steps of an
enthalpy rate change for both the fluids. The heat transfer and pressure drop in each
control element were calculated by solving the heat transfer and fluid flow conditions for
each control volume. The temperatures for the heat transfer calculations were estimated at
the control volume center points, interpolating the values between the nodes. The inlet
and outlet conditions (temperature and mass flow rate) of the primary and secondary fluid
were taken as the input from the cycle design. For a selected heat exchanger geometry, the
model is initiated with an assumed number of plates. The design algorithm is iterative and
calculates the required number of plates that satisfy the required heat load and pressure
drop restriction. The single phase Nusselt Number correlation for water in the brazed plate
heat exchanger [29] is given as

0.646
Nuy,, = 0.724 <675) Re0-583 p,0.33 10)
The single phase heat transfer for the ORC working fluid in the plate heat exchanger [30]
is given by
k 0.14
= f> 0.78 0.33( Hm )

arsp = 0.292( = |Re”"°Pr Hm a1

- ( D Huwall

The single phase frictional pressure drop factor for both the hot and cold side [29] is
calculated as

0.572
f= Re0217 (12)
The two phase frictional factor [31] is given by
G,
fi= G63Reeq64 (13)
whereas Ges and Gey are constants given by
B P\ 5 303
Ges — 64, 710<Dh> (E - ﬁ) ; (14)
B P\ 002 7 047
Gos = 1'314<Dh) (E ~B) (15)
The heat transfer coefficient of the water side is calculated as
68\ "% 0583703
Nuy,, = 0.724 b= Re">%° Pr (16)

The condenser model is the same as that of the evaporator model except for the heat
transfer and pressure drop correlations. The single-phase heat transfer and pressure drop
correlations are the same as for the evaporator, while the working fluid condensation heat
transfer coefficient in the plate heat exchanger is given by [32]

Nu = Ges Geque6 Bog'i3 pro4 (17)
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where Ges and Geg are constants given by

B Py 00 o _45

Ges = 11.22<Dh) (5 - /3) (18)
B P \"% 148

Geg = 0'35<Dh) (E - /3) (19)

The two phase frictional factor for the condensation pressure drop [32] is given by
f = GesRegr® (20)

where the Ge; and Geg are constants given by
P\ _775 Py \ 00925 o 13
=3521| — 5 ; =—-1.024( — - -
Ger = 35 (Dh) (5-8) i Ges=-10 . (5 -8) (21)

2.4.2. Expander Model

In this system, the expander model was developed based on Stodola’s ellipse ap-
proach [32]. The inlet pressure depends on flow characteristics and is given by the following.

Tinoff
=m 4 22
Poff = Mfoff Ponor (22)
P 2
1— out, of f
Poff _ [ Pinoss } 23)
P4 1[G’
Pin,d
Specifically, the inlet pressure under the off-design condition is given b
Pin,off = \/m%,Off X Tin,o f X Yd + Pozut,off (24)
where Y} is given by
Y, = Pz'2n,d - Pozut,d (25)
Pl % 94

The expander model is based on an isentropic efficiency of 70%.

2.4.3. Pump Model

Based on the system hydraulic characteristics and pump affinity law, the pump was
modeled. According to the pump affinity law:

mpoff _ RPMogy  Hogr  [RPMyyy1? 26)
Moy RPMy H, RPM,

By a comparison of the above equations:

. 2
H, m
off foff
—_— = | = 27
Hd [ mf,d ‘| ( )

3. Results and Discussion
Integrated VCC-ORC System-Recovery of Heat from VCC Condenser

The energetic and exergetic analysis of the integrated VCC-ORC system by the full
heat rejection recovery approach is shown in Table 5. A total of 36 combinations of different
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fluids were simulated in EES to find out the best candidate of the fluid pair in the integrated
system. Amongst different combinations, R600a-R141b is the best choice considering the
performance indexes of the Net COP (3.54), ORC thermal efficiency (3.05%), electricity
saving ratio (13.34%) and total exergy destruction (6.94 kW). The COP is improved by
12.5% by integrating the ORC as compared to the COP of the standalone VCC system (3.09).
The results for the selected optimum fluid pair (R600a-R141b) for variable conditions are
shown in Figures 5-8. The designed VCC condensation temperature, condensing water
temperature, mass flow rate of condensing water and return chilled water temperature are
plotted against the Net COP, net electricity, exergy efficiency and system exergy destruction
to study the trend of the optimum selected working fluid (R600a-R141). Figure 5a shows
that the net COP (3.54) and net electricity (1.41 kW) have the optimum value at a VCC
condensation temperature of 50 °C.

Table 5. Energy and exergy analysis of i-VCC-ORC system.

vcc ORC Integrated System

ESR
Work'ing Work.ing COPiy; COPet (115:{'8\5) (OS/O) ”ﬂ(t(’Z;zC ﬂe;(c:)Z;%C ”iﬁ;sc Hex 1total, P
Fluid Fluid (%) (kW)
Butane 3.01 3.42 1.40 12.04 3.00 37.58 16.72 19.00 7.28
R123 3.01 343 142 12.22 3.04 38.13 16.72 19.04 7.26
R141b 3.01 343 142 12.21 3.04 38.12 16.72 19.04 7.25
Ri34a  Roozea 3.01 3.40 1.34 11.53 2.87 36.00 16.72 18.90 7.36
R245fa 3.01 343 1.40 12.08 3.01 37.71 16.72 19.01 7.28
R1233zd(e)  3.01 343 141 12.11 3.02 37.80 16.72 19.02 7.27
Butane 293 332 1.40 11.52 298 37.49 16.29 18.46 7.6
R123 293 333 143 11.68 3.03 38.04 16.29 18.49 7.57
R141b 293 333 143 11.66 3.03 38.02 16.29 18.49 7.56
R290 R227ea 293 331 135 11.04 2.86 35.92 16.29 18.36 7.67
R245fa 293 333 141 11.56 3.00 37.61 16.29 1847 7.59
R1233zd(e) 293 333 141 11.58 3.01 37.71 16.29 18.47 7.58
Butane 256 2.86 147 8.66 3.01 37.12 14.20 15.90 9.22
R123 256 2.87 1.49 8.77 3.05 37.67 14.20 15.93 9.19
R141b 259 2.87 1.49 8.75 3.06 37.66 14.20 15.93 9.18
R404A  poovea 256 2.85 1.40 8.75 2.89 35.56 14.20 15.82 9.30
R245fa 256 2.87 147 8.68 3.02 37.25 142 15.91 921
R1233zd(e)  2.56 2.87 1.48 8.7 3.03 37.34 142 15.91 9.20
Butane 3.07 343 1.18 1155 254 3045 17.05 19.03 7.27
R123 3.07 343 1.20 1171 258 30.85 17.05 19.05 7.25
R141b 3.07 343 1.19 117 258 30.82 17.05 19.05 7.24
R407C  Roovea 3.07 341 1.14 11.08 245 29.33 17.05 18.95 7.33
R245fa 3.07 343 1.18 11.58 255 30.54 17.05 19.03 7.27
R1233zd(e)  3.07 343 1.19 10.95 2,56 30.61 17.05 19.04 7.26
Butane 3.10 353 1.40 13.14 3.00 38.73 17.19 19.60 6.98
R123 3.10 3.54 141 13.28 3.05 39.30 17.19 19.64 6.96
R141b 3.10 3.54 141 13.34 3.05 39.29 17.19 19.64 6.94
R600a  Roo7ea 3.10 351 133 12,55 2.88 37.10 17.19 19.49 7.05
R245fa 3.10 353 1.40 13.18 3.01 38.86 17.19 19.61 6.97
R1233zd(e)  3.10 353 1.40 13.22 3.02 38.96 17.19 19.62 6.97
Butane 272 3.07 1.44 9.62 3.01 3427 15.11 17.02 8.44
R123 272 3.07 1.46 9.75 3.06 34.77 15.11 17.05 8.42
R141b 272 3.07 1.46 9.74 3.05 34.76 15.11 17.05 8.41
R410A  Roovea 2.72 3.05 1.38 9.26 2.89 32.83 15.11 16.93 8.53
R245fa 272 3.07 145 9.65 3.02 3438 15.11 17.03 8.44

R1233zd(e) 2.72 3.07 1.45 9.67 3.03 34.47 15.11 17.03 8.43
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Figure 5. (a) Designed VCC condensation temperature vs. Net COP and Net electricity, (b) Designed VCC condensation
temperature vs. Exergy Efficiency and System exergy destruction.
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Figure 6. (a) Condensing water temperature vs. Net COP and Net electricity, (b) Condensing water temperature vs. Exergy
Efficiency and System exergy destruction.

If the VCC condensation temperature is reduced below 50 °C, then there will be an
increase in the net COP by 8% for every 5 °C drop in the VCC condensation temperature.

The i-VCC-ORC exergy efficiency decreases with an increase in the VCC condensation
temperature as shown in Figure 5b. For every 5 °C increase in the designed VCC condensa-
tion temperature, the net exergy efficiency of the system decreases by 9%. It has a value of
23.78% at a condensation temperature of 40 °C, reduces to 21.65% at 45 °C and has a value
of 15.97% at 60 °C. The system exergy destruction showed an increase of 7% for every 5 °C
increase in the condensation temperature.
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Figure 7. (a) Mass flow rate of condensing water vs. Net COP and Net electricity, (b) Mass flow rate of condensing water vs.
Exergy Efficiency and System exergy destruction.
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Figure 8. (a) Return chilled water temperature vs. Net COP and Net electricity, (b) Return chilled water temperature vs.
Exergy Efficiency and System exergy destruction.

Figure 6 shows the trend of the condensing water temperature against the net COP,
net electricity, exergy efficiency and system exergy destruction. At a condensing water
temperature of 25 °C, the fluid pair has a maximum net COP of 3.73 and net electricity
production of 1.924 kW. If we analyze the system response by decreasing the condensing
water temperature, then the net COP and net electricity production increase, whereas
there is a very slight decrease in the i-VCC-ORC exergy efficiency with an increase in the
condensing water temperature. If the condensing water temperature is 25 °C, the net COP
and net electricity values show the values of 3.73 and 1.92 kW.

Similarly, Figure 7a shows the trend of the changing mass flow rate of the condensing
water against the same parameters for the selected fluid pair. At a designed mass flow
rate of 4 kg/s, the net COP and net electricity values are 3.56 and 1.46 kW, respectively. In
Figure 7b, the variation of the i-VCC-ORC exergy efficiency with the mass flow rate shows
an almost constant value with little variation between 19 and 20%. The trend of the system
exergy destruction shows that it decreases in the beginning, and then it starts to increase
with increasing mass flow rates.

Figure 8a shows the trend of the net COP and net electricity with a changing return
chilled water temperature. The net COP values ranges from 3.43 to 3.65 with a value of 3.54
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at a return chilled water temperature of 12 °C. Similarly, the variation of net electricity is
almost the same, ranging from 1.413 to 1.411 kW with a value of 1.41 kW at 12 °C. With an
increase in the return chilled temperature, both the ORC exergy efficiency and i-VCC-ORC
exergy efficiency decrease slightly with an increase in the system exergy destruction as
shown in Figure 8b.

4. Conclusions

In this study, the novel integrated vapor compression cycle and organic Rankine
cycle (i-VCC-ORC) system are presented. A performance assessment and selection of the
best working fluid were evaluated for a vapor compression system of a 10-ton (35 kW)
refrigeration capacity (heat input). The organic Rankine cycle recovers the waste heat from
the condenser of the refrigeration cycle for electricity production. The heat rejected form
the VCC condenser is fully recovered by the ORC using a shared heat exchanger for waste
heat utilization.

From the analysis, R600a-R141b was found to be the most suitable working fluid with
a net COP of 3.54, an ORC thermal efficiency of 3.05% with an exergy efficiency of 19.64%
and a net electricity output of 1.41 kW. The integrated VCC-ORC system improved the
COP by 12.5% as compared to the standalone system. The sensitivity analysis of the system
shows that

e  As the designed VCC condensation temperature increases, there is an increase in net
electricity production, system exergy destruction and ORC exergy efficiency, whereas
the net COP and system exergy efficiency decrease.

e  With an increase in the condensing water temperature, the net electricity and net
COP show a linear decline. Similarly, the system exergy efficiency and system exergy
destruction also decrease as the condensing water temperature decreases.

e  When the mass flow rate of the condensing water increases, there is an increase in
the net COP, net electricity, ORC exergy efficiency and system exergy destruction,
whereas there is a slight increase in the system exergy efficiency with an increasing
mass flow rate.

e  With an increasing return chilled water temperature, the net COP, net electricity and
system exergy destruction increase, while the exergy efficiency decreases.
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Nomenclature
a heat transfer coefficient: W/m2K of cold ﬂuid
: comb combined
A heat transfer area, m? comp compressor
Bo boiling number cond condenser
Dy, hydraulic diameter, m cr critical
E electricity, kW evap evaporator
G mass flux, kg/m?s eq equivalent
Gey, Geyp correlation coefficients ex exergy
h specific enthalpy, k] /kg f saturated liquid
ifg enthalpy of vaporization, J/kg g generator
k thermal conductivity, W/mK hf hot fluid
m mass flow rate, kg/s i region part
M molar mass, kg/kmol ini initial
Nu Nusselt number 1 liquid
P pressure, MPa m average value for the two-phase mixture
Peo heat exchanger pitch r refrigerant
Pr Prandtl number reco recovery
q heat flux, W/m? exp expander
Q energy, kW \Y saturated vapor
Re Reynolds number valve expansion valve
s specific entropy, kJ / (kg-K)
T temperature, °C
Ty dead state temperature, K
1% volumetric flow rate, m3/s Acronyms
w power, kW
x vapor quality GWP global warming potential
. Integrated vapor compression cycle-organic

Greek symbols FVCC-ORC Rankine cycle

Y Y
7 efficiency
B chevron angle, radian ODP ozone depletion potential
U dynamic viscosity, Ns/m? SHX shared heat exchanger
Subscripts WHR waste heat recovery
1-12 state points
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