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Abstract: Solar assisted hybrid cooling systems are promising for the energy saving of refrigeration
systems. In most cases, the solar thermal gain is only able to power the heat-driven process of
facilities in part of the working period. Therefore, the reduction of compressor power strongly
depends upon the duration of heat-driven processes, which has not been addressed properly.
Motivated by such knowledge gap, the thermodynamic understanding of solar assisted hybrid
cooling systems is deepened through considering the duration in heat-driven processes. Three
absorption-compression integrated cooling cycles were taken as examples. It is found that optimal
parameters, e.g., inter-stage pressure and temperature, corresponding to various performance
indicators trend to be identical, as the duration of heat-driven processes is taken into account.
Furthermore, the optimal parameter for different working conditions was obtained. It is displayed
that the dimensionless optimal intermediate temperature of layout with the cascade condensation
process varies slightly, e.g., 4%, for different conditions. Moreover, the fall of compressor power in
entire working periods is nearly independent upon the intermediate temperature. The paper is
favorable for the efficient design and operation of solar assisted hybrid cooling systems.
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Nomenclature
Abbreviations W heat powered coefficient
of performance
Exp experimental n efficiency, effectiveness,
energy saving factor
GWP global warming potential Subscripts
LCC layout with cascade a absorber
condensation process
LCS layout with cascade as absorption subsystem
subcooling process
Th theoretical C condenser
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TSCTMC two-stage cycle with ca chilled air
thermal and mechanical
compression processes

Symbols com compressor

COP coefficient of performance  cw cooling water

ECOP exergy efficiency e evaporator

ex specific exergy (kJ/kg) g generator

Ex exergy rate (kW) hs hybrid cooling system

h specific enthalpy (kJ/kg) hw hot water

m mass flow rate (kg/s) in inlet

Q energy (kW) int inter-stage

Qn heat quantity (kW) is isentropic

T temperature (K) m intermediate

W work (kW) opt optimum

X concentration out outlet

Greek pump pump

A difference ref reference

a dimensionless optimum shx solution heat exchanger
intermediate temperature

S dimensionless optimum tot total
inter-stage pressure

y duration in heat-driven
processes

1. Introduction

Refrigeration systems are responsible for more than 60% of the total energy
consumption in buildings [1] and around 11% of the worldwide annual electricity
consumption in cold chain industries [2]. Consequently, the reduction in refrigeration
consumption is essential, especially under the background of carbon neutralization. Solar
cooling technologies are promising to reduce the consumption of refrigeration systems,
because the solar energy is clean, abundant, and coincident to the cooling demand.
Among various solar cooling technologies, solar assisted hybrid cooling systems based on
the absorption-compression integrated cycle serve as the potential solution in replacing
traditional electric-driven chillers, owing to the consideration of performance and
reliability.

There are generally three solar assisted hybrid cooling systems based on the
absorption-compression integrated cycle, e.g., two-stage cycle with thermal and
mechanical compression processes and layout with cascade condensation process for
industry cooling as well as layout with cascade subcooling process for building cooling.
The corresponding thermodynamic studies are reviewed in the following subsection.

1.1. Two-stage cycle with thermal and mechanical compression processes

Two-stage cycle with thermal and mechanical compression processes is derived from
the traditional two-stage compression cycle, in which one of the mechanical compression
processes is replaced by the thermal one. Note that only the layout in which the thermal
compression locates at the high-pressure stage is taken into account, since its performance
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is more than another configuration [3]. The literature reviews are summarized in Table 1.
It was found that the optimum inter-stage pressure for heat powered coefficient of
performance (1) as well as electricity saving rate varied from 250 kPa to 900 kPa for
different working conditions [4]. Furthermore, the maximum energy saving rate can be
10-20% higher than that of absorption heat pump [5] and 45.16-65.74% greater than that
of compression system [6], respectively. The heating COP was around 1.103 to 1.511 for
different working conditions [7], and was 4.6—-69.54% greater than that of varieties of heat
pumps [8,9]. Moreover, the maximum heating exergy efficiency (ECOP) was around 0.55-
0.68 for different working substances [10]. In addition, the maximal cooling COP and
ECOP of hybrid system were around 1.4-4 [11,12] and 2-3 times [13] that of absorption
chiller, respectively.

Table 1. Summary of literature survey on two-stage cycle with thermal and mechanical compression processes.

Ref. Th./Exp. study Working fluid Main findings
[14] Th The optimal inter-stage pressure for y varied from 300 kPa to 750 kPa in different working
R134a/DME conditions.

The optimal inter-stage pressure for w and electricity saving rate varied from 300 kPa to

4] . 900 kPa and 250 kPa to 850 kPa, respectively in different working conditions.
[5] Exp. The maximum energy saving rate can be 10-20% higher than that of absorption heat pump.
[7] Exp. The heating COP changed from 1.103 to 1.511 in different working conditions.
6] Th NH3/H20 The heating COP of hybrid system was 16.35-40.08% and 50.07-69.54% more than that of
' water and air source heat pump, respectively.
[9] Exp. The heating COP for hybrid system was 4.6-26.7% higher than that for absorption system.
[10] Th. The maximum heating ECOP was around 0.55-0.68 for different working substances.
[11] Th. The maximal COP of hybrid cooling system was 1.4-1.9 times that of absorption chiller.
[12] Th The cooling COP of hybrid system was more than 4 times that of absorption refrigeration
' Low GWP system.
[13] Th refrigerants/ fonic The maximal cooling ECOP of hybrid system was around 2-3 times that of absorption
' - chiller.
[6] Th liquid The electricity consumption of hybrid system was decreased by 45.16-65.74%, compared
' with compression system.
[15] Th The maximum cooling COP of hybrid system with R1234yf/[hmim][Tf2N] was 75% higher

than that with R1234yf/[hmim][TfO].

1.2. Layout with cascade condensation process

Layout with cascade condensation process is also derived from the traditional two-
stage compression cycle. Such system consists of absorption and compression
refrigeration subcycle, and the evaporation process of absorption subcycle (high
temperature stage) is coupled with the condensation one of compression cycle (low
temperature stage). Thermodynamic studies on layout with cascade condensation process
are exhibited in Table 2. It was displayed that the performance of compression subsystem
of layout with cascade condensation process has been highly enhanced. For example, the
COP of compression section was improved by 37-155% [16,17] and the electricity
consumption was decreased by 26.7-73% [18,19]. Furthermore, the global COP of hybrid
system can be increased by 25.4% [20].

Table 2. Summary of literature survey on layout with cascade condensation process.
Working fluid

Ref. Th./Exp. study Absorption Compression Main findings
[21] Exp. NHs/H20 R22 The electrical energy consumption was decreased by 49.5%.
COP of compression section with CO2 was enhanced by 5.64%,
[22] Th. NHa/Hz0 COz NHa compared with that with NHa.
[17] Th. NH3/H20 R717, R22, R134a COP of compression subsystems has been increased by 37-54%.
[23] Th. LiBr/H20 CO2 31% of electricity demand was reduced.
. - 0 - i
[24] Th. LiBr/H,0 CO» Cooling capacity was grown by 74.4% yvhen taking double-effect
absorption chiller as absorption subsystem.

NHs/H20, R134a, R410A, . . 0
[25] Th. LiBr/H;0 NHa Electrical energy consumption was decreased by 48-51%.
[19] Th NHs/H20, R134a, R410A, Power consumption was decreased by 73% for system with double-

LiBr/H20 NHs effect absorption subsystem.
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[26] Th LiBr/H,0 R1234yf Layout with triple-effect absorption subcycle saved 45.84% of

electricity.
. R22, R134a, Electric power consumption was reduced by 61% and COP of the
[16] Th. LiBr/H-0 R410A, R407C compression section was improved by 155%.
Primary energy consumption was reduced by 60.6% and electrical
[27] Th. NHa/Hz0 CO: COP was improved by 153.6%.
[26] Th LiBr/H,0 R22 The evaporator and condenser fouling resulted in 9.22% of
' reduction in energy saving amount.
LiBr/H.0 R1234yf,
[29] Th. LiCI/HzO’ R1234z¢(E), The electricity consumption was decreased 51.36-54.16%.
R1233zd(E)
[30] Th. LiBr/H;0 R134a COp COP for system adopting double-effect absorption subsystem could

be grown by around 50%.
When detailed condition optimization was considered, the global
[20] Th. LiBr/H20 R134a COP in different cases was enhanced by 25.4% and 6.7%,
respectively.
26.7% of power consumption was avoided on the whole cooling

[18] Th. LiBr/H20 R134a
season.

1.3. Layout with cascade subcooling process

Layout with cascade subcooling process mainly serves as the energy saving layout
of traditional vapour compression chillers in building cooling. It also composes of
absorption and compression refrigeration cycle, and the evaporation process of
absorption subcycle is coupled with the subcooling one of compression subcycle.
Literature survey on layout with cascade subcooling process is summarized in Table 3. It
was exhibited that the energy saving rate for layout with cascade subcooling process was
around 7.67% to 35% [31,32]. Moreover, the exergy efficiency was increased by 26.9%, as
compared with compression system [33]. In addition, the subcooling power cannot be
fully converted into cooling output enhancement in the constant superheating condition
[34]. Nevertheless, in the case of fixed opening mode of throttling valve, the enhanced
cooling capacity can exceed the subcooling power [35].

Table 3. Summary of literature survey on cooling systems with cascade subcooling process.

Working fluid s
Ref. Th./Exp. study Absorption Compression Main findings
— - 5
[33] Th. LiBr/H,0 CO, Overall COP as well as exergy efﬁmency_ ECOP increased by 28.6% and
26.9%, respectively.
[32] Th LiBr/H-0, R134a Energy consumption decreased by 24% and 35%, respectively when
' NHs/H20 taking LiBr/H20 and NHs/H20 chiller.
. Cooling capacity was increased by around 37.8%, as subcooling power
[36] Th./EXp. LiBr/H20 R22 enhanced by 33.3%.
. . g 0 0
[31] Th. LiBr/H,0 RAL0A Maximum energy saving fraction |_ncreased from 7.67% to 11.0% on
whole cooling season.
[37] Exp. LiBr/H20 R410A Compressor work reduced by 13-22% in different typical day.
[38] . LiBr/H;0 NHs System with the cool energy buffer excluding the shift of solar cooling
power saved 11.4% of compressor work.
[34] Th. LiBr/H;0 RAL0A Subcoolln_g power cannot be fully converted into an increase of the
cooling capacity in the constant superheating condition.
[35] Exp. LiBr/H,0 RAL0A Enhanced cooling capacity can exceed the subcooling power in the fixed

opening mode of throttling valve.

1.4. Knowledge gap and aim of this work

Remarkable energy saving of three representative layouts emerges according to the
existing study. Furthermore, their performances strongly depend upon critical
parameters, i.e., there is an optimal cascade temperature maximizing performance
indicators for cascade layouts. In this regard, parameters of the inter-stage/cascade
process should be designed exactly in terms of operation characteristics for solar assisted
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hybrid cooling systems, which have not been addressed properly in the open literature.
The corresponding limitation lies in the following aspects:

(1) The duration of heat-driven processes is not taken into account in the impact of
the inter-stage/cascade parameters. Because collectors are usually installed in the roof of
buildings, the relatively insufficient collector area and solar thermal gain are incapable to
maintain the duration of heat-driven processes in entire working periods. When the solar
thermal gain is exhausted, solar assisted hybrid cooling systems are degraded to electric-
driven chillers with null energy saving. Therefore, it can be implied that the interaction of
duration in the heat-driven process, parameters in the inter-stage/cascade process and
system performance is strong, i.e., lowering the temperature of cascade condensation
process enhances the energy saving and shortens the duration of heat-driven processes
simultaneously, leading to the complicated variation of total energy saving in entire
working periods.

(2) Optimal parameters of the inter-stage/cascade process corresponding to various
performance indicators are conflicting. For example, the optimal intermediate
temperature is 10 °C and 7 °C, respectively for the peak global COP and energy saving
amount in the layout with cascade condensation process [39]. The above-mentioned
phenomenon is mainly attributed to the missing consideration of the heat-driven process
duration. In this regard, designers are easily subjected to be confused when they attempt
to optimize the system.

Motivated by the above-mentioned knowledge gap, we aim to deepen the
thermodynamic understanding of solar assisted hybrid cooling systems through
considering the duration in heat-driven processes. The remainder of this article is
organized as follows. Three representative layouts of solar assisted hybrid cooling
systems have been specifically described in Section 2. Thermodynamic modeling is shown
in Section 3. The model validation and parameters of case study are presented in Section
4. Analysis for system with sufficient heat input has been exhibited in Section 5.1. The
interaction of duration in heat-driven processes, parameters in the inter-stage/cascade
process and system performance in the case of insufficient heat input is discussed in
Section 5.2. In Section 5.3, optimal parameters for different working conditions are
obtained. Finally, the conclusions of this study are summarized in Section 6. The novelty
of paper lies in illustrating the relationship of duration in the heat-driven process,
parameters of the inter-stage/cascade process and system performance, and obtaining the
optimal parameter of the inter-stage/cascade process in entire working periods for solar
assisted hybrid cooling systems. The paper is favorable for the development and
optimization of solar assisted hybrid cooling systems.

2. System description

Three representative layouts of solar assisted hybrid cooling systems, i.e., two-stage
cycle with thermal and mechanical compression processes, hybrid cycle with cascade
condensation process and cascade subcooling process, are described briefly in this section.

The schematic diagram of solar assisted two-stage cycle with thermal and mechanical
compression processes is exhibited in Figure 1. The cycle is composed of solar collector,
cooling tower, compressor, thermal compressor (generator, absorber, solution heat
exchanger, solution pump, and throttle valve 2), rectifier, condenser, throttle valve 1 and
evaporator. The thermal compressor is driven by the hot pressurized water heated by
solar energy. It is demonstrated that the energy saving feature of two-stage cycle with
thermal and mechanical compression processes is straightforward, i.e., partial compressor
power has been cut down by the heat-driven thermal compressor. Moreover, the energy
saving amount of the layout is dependent on the evaporator, condenser, and inter-stage
pressure (i.e., outlet pressure of compressor). Note that NHs/H2O is chosen as the working
fluid for two-stage cycle with thermal and mechanical compression processes, which is
attributed to its environmental friendliness and convenience.


https://doi.org/10.20944/preprints202204.0229.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2022

do0i:10.20944/preprints202204.0229.v1

6 of 23

Cooling water

Solar
energy

Rectifier

Cooling
water

Condenser

Hot
water |

Generator

NN
L
\

Pump
% Throttle Solution heat exchanger Cooling water
valve |
. Throttle
Solution pum
pump@ X °5
ChlAllfed g Absorber
/-.HA'qu C Cooling p .
Evaporator Z==% ompressor water ump  Cooling
) tower
| RN
=‘-I_L y=
e i < Fan
E =T N e
Refrigerant, NH; i Z> Alrflow
= Strong NI13/,0 solution - l-::l-ectricity Grid == Fin

Weak NH3/H-O solution

* Valve

Figure 1. Schematic diagram of solar assisted two-stage cycle with thermal and mechanical compression

processes.

The schematic diagram of solar assisted hybrid cooling system with cascade
condensation process can be seen in Figure 2. The corresponding system is made up of
two subsystems that can be individually operated, i.e., absorption and compression
subsystems, which are driven by solar heat and electricity, respectively. The energy saving
characteristics of layout with cascade condensation process is that the condenser
temperature is decreased, owing to the use of cooling output of absorption subsystems to
cool down the condenser of compression one. Accordingly, the energy saving amount of
the system is restricted by the evaporator temperature of both compression and
absorption subsystems. Specially, the selection of working fluid pairs for layout with
condensation process is flexible, because of the independence of the compression and
absorption subsystem. In this study, the working fluid of absorption and compression
subsystem is selected as LiBr/H2O and NHs, respectively. The reason regarding the
utilization of LiBr/H20O absorption chillers lies in its lower temperature of driven heat
source and higher COP [25].
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Figure 2. Schematic diagram of solar assisted hybrid cooling system with cascade condensation process.

The schematic diagram of solar assisted hybrid cooling system with cascade
subcooling process is displayed in Figure 3. Layout with cascade subcooling process is
also composed of absorption and compression subsystems. The energy saving mechanism
of the system is that the specific cooling capacity has been enhanced by the subcooling
process. Furthermore, the working substance is also chosen as LiBr/H2O and NHs,
respectively for absorption and compression subsystems.



https://doi.org/10.20944/preprints202204.0229.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2022

do0i:10.20944/preprints202204.0229.v1

8 of 23

Cooling water Solar
energy ’
-
Condenser 1
\ ) /
Generator f ( [ e
4 7
Hot Pump
] water
Throttle Solution heat Cooling water
valve 1 exchanger
Absorption
subsystem Solution pump Throttle
valve 2
Absorber
)
Cascade subcooler Pump Cooling
@ -
Refrigerant, NH;
—— Refrigerant, H,O
Compression — Strong LiBr/H,O solution
i Throttle Subsystem e Weak LiBr/I [,O solution
valve 3 Condenser 2
Chilled air Cooling water
(' ’v *
e Compressor - -
= =—= Fvaporator p s -l
=3 T vy .
-
=<2 Fan = Fin A Electricity Grid
E ] ‘o
Z:> Alrflow pBC Valve

Figure 3. Schematic diagram of solar assisted hybrid cooling system with cascade subcooling process.

Note that the solar assisted hybrid cooling systems will be degraded into traditional
vapor compression cycles when the thermal compressor or absorption chillers are
switched off, because of the exhaustion of solar heat source.

3. Model

3.1. Assumptions

The thermodynamic models of solar assisted hybrid cooling systems are based on the

following assumptions:

1. Systems run under stead conditions [25].
2. Pressure and heat losses are neglected [25].
3. The flows through the throttling devices are isenthalpic, and the solution pump

power is neglected [25].

4. Outlets of evaporators and condensers as well as solution outlets of generators and

absorbers are saturated [39].
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5. The ammonia mass concentration of the refrigerant in two-stage cycle with thermal
and mechanical compression processes is 0.998 [40].

6. Dead state temperature and pressure is 25 °C and 100 kPa, respectively. Enthalpy
and entropy at the dead state is determined by the pure water properties [41].

The temperature difference between the outlet and inlet of external fluid is fixed at 5
°C. The evaporator temperature of absorption subsystem (Teas) in layout with cascade
condensation process and cascade subcooling process and the outlet pressure of
compressor in two-stage cycle with thermal and mechanical compression processes is
defined as intermediate temperature (Tm) and inter-stage pressure, respectively. The
—8; the

evaporator temperature of solar assisted cooling systems (Te) is set as T,

condenser temperature (Tc) and absorber temperature (T.) are set as T, ;. +8 [42]. The

outlet temperature of cascade heat exchangers in the compression side are setas T +10

[43]. Additionally, the generator temperature (Tg) is equal to T, —10 [44].

w,in
3.2. Thermodynamic model

The thermodynamic model of solar assisted cooling systems is analyzed based on the
mass, energy and species conservation:

Mass balance, Z m=0 1)

Energy balance, ZQ + ZW + Z mh=0 (2
Species balance, Z mX =0 3)

The energy saving amount of solar assisted cooling systems is evaluated by the
energy saving factor (1), which is defined as the reduction of compressor power to
compressor work of single stage vapor compression system (reference system).

_ AW, Wref _Wcom

tot —
Wref Wref 4)
The exergy efficiency (ECOP) of hybrid systems is the total output exergy to the total

input exergy.

Exout,tot _ mca (exca,out - eXca,in )
EX Weom + EXq,

ECOP =

in,tot

©)

The heat powered coefficient of performance () introduced in Ref. [14] is utilized to
assess the reduction of compressor work per unit of heat source for systems driven by
heat and mechanical power, which is redefined based on the exergy viewpoint.

AW,

tot

Eth ©)

The 1) denotes the efficiency of energy saving with low-grade heat for solar assisted
hybrid cooling systems.

Note that the duration in heat-driven processes (y) should be considered when
calculating the compressor work as well as heat exergy for solar assisted hybrid cooling
systems with insufficient heat quantity, i.e., heat quantity is less than the heat load of
generators.

Q
EIG

The expression of compressor work and heat exergy for solar assisted hybrid cooling
systems with sufficient and insufficient heat quantity is listed in Table 4. Note that the

(//:

7/:
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term W, —W, represents the specific reduction of compressor power associated with
the heat driven process.
Table 4. Expression of compressor work and heat exergy.

Parameter With sufficient heat source With insufficient heat source
Compressor work, Weom W_,.,.=W,, W, =W, + (1— % )Wref =W, -7 (Wref -Wi, )
Heat exergy, Exo EXo, =M (&Xhuin — Xinyout) EXo, =7 Mhy, (i — Xnour )

4. Model validation and case study
Table 5. Comparison of simulation results for two-stage cycle with thermal and mechanical compression

processes.

Parameter Present work Zhangetal. [3] Difference
Qe (MW) 16.92 17 0.47%
Qg (MW) 24.9 26.08 4.52%
Qa (MW) 28 28.94 3.25%
Qc (MW) 18.01 17.64 2.10%

Wpump (MW) 0.234 0.245 4.49%

Weom (MW) 3.267 3.245 0.68%

CoP 0.503 0.488 3.07%

The thermodynamic models of layout with cascade condensation process and layout
with cascade subcooling process have been validated in our previous study [45],
respectively according to Ref. [25] and [39]. Good agreements are obtained. Moreover, the
comparative parameters of two-stage cycle with thermal and mechanical compression
processes are calculated according to the thermodynamic properties listed in Ref. [3]. As
displayed in Table 5, the maximum relative error is less than 5%.

A case study with respect to the parametric analysis of proposed thermodynamic
model is carried out. The corresponding design condition of related systems is shown in
Table 6. Two cases, i.e., the heat quantity is equal to the heat load of generators (case 1,
also known as the case of sufficient heat input) and is insufficient for the entire working
period (case 2), are considered. That is, case 2 is related to the thermodynamic model with
consideration of duration in heat-driven processes. Note that the layout with cascade
subcooling process is suitable for the small scale heat source, therefore, the heat quantity
is much smaller than that of two-stage cycle with thermal and mechanical compression
processes and layout with cascade condensation process. The thermodynamic model is
solved by the MATLAB program. The thermodynamic property of LiBr/H20 solution is
calculated according to Patek and Klomfar [46]. Additionally, the thermodynamic
properties of NHs and H:20 are obtained by means of REFPROP 9.1 software.

Table 6. Design and working conditions of the case study.

System Parameter Case 1 Value Case 2

TSCTMC Inlet temperature of hot water, Thw,in (°C) 120
Inlet temperature of chilled air, Tea,in (°C) -10

Heat quantity, Qn (kW) Heat load of generator 50
LCC Inlet temperature of hot water, Thw,n (°C) 80
Inlet temperature of chilled air, Tca,in (°C) -10

Heat quantity, Qn (kW) Heat load of generator 50
LCS Inlet temperature of hot water, Thw,in (°C) 80
Inlet temperature of chilled air, Tea,in (°C) 10

Heat quantity, Qn (kW) Heat load of generator 2
Inlet temperature of cooling water, Tew,in (°C) 27
Effectiveness of solution heat exchanger, #shx 0.7
Isentropic efficiency of compressor, 7is 0.7
Cooling capacity, Qe (kW) 100

5. Results and discussion
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There are three parts in this section: (1) system under sufficient heat input, (2) system
under insufficient heat input, and (3) optimum parameters for different working
conditions.

5.1. System under sufficient heat input

04 1
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Figure 4. Effect of inter-stage pressure on performance indicators for two-stage cycle with thermal and

mechanical compression processes in the case 1.
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Figure 5. Effect of intermediate temperature on performance indicators for layout with cascade
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condensation process in the case 1.
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Figure 6. Effect of intermediate temperature on performance indicators for layout with cascade subcooling
process in the case 1.

Effect of critical parameters on the performance indicators of solar assisted hybrid
cooling systems for case 1 has been shown in Figures 4-6. Note that the duration in heat-
driven processes is equal to 1 in this case. It is observed that the different optimum
parameters are obtained for various performance indicators. For maximum energy saving
factor, it represents that the compressor work consumption of hybrid cooling systems is
lowest. Accordingly, lowing the inter-stage pressure and intermediate temperature is
beneficial for the compressor work saving. As to maximum exergy efficiency and heat
powered coefficient of performance, both are associated with the compressor work and
heat exergy consumption, i.e., the summation of compressor work and heat exergy is
minimum for the former as well as the compressor work saving to heat exergy is most for

the latter.
Table 7. Optimum inter-stage pressures and intermediate temperatures for hybrid cooling systems in the case
1.
System Optimum critical parameters
n v ECOP
TSCTMC 250 kPa 325 kPa 425 kPa
LcC 5°C 75°C 9°C
LCS 5°C 20 °C 20 °C

Optimum inter-stage pressures and intermediate temperatures associated with
performance indicators for solar assisted hybrid cooling systems have been listed and
compared in Table 7. It is found that the optimal critical parameters corresponding to
different performance indicators are significantly different, e.g., the optimum inter-stage
pressure ratio of energy saving factor, heat powered coefficient of performance, and
exergy efficiency is 1:1.3:1.7.
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5.2. System under insufficient heat input

In this section, effect of critical parameters on solar assisted hybrid cooling system
performance under insufficient heat input (case 2) is analyzed. Note that the duration in
heat-driven processes is less than 1 in this case, and the systems will be degraded into
traditional vapor compression cycles when the heat-driven processes are switched off.

Effect of critical parameters on duration in heat-driven processes and compressor
work in the case 2 is exhibited in Figures 7-9. There is no doubt that the duration in heat-
driven processes enhances with the enhancement of inter-stage pressure or intermediate
temperature, owing to the reduction of heat load of generators. Note that the duration in
heat-driven processes for layout with cascade condensation process (blue line in Figure 8)
tends to be stable with the increase of intermediate temperature, because the COP of
absorption chiller reaches to plateau and its cooling power almost keeps constant caused
by the little variation of latent heat in condensation process. Furthermore, it is observed
that the specific drop of compressor work associated with the heat driven process goes
down simultaneously. Thereby, the trend of total compressor power is complicated. For
two-stage cycle with thermal and mechanical compression processes as well as layout
with cascade condensation process, there is an optimum inter-stage pressure and
intermediate temperature that minimizes the total compress work, i.e., around 325 kPa
and 7.5 °C, which is 61.45% of and close to geometric mean of the evaporator and
condenser pressure and temperature, respectively. This is because the lower duration in
heat-driven processes impacts the energy saving performance of hybrid cooling systems
with lower inter-stage pressure and intermediate temperature. For layout with cascade
subcooling process, the compressor work varies slightly with the increase of intermediate
temperature. In this regard, it is attributed to that the effect of duration in heat driven
processes and that of specific fall in compressor work are nearly offset in arbitrary
intermediate temperature.
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Figure 7. Effect of inter-stage pressure for two-stage cycle with thermal and mechanical compression

processes in the case 2.
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process in the case2.

Effect of critical parameters on the performance indicators of solar assisted hybrid
cooling systems for case 2 is displayed in Figures 10-12. Note that the variation trend of
heat powered coefficient of performance is greater than that of exergy efficiency and
energy saving factor, which is attributed to the higher reduction of heat exergy
consumption. It can be easily known that the performance indicators are related to the
compressor work in the case 2 according to Equations (4)-(6). Therefore, performance
indicators exhibit the same variation trend, i.e., identical optimum inter-stage pressure as
well as intermediate temperature is obtained, when the duration in heat-driven processes
has been considered. That is, the optimum inter-stage pressure and intermediate
temperature is 61.45% of and close to geometric mean of the evaporator and condenser
pressure and temperature, respectively for two-stage cycle with thermal and mechanical
compression processes and layout with cascade condensation process. For layout with
cascade subcooling process, although the optimum critical parameter is similar to the
other two systems, the performance indicators are insensitive to the intermediate
temperature from the practical operation viewpoint, i.e., the total compressor work is
almost independent of intermediate temperature.

5.3. Optimum parameters for different working conditions

In this section, optimum intermediate temperature as well as inter-stage pressure for
different conditions has been discussed in detail. Note that the intermediate temperature
has few effects on the performance of layout with cascade subcooling process, thus, the
discussion of corresponding layout has been omitted in this section. Moreover, the
optimum intermediate temperature and inter-stage pressure have been processed as
dimensionless by geometric mean of the evaporator and condenser temperature as well

as geometric mean of the evaporator and condenser pressure ( & ='|-m’Opt / VT,
p= Prm.opt / A/ Pe - P, ), respectively to make results generally applicable.

Figure 13 displays the effect of inlet temperature of hot water on dimensionless
optimum intermediate temperature and inter-stage pressure, respectively for layout with
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cascade condensation process and two-stage cycle with thermal and mechanical
compression processes. Note that the optimum intermediate temperature for layout with
condensation process is close to the geometric mean of the evaporator and condenser
temperature (« is almost identical to 1), while the optimum inter-stage pressure is less
than the geometric mean of the evaporator and condenser pressure (maximum f is around
0.72). It is found that the optimal critical parameters generally decrease with the
enhancement of inlet temperature of hot water, which is attributed to the reduction of the
lower limit of evaporator temperature of absorption chiller and absorber pressure of
thermal compressor, respectively for layout with cascade condensation process and two-
stage cycle with thermal and mechanical compression processes. The dimensionless
optimum intermediate temperature is insensitive to the generator temperature for layout
with cascade condensation process, i.e., it goes down by 3.47% when the inlet temperature
of hot water rises from 70 °C to 90 °C. Note that the optimum intermediate temperature
for layout with condensation process keeps constant when the inlet temperature reaches
to around 84 °C, because the lower limit of evaporator temperature of LiBr/H20
absorption chiller cannot be less than 5 °C, owing to the limitation of water solidification
temperature. The dimensionless optimum inter-stage pressure for two-stage cycle with
thermal and mechanical compression processes is sensitive to the inlet temperature of hot
water, i.e., it decreases by 26.67%, with a 20 °C rise in generator temperature.
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Figure 13. Effect of inlet temperature of hot water on dimensionless optimum intermediate temperature and

inter-stage pressure.
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and inter-stage pressure.

Effect of inlet temperature of cooling water on dimensionless optimum intermediate
temperature and inter-stage pressure can be seen in Figure 14. It is noteworthy that the
lower limit of evaporator temperature of absorption subsystem for layout with cascade
condensation process and absorber pressure of thermal compressor for two-stage cycle
with thermal and mechanical compression processes will be enhanced with the growth of
inlet temperature of cooling water. Consequently, the optimum inter-stage pressure for
two-stage cycle with thermal and mechanical compression processes increases with the
rise of inlet temperature of cooling water, i.e., it goes up by 47.27% with a 10 °C rise in
condenser temperature. For layout with cascade condensation process, the dimensionless
optimum intermediate temperature decreases to a minimum value firstly, and then
increases, because the optimum intermediate temperature remains 5 °C (lower limit of
evaporator temperature of LiBr/H20 absorption chiller) while the geometric mean of the
evaporator and condenser temperature increases in the case of relatively low condenser
temperature. The maximum difference of dimensionless optimum intermediate
temperature is around 2.79% with the variation of condenser temperature.
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inter-stage pressure.

Effect of inlet temperature of chilled air on dimensionless optimum intermediate
temperature and inter-stage pressure is exhibited in Figure 15. It is obvious that the
variation of inlet temperature of chilled air has no effect on the performance of absorption
chiller and thermal compressor, respectively for layout with cascade condensation process
and two-stage cycle with thermal and mechanical compression processes. Furthermore,
the change of evaporator temperature almost slightly influences the refrigerant flow rate.
Namely, the optimum intermediate temperature and inter-stage pressure are constant for
corresponding layouts. Note that the decrease in dimensionless optimum intermediate
temperature and inter-stage pressure is attributed to the enhancement of geometric mean
of the evaporator and condenser temperature and pressure, respectively. The
dimensionless optimum intermediate temperature and inter-stage pressure comes down
by 1.94% and 24.38%, respectively when the inlet temperature of chilled air grows from -
15°Cto -5 °C.

Effect of heat quantity on dimensionless optimum intermediate temperature and
inter-stage pressure is shown in Figure 16. It is demonstrated that the optimum
intermediate temperature for layout with cascade condensation process as well as
optimum inter-stage pressure for two-stage cycle with thermal and mechanical
compression processes are independent of the heat quantity. This phenomenon can be
exactly illustrated by the results regarding the heat powered coefficient of performance in
Section 5.1 (the heat powered coefficient of performance in the case 1 and 2 is coincide).
That is, the dimensionless optimum intermediate temperature and inter-stage pressure
are dependent on the generator, condenser, absorber, and evaporator temperature.
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6. Conclusions

In this study, thermodynamic model of solar assisted hybrid cooling systems with
the consideration of duration in heat-driven processes has been established to assess the
system performance in entire working periods and applied to three general absorption-
compression integrated cycle. The interaction of duration in heat-driven processes and
parameters in system performance is discussed. Besides, optimal parameters for different
working conditions are obtained. The main conclusions are summarized as follows:

(1) The phenomenon that optimal parameters associated with various performance
indicators are conflicting, is corrected by considering the duration of heat-driven
processes in the total compressor power, i.e., optimal parameters corresponding to the
maximal exergy efficiency, peak heat powered coefficient of performance and the minimal
total compressor power are identical.

(2) The dimensionless optimum inter-stage pressure is sensitive to different working
conditions for two-stage cycle with thermal and mechanical compression processes. The
dimensionless optimum inter-stage pressure goes down by 26.67% and 24.38%,
respectively with a 20 °C and 10 °C enhancement in generator and evaporator
temperature, while increases by 47.27% when the inlet temperature of cooling water
grows from 22 °C to 32 °C.

(3) The dimensionless optimum critical parameter is insensitive to different working
conditions for layout with cascade condensation process, i.e., it is close to the geometric
mean of the evaporator and condenser temperature. The variation rate of dimensionless
optimum intermediate temperature is less than 4% for different working conditions.

(4) The energy saving is almost independent of intermediate temperature for layout
with cascade subcooling process, performance indicators are increased slightly with the
rise of intermediate temperature.
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